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ABSTRACT: The masses of particles in a bovine milk extracellular
vesicle (EV) preparation enriched for exosomes were directly
determined for the ﬁrst time by charge detection mass spectrometry
(CDMS). In CDMS, both the mass-to-charge ratio (m/z) and z are
determined simultaneously for individual particles, enabling mass
determinations for particles that are far beyond the mass limit (∼1.0
MDa) of conventional mass spectrometry (MS). Particle masses and
charges span a wide range from m ∼ 2 to ∼90 MDa and z ∼ 50 to
∼1300 e (elementary charges) and are highly dependent upon the
conditions used to extract and isolate the EVs. EV particles span a
continuum of masses, reﬂecting the highly heterogeneous nature of
these samples. However, evidence for unique populations of particles is
obtained from correlation of the charges and masses. An analysis that
uses a two-dimensional Gaussian model, provides evidence for six
families of particles, four of which having masses in the range expected for exosomes. Complementary proteomics measurements and
electron microscopy (EM) imaging are used to further characterize the EVs and conﬁrm that these samples have been enriched in
exosomes. The ability to characterize such extremely heterogeneous mixtures of large particles with rapid, sensitive, and highresolution MS techniques is critical to ongoing analytical eﬀorts to separate and purify exosomes and exosome subpopulations.
Direct measurement of each particle’s mass and charge is a new means of characterizing the physical and chemical properties of
exosomes and other EVs.

■

techniques such as ultracentrifugation,20−22 size-exclusion
chromatography,23,24 ultraﬁltration,25 and ﬁeld ﬂow fractionation.26−28 But, these processes require large amounts of material
that are often diﬃcult to obtain, and many diﬀerent types of
particles have similar sizes and densities (see Table 1). It is likely
that unique subfractions within enriched samples exist,
particularly in complex biological matrices such as blood,
urine, or milk. But, such subfractions remain diﬃcult to
characterize and isolate with existing analytical methods. Flow
cytometry techniques are especially promising, allowing
particles with targeted surface proteins to be isolated.29,30
Electron microscopy (EM)31 and nanoparticle tracking
techniques32 provide information about particle size distributions.
The molecular components of lysed and digested particles can
be analyzed by proteomics, glycomics, and lipidomics

INTRODUCTION
Extracellular vesicles (EVs) are heterogeneous mixtures of
membrane-encapsulated particles such as exosomes, apoptotic
bodies, and other microvesicles that are secreted by eukaryotic
cells.1−3 Currently exosomes, which are diﬀerentiated from
other types of EVs based on size, biogenesis, and the type of
molecular cargo they encapsulate,4 are attracting considerable
attention. In addition to lipids, proteins, and other small
molecules, some exosomes carry genetic material (e.g., miRNA,
mRNA, and DNA5) and are associated with functional and
phenotypical changes of other cells,6 within and between
organisms.7,8 These particles play central roles in cell-to-cell
communication and are implicated in numerous pathological
processes including inﬂammation,6 immunity,9,10 tumor progression11−14 and neurodegeneration.15,16 Given their ability to
target and alter speciﬁc cells, there is growing interest in
developing exosomes as therapeutics17−19 and a need to
understand the structures, molecular compositions, and biological functions of these particles.
Several existing bioanalytical strategies for purifying and
characterizing exosomes have allowed for fundamental progress
to be made. Mixtures of EVs can be enriched for exosomes by
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EXPERIMENTAL SECTION
All of the details associated with sample preparation and the
experimental methods used for characterizing exosome samples
(including CDMS, electron microscopy, proteomic conﬁrmation of exosome enrichment, and statistical analysis of CDMS
data) are provided in the Supporting Information (SI).

