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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 (/7/2) and zare 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 high-resolution 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.
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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,* are attracting
considerable attention. In addition to lipids, proteins, and other small molecules, some
exosomes carry genetic material (e.g., miRNA, mRNA, and DNA®) and are associated with
functional and phenotypical changes of other cells® - within and between organisms.’: 8
These particles play central roles in cell-to-cell communication and are implicated in
numerous pathological processes including inflammation,8 immunity,® 10 tumor
progressiont1~14 and neurodegeneration.1% 16 Given their ability to target and alter specific
cells, there is growing interest in developing exosomes as therapeutics!’~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 techniques such as ultracentrifugation,20-22 size-exclusion chromatography,
23.24 yltrafiltration,2® 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.2% 30 Electron microscopy (EM)3! 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 approaches. However, even these advanced methods provide yield
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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 (2) and mass-to-charge (/m/2) 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 |n 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’: 43. Exosomes from bovine
milk can induce physiological responses within species (when transferred from mother to
calf) and as well as in humans.#* Thus, milk exosomes are potentially relevant in new types
of therapeutics.*>~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.#® Thus, characterizing exosomes
from this material presents a significant analytical challenge. Exosomes from other sources
are also of great interest.46. 49, 50

Experimental

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 Supplemental information.

Results and Discussion

Example CDMS dataset.

As described above, CDMS determines m/zand zfor 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 3,586 individual particles recorded for one of our bovine EV
samples. The plot shows that particle masses and charges are observed as an extremely
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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 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)3%: 42 59; 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 /77~ 10 to 45 MDa, z ~ 300 to 920 ¢, 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 €). 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)®®. 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 lipid-like vesicles.
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The distribution of sizes from EM analysis can be obtained from the frequency distribution
shown in Figure 2. We characterized 1,878 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®.

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 Scheme Sl. This
analysis allows us to determine which protein are enriched at each step of the sample
workup. LC-MS analysis of the de-fatted raw milk identified 96 proteins (Supplementary
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 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.b”: 68

Further validating our enrichment protocol was the observation of characteristic EV marker
proteins, ACTG1, Hsc70, ANXAS5, 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’273, and compared these results to
the bovine milk exosome proteome.%7:68 Of the 130 annotated proteins in our enriched
sample, ~79% are listed as being found in vesicles and ~52% are assigned to exosomes
(Supplementary 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 (hon-
exosomal) particles while preparing these samples. As described above, this was done by an
LC-MS-database-search proteomics analysis of the raw milk sample after each step of the
sample preparation (as shown in Scheme 1). We note that Lutomski et al. have recorded the
CDMS spectrum for HDL, LDL, and VLDL.”8 The mass range associated with VVLDL
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, de-fatting and removal of cellular debris, there was evidence for several
apolipoproteins, including Apolipoprotein A-1V (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.
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Milk is composed primarily of caseins, lactoglobulin, albumins, lactotransferrins and
immunoglobulins.*8 Our intensity based MS quantification of defatted milk showed levels of
these major proteins roughly in proportion to their expected amounts (Supplementary 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 (Scheme I). 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 1,000 MDa, the center of their distribution occurs at 100 MDa.*8 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 exosomes2’: 7 and have similar sizes.

More insight about families of subpopulations from a Gaussian mixture model analysis of
the CDMS charge verses mass datasets.

With the EM and proteomics analysis corroboration, our milk samples appear to be highly
enriched in 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 dataset.

We begin by adopting the formalism of a simple, two-dimensional Gaussian mixture model
(GMM) as a means of fitting the two-dimensional mass verses charge CDMS dataset. This
model and statistical analysis are described in the Supplemental Information. 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 verses 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 dataset.”® For the CDMS dataset shown in Figure 1a, this analysis converged on a
best fit model consisting of six independent subpopulations. When applied to all of our
datasets, we find similarities in position and shapes of subpopulations within different
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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 Supporting Information.

The results of the GMM analysis for our first CDMS analysis of exosomes (sample 1) are
shown as subpopulations in Figure 3. Table S1 provides a summary of the mean two-
dimensional peak positions and associated uncertainties for this dataset. 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 Supporting Information. 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 dataset 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 MDaand z = 145 +
38 e. This is the second-lowest mass distribution that is extracted by our model. As
summarized in Table S2, three GMM analyzed 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 dataset 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 Table S1. It is
interesting to consider how these subpopulations vary in mass and charge. 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=125+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 €) and S6 (m=
23.4 + 3 MDa, z=550 + 113 e) families appear to be more resolved based on mass
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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 pl 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.”® 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™3.76.77 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 for larger particles, are overestimated
by this assumption, and this, in turn, overestimates their masses.

Total fraction of exosome particles.

From the considerations of the measured masses it is possible to estimate the fraction of
particles that are exosomes. In total, across all eight of our CDMS measurements we
detected 57,350 particles. Of these, the S1 (m= 3.5+ 0.5 MDa), S2 (m=6.0 + 0.3 MDa),
and S3 (/m= 8.3 + 1.4 MDa) subpopulations are perhaps too small to be exosomes — as m >
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9.8 MDa is expected for particles larger than 30 nm (i.e., the smallest exosomes). Thus, we
determine that in total 45,229 (or ~79%) particles are within the mass range expected for
exosomes. This illustrates an important aspect of this analysis. To the extent that our GMM
model is correct for characterizing these subpopulations, it will be possible to discern the
exosome content from different sample preparations. For example, from our analysis of
Sample 1, we find populations of 0%, 27%, and 3% for the S1, S2, and S3 non-exosomal
subpopulations. We thus estimate that this sample is enriched to an exosome fraction of
~70%. As new sample preparation methods, aimed at purifying specific types of exosomes
from different cell lines, tissues, and other body fluids 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.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(top) The first CDMS measurement of mass verses 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.

Anal Chem. Author manuscript; available in PMC 2021 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brown et al.

Page 16

250

200+

150+

count

100+

501

b total particles: 1,878

Figure 2.
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(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
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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.
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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 datasets are analyzed, this model finds evidence for eight
subpopulations. This first measurement shows evidence for six of the eight subpopulations
obtained upon analyzing all datasets [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.
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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
€X0S0mes.
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Page 20

Comparison of diameters derived from CDMS measurements and EM images. (top) Plot
showing the frequency distribution of electron micrograph-derived diameters (shown in
Figure 2) using a bin size of 2.5 nm. (bottom) Plot of CDMS-derived diameters for each of
the subpopulation (shown in Figure 3) using a bin size of 0.5 nm. Particle diameters from
CDMS were determined by assuming a spherical geometry and a density of 1.15 g-cm™3.
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Table 1.

. . . . . a
Characteristics of biological extracellular vesicles and other particles

mass (MDa)

particle type diameter (nm)  density (g-mZ?)
High density lipoprotein b Stold 1.06t01.21
Low density lipoprotein b 181028 1.03-1.063
Very low density lipoprotein " 301080 ~1.006
Exomeres © ~30to 50 0.93 to 1.06

ad 30to 120 1.12t01.21
Exosomes

50 to 1000 1.16

Microvesicles d
o d ~30 to ~140 1.16t0 1.18
Virions

. e 50 to 500 1.06
Casein micelle

~0.051t0 0.6
~2t07

~8 to 80

~8 1040

~10 to 1200
~50to 4 x 106
~10 to 1000

~1to 1000

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.

bParticIe diameters and densities are taken from reference 78.

c. .. . .
Particle diameter and density values from references 16, 27.

The diameters and densities of microvesicles, exosomes and virions are taken from reference 76, 77.

e - . -
Values for casein micelle diameters and densities are taken from reference 48.
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