Table 1. Characteristics of Biological Extracellular Vesicles
and Other Particlesa
particle type
high density lipoproteinb
low density lipoproteinb
very low density
lipoproteinb
exomeresc
exosomesd
microvesiclesd
virionsd
casein micellee

diameter
(nm)

density (g·
mS −1)

mass (MDa)

5 to 15
18 to 28
30 to 80

1.06 to 1.21
1.03- 1.063
∼1.006

∼0.05 to 0.6
∼2 to 7
∼8 to 80

∼30 to 50
30 to 120
50 to 1000
∼30 to ∼140
50 to 500

0.93 to 1.06
1.12 to 1.21
1.16
1.16 to 1.18
1.06

∼8 to 40
∼10 to 1200
∼50 to 4 × 106
∼10 to 1000
∼1 to 1000
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RESULTS AND DISCUSSION
Example CDMS Data Set. As described above, CDMS
determines m/z and z for individual ions and m is obtained by
multiplying these two values. A mass vs charge spectrum is
obtained by accumulating this information from many
independent measurements of single particles. Figure 1 shows
the mass vs charge spectrum for 3586 individual particles
recorded for one of our bovine EV samples. The plot shows that
particle masses and charges are observed as an extremely broad
distribution that spans a wide range of masses and charges - from
m ∼ 2 to 70 MDa, and z ∼ 50 to 920 e (elementary charges). As a

a

Diameters, densities, and masses are derived from literature data as
indicated in the text unless otherwise noted here. In cases where we
derive a physical parameter from others we have assumed that
particles are spherical. bParticle diameters and densities are taken
from ref 62. cParticle diameter and density values from refs 16 and 27.
d
The diameters and densities of microvesicles, exosomes and virions
are taken from refs 60 and 61. eValues for casein micelle diameters
and densities are taken from ref 48.

approaches. However, even these advanced methods provide
yield only a limited understanding and there is a need for new
technologies that can complement existing approaches.
In the work described below, we present the ﬁrst mass
spectrum of intact exosome particles. These data were recorded
using charge detection mass spectrometry (CDMS).33−37 In
CDMS, individual particles are reﬂected back and forth through
an electrostatic ion trap where they pass through a sensitive
charge detector. Each time a trapped particle enters and exits the
detector, its charge (z) and mass-to-charge (m/z) ratio is
measured. The combined measurements make it possible to
directly determine the masses of large species that are far beyond
the ∼1 MDa mass limit of conventional mass spectrometers.38−42 In the present experiments, particles with masses from
∼0.5 MDa to as high as ∼90 MDa have been detected, a mass
range that includes the region expected for small exosomes.
Complementary proteomics and electron microscopy experiments were used to corroborate the detection of exosomes by
CDMS. From the proteomics analysis we ﬁnd that 71% of the
proteins found in the exosome-enriched samples have been
previously characterized as exosomal. Additionally, the sizes of
these particles measured by electron microscopy are in range
expected for exosomes. Overall, these results corroborate the
detection of intact exosomal particles by mass spectrometry for
the ﬁrst time.
We have chosen EVs from bovine milk to demonstrate
detection of exosomes by mass spectrometry because these
particles are important biologically.7,43 Exosomes from bovine
milk can induce physiological responses within species (when
transferred from mother to calf) and as well as in humans.44
Thus, milk exosomes are potentially relevant in new types of
therapeutics.45−47 Additionally, bovine milk is readily available,
making it a natural starting point for analysis by CDMS. This
source provides a unique mixture model for developing better
physical separation and fractionation tools. While availability is
an advantage, we note that raw milk is an extremely complex
body ﬂuid, containing abundant non-EV proteins, milk fat,
sugars, and other components.48 Thus, characterizing exosomes
from this material presents a signiﬁcant analytical challenge.
Exosomes from other sources are also of great interest.46,49,50

Figure 1. (top) The ﬁrst CDMS measurement of mass versus charge for
particles from an exosome-enriched bovine milk sample. In total, 3586
ions were analyzed in this measurement. (bottom) Mass spectrum
generated upon integrating the ion signal across the charge dimension
using 0.2 MDa bins.
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ﬁrst check to see if these values are reasonable for EVs from milk,
we assume particles are spherical and estimate the expected
masses of diﬀerent classes of EVs from reported densities and
particle diameters. A summary of these values from the
literature, along with their estimated masses, is provided in
Table 1. We can see from this comparison that our measured
mass range is consistent with several types of species that may be
present in these samples, including: relatively small low-density
lipoproteins which span a range of masses, from (m ∼ 4 to 120
MDa); small viruses, such as HBV capsid (m ∼ 2 to 5
MDa);35,42,51 small exomeres (m ∼ 4 to 120 MDa); and small
exosomes (m ∼ 10 to 1200 MDa).
While the overall mass vs charge spectrum shows only broad
features, it does appear that some particles display similar
characteristics and fall into mass and charge families. From visual
inspection of the two-dimensional plot in Figure 1, we can see
that there are at least three types of populations: small particles,
having m ∼ 2 to 10 MDa and z ∼ 50 to 250 e; and two families of
larger particles−one having m ∼ 10 to 45 MDa, z ∼ 300 to 920 e,
and a less abundant second family that spans a similar mass range
but having fewer charges per particle (over a range of z ∼ 300 to
700 e). We note that relatively few particles exist in the region
between the smaller and larger features.
Figure 1 also shows a simple mass spectrum obtained by
integrating the data across the charge dimension. The most
abundant species is a relatively sharp peak centered around ∼6
MDa. The abundance of this peak decreases at ∼7 MDa and the
ion abundance reaches a minimum of ∼14 MDa before a new
feature corresponding to larger particles appears. This feature is
broad, plateauing from ∼17 to 26 MDa. At higher masses the
intensity of particles decreases until ∼40 MDa. Only a few
sporadic particles with higher masses are observed beyond this
point. The largest particle (beyond the range of masses shown in
Figure 1) was observed at m = 87 MDa and z = 1269 e.
Complementary Size Information from Electron
Microscopy. In order to obtain more insight about these
samples and the capabilities of CDMS, we characterized the size
distributions for each sample using electron microscopy (EM).
Figure 2 shows a representative EM image of the sample that was
analyzed by CDMS in Figure 1.
In all of the samples that we have analyzed (with this
preparation) we observed particles having diameters as small as
∼10 nm to as large as ∼150 nm. The arrows in Figure 2 indicate
particles with diameters of ∼30 to ∼50 nm, consistent with small
exosomes. Visual inspection shows that many smaller spherical
particles are also present. These lipid-like particles that are
abundant in milk are too small to be exosomes (which have a
lower diameter limit of ∼30 nm).52 Most particles are spherical.
Careful examination of each particle shows that when the
particle diameter exceeds ∼30 nm, there is often visual evidence
for a spherical cup-like morphology that is consistent with
exosomes. We do not observe bilayer-like structure in the many
smaller (∼10−20 nm diameter) particles, consistent with lipidlike vesicles.
The distribution of sizes from EM analysis can be obtained
from the frequency distribution shown in Figure 2. We
characterized 1878 particles across all data sets. The majority
(∼90%) of particles measured by EM correspond to EVs having
diameters of ∼20 to 60 nm, with an average diameter of ∼40 nm.
Overall, these values are consistent with previous exosome and
EV observations that have employed similar sample preparation
strategies.53

Article

Figure 2. (top) Electron microscopy image of an exosome enriched
sample prepared for CDMS. The blue arrows illustrate particles having
diameters that are near the mean of our reported distribution. The
CDMS data corresponding to this electron microscopy image for this
sample are shown in Figure 1. (bottom) Size distribution (shown as
diameters) determined by analyzing 1878 particles across the electron
microscopy images recorded for all three of the exosome enriched milk
samples reported here. Note: the particle diameter scale is binned in 2.5
nm increments; and, deformed or clearly damaged particles as well as
those that clearly too small to be exosomes (below ∼10 nm) were not
included in this analysis.

Complementary LC-MS-Database Search Proteomics
Analyses Corroborating the Enrichment of Exosomes.
Additional insight about the sample preparation and particles
can be obtained by analyzing the protein content of these
samples. To this end, we have carried out LC-MS-MS
proteomics analyses after speciﬁc steps in the EV preparation
shown in SI Scheme S1. This analysis allows us to determine
which protein are enriched at each step of the sample workup.
LC-MS analysis of the defatted raw milk identiﬁed 96 proteins
(SI Table S3). Removing cells from the sample allowed us to
identify 106 proteins. Upon the acid precipitation and
centrifugation, we identiﬁed 111 proteins, of which 1 are unique
to this fraction. The ﬁnal ultracentrifugation yielded our
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exosomes, but it is worthwhile to return to our CDMS data
(Figure 1a) and analyze the charge against mass data in more
detail. Speciﬁcally, we are interested in obtaining more insight
about any subpopulations that may be resolved as families of
particles from the CDMS data. The wide range of masses and
charges that are observed in Figure 1 are consistent with the idea
that these particles appear to be highly heterogeneous. Here, we
develop a simple model set of subpopulations that upon
summation are consistent with the complete two-dimensional
CDMS data set.
We begin by adopting the formalism of a simple, twodimensional Gaussian mixture model (GMM) as a means of
ﬁtting the two-dimensional mass versus charge CDMS data set.
This model and statistical analysis are described in the SI.
Overall, the approach assumes that subpopulations of particles
fall into families of related masses and charges, and that these
distributions are normally distributed. Although we know of no
biological or physical reason that requires that exosome
subpopulations are Gaussian in nature, as shown below, a
clustering analysis, based on the GMM assumption, results in
multiple distributions of two-dimensional mass versus charge
subpopulations; and, when combined, the sum of these
subpopulations captures the main features of our two-dimensional CDMS data.
For simplicity the number of possible subpopulations was
constrained between one and ten two-dimensional Gaussians.
Except for this constraint, the analysis was unsupervised such
that the algorithm determined the number of subpopulations, as
well as the position, width, and abundance of each
subpopulation, that when summed best ﬁt the two-dimensional
CDMS data set.59 For the CDMS data set shown in Figure 1a,
this analysis converged on a best ﬁt model consisting of six
independent subpopulations. When applied to all of our data
sets, we ﬁnd similarities in position and shapes of subpopulations
within diﬀerent samples, suggesting that these subpopulations
are conserved. From this analysis of all samples, we ﬁnd evidence
for eight unique subpopulations. A description of this analysis,
along with the subpopulations obtained for each measurement
(eight CDMS measurements of three diﬀerent milk exosome
samples) is provided in the SI.
The results of the GMM analysis for our ﬁrst CDMS analysis
of exosomes (sample 1) are shown as subpopulations in Figure
3. SI Table S1 provides a summary of the mean two-dimensional
peak positions and associated uncertainties for this data set. The
subpopulations obtained from the GMM analysis for all eight
replicate CDMS measurements measured for our three
independent samples (three measurements for sample 1, three
for sample 2, and two measurements for sample 3) are provided
in the SI. As mentioned above, from the two-dimensional GMM
analysis of all eight measurements we ﬁnd evidence for eight
unique subpopulations. We designate these populations from
lowest to highest mass as subpopulation 1 (S1) to S8. For visual
clarity, each point in the data set is ascribed a color indicating the
subpopulation to which it belongs. It should be noted that each
of the points is assigned a color (and thus to a speciﬁc
subpopulation) based on its highest probability of belonging to
that subpopulation. This leads to artiﬁcially rigid boundaries
between the families.
The data in Figure 3 show that the lowest mass subpopulation
that is observed in sample 1, corresponds to a relatively narrow
distribution, centered at m = 5.7 ± 1.6 MDa and z = 145 ± 38 e.
This is the second-lowest mass distribution that is extracted by
our model. As summarized in SI Table S2, three GMM analyzed

exosome and EV-containing pellet. From this, we identiﬁed a
total of 162 proteins, of which 43 were unique. As a rough
measure of enrichment, we examined those proteins uniquely
identiﬁed in the exosome fraction as well as those with a 2-fold or
greater relative abundance in the exosome fraction compared to
the initial defatted milk. Of these proteins, 69% were annotated
in both Exocarta and Vesiclepedia.54,55
Further validating our enrichment protocol was the
observation of characteristic EV marker proteins, ACTG1,
Hsc70, ANXA5, CD9, and RAB1A in the EV preparation. To
obtained a broader view of the EV preparation proteins, we
submitted this list to DAVID (https://david.ncifcrf.gov/) for
gene ontology enrichment analysis,56,57 and compared these
results to the bovine milk exosome proteome.54,55 Of the 130
annotated proteins in our enriched sample, ∼ 79% are listed as
being found in vesicles and ∼52% are assigned to exosomes (SI
Table S3).
It is important to consider that other biological particles (such
as those listed in Table 1) could be present in the ﬁnal exosome
sample that was analyzed by CDMS. Thus, we carefully
monitored the presence of characteristic marker proteins from
these other (nonexosomal) particles while preparing these
samples. As described above, this was done by an LC-MSdatabase-search proteomics analysis of the raw milk sample after
each step of the sample preparation (as shown in SI Scheme SI).
We note that Lutomski et al. have recorded the CDMS spectrum
for HDL, LDL, and VLDL.62 The mass range associated with
VLDL particles extends to as high as 70 MDa with more than
95% of lipoprotein particles having masses below ∼40 MDa.
Our proteomics measurements showed that after two diﬀerent
steps in the analysis, defatting, and removal of cellular debris,
there was evidence for several apolipoproteins, including
Apolipoprotein A-IV (APOA4). However, the proteomics
analysis of the ﬁnal exosome sample failed to detect any of the
major lipoproteins associated with these particles. Therefore, we
do not believe that VLDL comprises a large fraction of the ﬁnal
exosome preparation.
Milk is composed primarily of caseins, lactoglobulin,
albumins, lactotransferrins, and immunoglobulins.48 Our
intensity based MS quantiﬁcation of defatted milk showed
levels of these major proteins roughly in proportion to their
expected amounts (SI Table S4). One concern with casein is
that it has been shown to be aggregate to form larger complexes
or be incorporated into micelles that could precipitate along
with larger particles.48 As we described above, an acid
precipitation was used to deplete casein and other non-EV
proteins prior to ultracentrifugation (SI Scheme SI). From the
proteomics analysis, we estimate that relative percentage of
caseins is reduced by a factor of 10 in the ﬁnal exosome
preparation relative to the starting material. Therefore, casein
micelles may comprise a small fraction of the particles detected
by CDMS. While masses of casein micelles span between 1 and
1000 MDa, the center of their distribution occurs at 100 MDa.48
We do not observe such a population of particles at 100 MDa,
arguing against a signiﬁcant fraction of our sample being
micelles. Due to the recent discovery of exomeres and their
poorly characterized proteome, we cannot assess if these
particles are present since they share similar proteins with
exosomes27,58 and have similar sizes.
More Insight about Families of Subpopulations from a
Gaussian Mixture Model Analysis of the CDMS Charge
versus Mass Data Sets. With the EM and proteomics analysis
corroboration, our milk samples appear to be highly enriched in
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The S3 family, centered at m = 10 ± 2 MDa and z = 189 ± 44 e,
accounts for only 3% of distribution, making it the lowest
abundance subtype. This family, along with the S4 family (m =
12.5 ± 3 MDa, z = 296 ± 31 e) are both substantially more
resolved based on charge compared with mass. This suggests
that these families are comprised of similarly sized particles that
diﬀer substantially at the molecular level, thus inﬂuencing each
particle’s charge more than its mass. We speculate that the
charging diﬀerences between S3 and S4 families may reﬂect
diﬀerences in surface proteins. The S5 (m = 17.6 ± 3 MDa, z =
488 ± 76 e) and S6 (m = 23.4 ± 3 MDa, z = 550 ± 113 e)
families appear to be more resolved based on mass compared
with the charge dimension, indicating that they are more similar
in charging characteristics than in size. Lastly, the S8 population
(m = 27.7 ± 5 MDa, z = 594 ± 76 e) is observed as extremely
broad distributions in both mass and charge. Unlike other
subpopulations, this species displays a greater mass with lower
charge density. Many factors might contribute to such a
phenomenon. For example, this family may contain surface
proteins that have a lower pI and thus are not charged as
extensively; or, more extensive post-translational modiﬁcations
(i.e., phosphorylation or glycosylation) may introduce negatively charged moieties that eﬀectively cancel out sites of
positive charge.
Comparison of Size Distributions Derived from CDMS
Data with Size Distributions Obtained from EM
Measurements. As a ﬁnal assessment of the CDMS data, we
compare the measured masses with the size distributions
obtained from EM imaging (Figure 4) for identical samples. In
this case, the sizes of particles from EM measurements are
determined from an average diameter for each particle. An
examination of the EM data demonstrates that particles may
vary substantially in shape. One caveat to using such
measurements is that dehydration during sample processing
may slightly alter exosome shape.63 Nevertheless, we can still
make overall comparisons between our CDMS measurements
with those obtained by EM.
To convert our CDMS mass measurements into diameters,
we use an average exosome density of 1.15 g·cm−3,60,61 and also
assume our particles are spherical. As the exosomes are
desolvated during electrospray and enter the gaseous phase we
assume that the contents inside the vesicle do not change, and
therefore the density would be the same as in solution. Figure 4
shows a comparison of these estimated size distributions (for
each of our CDMS subpopulations derived upon GMM analysis
of sample 1) with the size distribution obtained upon analyzing
the EM measurements (taken as the sum of all samples). This
treatment of the EM data suggests that there may be favored
types of particles; however, we note that these data are
intrinsically noisy and a larger statistical analysis would be
required to make this conclusion.
Overall, the CDMS-derived particle diameters subpopulations have a broad bimodal distribution extending from ∼20 to
∼50 nm. This range of particles is similar to that measured from
EM, ∼20 to ∼70 nm. Additionally, the population maximum
observed in both analyses appears just above 40 nm,
demonstrating a reasonably good agreement. It does appear
that CDMS may be less sensitive to the population of particles
above ∼50 nm observed by EM (∼15% of the total particles).
However, some of this disparity is deﬁnitely associated with the
assumption of spherical particles used to determine diameters
from EM data. Diameters for ﬂattened species, most prominent

Figure 3. Two-dimensional mass versus charge plot showing
subpopulations obtained from Gaussian ﬁts to the experimental data
for the ﬁrst CDMS measurement of sample 1. See text for details. When
all of the CDMS data sets are analyzed, this model ﬁnds evidence for
eight subpopulations. This ﬁrst measurement shows evidence for six of
the eight subpopulations obtained upon analyzing all data sets (S2
(designated as brown), S3 (red), S4 (blue), S5 (green), S6 (purple),
and S8 (orange)). Each point shows the mass and charge measured for a
single particle and is assigned to a subpopulation (indicated by color).
Subfamily assignment is based on the highest probability of each
particle belonging to a speciﬁc subfamily. Visually, this leads to
boundaries that are artiﬁcially strict as in reality the subpopulations
overlap. The top and left side traces show the integrated raw data for the
mass and charge dimensions, respectively and corresponding sums of
the Gaussian curves as black lines for these dimensions. The
determined ﬁts for each subpopulation are also shown and delineated
using the same color scheme. The percentage of each subpopulation is
also indicated. The dashed vertical line provides an estimate of the
delineation between those particles having masses in the range that is
expected for exosomes, and those particles that are too small to be
exosomes.

measurements (for two samples) show evidence for an
additional well-populated (14%) narrow distribution centered
at m = 3.5 ± 0.5 MDa and z = 83 ± 8 e. Finally, GMM analysis of
one measurement (CDMS 2 for sample 3) uniquely found
evidence for a small population (7%) of fairly massive particles
centered at m = 23.7 ± 3 MDa and z = 461 ± 147 e. that was not
found upon analyzing the ﬁrst CDMS data set shown in Figure 3.
The ﬁrst CDMS measurement of sample 1, the lowest mass
fraction that was found (i.e., the S2 population) comprises
∼27% (975 out of 3586) of the total particles that were detected
in this measurement. The highest mass subpopulation across all
samples and measurements was observed in our ﬁrst measurement of sample 1. This subpopulation (S8) is an extremely
broad distribution centered at m = 27.7 ± 5.4 MDa and z = 594
± 76 e. This subpopulation comprises ∼22% of the distribution
(772 out of 3586). These two subpopulations are completely
resolved based on either their masses or charges. The masses,
charges, and relative percentages of the four remaining
subpopulations are summarized in SI Table S1. It is interesting
to consider how these subpopulations vary in mass and charge.
3289

https://dx.doi.org/10.1021/acs.analchem.9b05173
Anal. Chem. 2020, 92, 3285−3292

Analytical Chemistry

pubs.acs.org/ac

Article

continue to evolve, rapid and sensitive CDMS measurements of
the physical properties of mass and charge may become an
important means of assessing the eﬃcacy of diﬀerent protocols.

■

CONCLUSIONS
The masses of particles in three diﬀerent bovine milk samples
that have been enriched for exosomes have been analyzed using
CDMS. In total, 57 350 particles were detected from eight
CDMS measurements. A simple two-dimensional Gaussian
model suggests that eight unique subpopulations of particles
may be resolvable based on charge and mass. Complementary
EM and proteomics analyses conﬁrm that samples are enriched
for exosomes. Particles associated with the S1, S2, and S3
families that are centered at ∼3.5, ∼5.9, and ∼8.3 MDa,
respectively, appear too small to be ascribed to exosomes. The
remaining 45 229 (79%) particles detected by CDMS are within
the mass range expected for exosomes. While CDMS measurements are at an early stage of development, this approach
appears to provide a new physical basis for separating and
characterizing EV particles.
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Wood, M. J. A.; Vader, P. Sci. Rep. 2016, 6, 22519.
(54) Keerthikumar, S.; Chisanga, D.; Ariyaratne, D.; Al Saffar, H.;
Anand, S.; Zhao, K.; Samuel, M.; Pathan, M.; Jois, M.; Chilamkurti, N.;
Gangoda, L.; Mathivanan, S. J. Mol. Biol. 2016, 428, 688−692.
(55) Kalra, H.; Simpson, R. J.; Ji, H.; Aikawa, E.; Altevogt, P.;
Askenase, P.; Bond, V. C.; Borras, F. E.; Breakefield, X.; Budnik, V.;
Buzas, E.; Camussi, G.; Clayton, A.; Cocucci, E.; Falcon-Perez, J. M.;
Gabrielsson, S.; Gho, Y. S.; Gupta, D.; Harsha, H. C.; Hendrix, A.; Hill,
A. F.; Inal, J. M.; Jenster, G.; Kramer-Albers, E. M.; Lim, S. K.; Llorente,
A.; Lotvall, J.; Marcilla, A.; Mincheva-Nilsson, L.; Nazarenko, I.;
Nieuwland, R.; Nolte-’t Hoen, E. N.; Pandey, A.; Patel, T.; Piper, M. G.;
Pluchino, S.; Prasad, T. S.; Rajendran, L.; Raposo, G.; Record, M.; Reid,
G. E.; Sanchez-Madrid, F.; Schiffelers, R. M.; Siljander, P.; Stensballe,
A.; Stoorvogel, W.; Taylor, D.; Thery, C.; Valadi, H.; van Balkom, B.
W.; Vazquez, J.; Vidal, M.; Wauben, M. H.; Yanez-Mo, M.; Zoeller, M.;
Mathivanan, S. PLoS Biol. 2012, 10, e1001450.
(56) Huang da, W.; Sherman, B. T.; Lempicki, R. A. Nat. Protoc. 2009,
4, 44−57.
(57) Huang da, W.; Sherman, B. T.; Lempicki, R. A. Nucleic Acids Res.
2009, 37, 1−13.
(58) Zhang, Q.; Higginbotham, J. N.; Jeppesen, D. K.; Yang, Y. P.; Li,
W.; McKinley, E. T.; Graves-Deal, R.; Ping, J.; Britain, C. M.; Dorsett,
K. A.; Hartman, C. L.; Ford, D. A.; Allen, R. M.; Vickers, K. C.; Liu, Q.;
Franklin, J. L.; Bellis, S. L.; Coffey, R. J. Cell Rep. 2019, 27, 940−954. e6.
(59) Redner, R. A.; Walker, H. F. SIAM Rev. 1984, 26, 195−239.
(60) Kreimer, S.; Belov, A. M.; Ghiran, I.; Murthy, S. K.; Frank, D. A.;
Ivanov, A. R. J. Proteome. Res. 2015, 14, 2367−84.
(61) Mathivanan, S.; Ji, H.; Simpson, R. J. J. Proteomics 2010, 73,
1907−1920.
(62) Lutomski, C. A.; Gordon, S. M.; Remaley, A. T.; Jarrold, M. F.
Anal. Chem. 2018, 90, 6353−6356.
(63) Chopra, N.; Dutt Arya, B.; Jain, N.; Yadav, P.; Wajid, S.; Singh, S.
P.; Choudhury, S. ACS Omega. 2019, 4, 13143−13152.

3292

https://dx.doi.org/10.1021/acs.analchem.9b05173
Anal. Chem. 2020, 92, 3285−3292

