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Abstract

As interest in the role of extracellular vesicles in cell-to-cell communication has increased, so has
the use of microscopy and analytical techniques to assess their formation, release, and
morphology. In this study, we evaluate scanning electron microscopy (SEM) and cryo-SEM for
characterizing the formation and shedding of vesicles from human breast cell lines, parental and
hyaluronan synthase 3-(HAS3)-overexpressing MCF10A cells grown directly on transmission
electron microscopy (TEM) grids. While cells imaged with conventional- and cryo-SEM exhibit
distinct morphologies due to the sample preparation process for each technique, tubular structures
protruding from the cell surfaces were observed with both approaches. For HAS3-MCF10A cells,
vesicles were present along the length of membrane protrusions. Once completely shed from the
cells, extracellular vesicles were characterized using nanoparticle tracking analysis (NTA) and
cryo-TEM. The size distributions obtained by each technique were different not only in the range
of vesicles analyzed, but also in the relative proportion of smaller-to-larger vesicles. These
differences are attributed to the presence of biological debris in the media, which is difficult to
differentiate from vesicles in NTA. Furthermore, we demonstrate that cryo-TEM can be used to
distinguish between vesicles based on their respective surface structures, thereby providing a path
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to differentiating vesicle subpopulations and identifying their size distributions. Our study
emphasizes the necessity of pairing several techniques to characterize extracellular vesicles.
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Introduction

Recent literature has demonstrated that cells release a variety of membrane-bound structures
into the extracellular environment known as extracellular vesicles (EVSs). These structures
have been shown to play a key role in long and short range cell-to-cell communication by
delivering specific cargos to other cells or the extracellular space (Antonyak et al., 2011;
Yuana et al., 2013). Two subtypes of EVs are exosomes and microvesicles (MVs), which are
currently differentiated by their size and mode of biogenesis. Whether or not morphological
characteristics may be used to differentiate both subtypes, however, remains unclear due in
part to a lack of high resolution techniques that allow comparing exosomes and MVs in their
native state. The current understanding is that exosomes are secreted via exocytosis from
endosomal multivesicular bodies (MVB) and are typically ~50-100 nm in diameter.
Microvesicles, on the other hand, are directly shed from the plasma membrane
(Muralidharan-Chari et al., 2010) and are comparatively larger (~200 nm-1 pm). EVs are
known to be released by cells under physiological conditions, such as embryogenesis,
reproduction (Desrochers et al., 2016; Tannetta et al., 2014) and muscle regeneration
(Nakamura et al., 2015), as well as pathological conditions, such as thrombosis and tumor
metastasis (Becker et al., 2016; Furie and Furie, 2004; Gyorgy et al., 2011; Le et al., 2014;
van der Pol et al., 2012). Despite their prevalence in the body and involvement in multiple
biological processes, the size and morphology of these vesicles are relatively unknown.

Understanding the function of EVs requires methods that successfully isolate and detect
them, preferably without disturbing the vesicles’ native morphology. The formation of EVs
is associated with structural modifications in the cell’s plasma membrane, a nanoscale
phenomenon best assessed with high-resolution imaging methodologies (van Niel et al.,
2018). Techniques such as scanning electron microscopy (SEM) provide such resolving
power and are routinely used for cell imaging. Biological samples prepared for conventional
SEM are, however, chemically fixed and dehydrated, which often introduces artefacts. For
soft matter materials with high water content, a viable alternative to room temperature SEM
is cryo-SEM. In this technique, first demonstrated in the early 1970s (Echlin et al., 1970,
Echlin, 1971), samples are preserved in a near-native state through rapid freezing and
imaged under cryogenic conditions. In 1981, vitrification to prepare hydrated samples for
direct investigation by cryo-TEM was introduced (Dubochet and McDowall, 1981).
Historically used extensively to understand tissue structure and physiology of plants and
model organisms (Utsumi et al., 1998, Charuvi et al., 2016; Cochard et al.,2000; McCully et
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al., 2009; Mahamid et al., 2010), cryo-SEM has been recently adopted to examine cancer
cell morphology and EV shedding (Koifman et al., 2017).

EV size, concentration, and composition are often analyzed with various techniques
(Colombo et al., 2014, Szatanek et al., 2017). In particular, nanoparticle tracking analysis
(NTA) calculates EV particle size by measuring the diffusion constants of suspended
particles in Brownian motion and solving the Stokes-Einstein equation to determine their
hydrodynamic diameters (Soo et al., 2012). Transmission electron microscopy (TEM), in
comparison, allows for characterization of both the size and morphology of individual
vesicles. For instance, a range of morphologies have been reported for MVs (Issman et al.,
2013), including “cup-shaped” vesicles observed using conventional TEM (van Niel et al.,
2018). Enhanced confidence in the presence and morphology of MVs has been achieved
with the preservation of EVs in a near-native state using vitrification (van Niel et al., 2018).
Cryo-TEM is, therefore, more often used now for analyzing EVs. Both NTA and cryo-TEM
analysis of EVs involve harvesting vesicles from cell cultures and purification before
analysis. The methods used for EV isolation and sample preparation may, however,
additionally impact which EV subtypes are ultimately collected for analysis as well as their
observed morphologies (Issman et al., 2013). Therefore, comparison of these analytical
techniques is necessary for a holistic approach to explore EV-related phenomena.

In this study we compared conventional and cryo-SEM in characterizing cell morphology
and EV release. Additionally, we used NTA and cryo-TEM to characterize isolated EVs and
evaluated the comparative strengths and disadvantages of each technique. We use the
MCF10A cell line (Soule et al., 1990), a non-tumorigenic, human mammary epithelial cell
line as a control, and hyaluronic acid synthase-3 (HAS3)-overexpressing MCF10A cells
(HAS3-10A) where overexpression of HAS3 has been previously shown to produce
intermediate to long forms of hyaluronic acid (HA) and EV production is increased
(Koistinen et al., 2015; Rilla et al., 2013; Shurer et al., 2019). Given that increased EV
production by mammary epithelial cells is associated with tumor progression and because
EVs themselves can transform non-malignant cells (Antonyak et al., 2011), the utilized cell
lines represent appropriate model systems to study the potential connection of our findings
to breast cancer development and progression.

Materials and Methods

Cell lines and culture

MCF10A and MDA-MB231 cells were obtained from ATCC (Manassas, VA). MDA-
MB231 were cultured in complete DMEM medium while MCF10A cells were cultured in
DMEM/F12 basal media supplemented with 5% horse serum, 20 ng/mL EGF, 10 pg/mL
insulin, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin, and penicillin/streptomycin.
Modified MCF10A cells were produced through lentiviral transfection of a tetracycline-
inducible vector as described previously (Shurer et al., 2014; Shurer et al., 2019). Modified
MCF10A cells were produced through lentiviral transfection with a pLV TetOn HAS3 vector
(Shurer et al., 2019). All cell lines were maintained at 37°C and 5% CO,.
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Cell culture on TEM grids

All grid handling was carried out inside glass-bottom dishes (MatTek, 35-mm dish diameter,
20 mm glass) under sterile conditions. Quantifoil R1/4 holey carbon 200 mesh gold TEM
grids (Quantifoil Micro Tools, Jena, Germany) were glow discharged for 10 seconds to
improve hydrophilicity. Grids were then sterilized in 70% ethanol and washed with DI water
three times. To enhance cell adhesion to the carbon film TEM grids were functionalized with
fibronectin. For fibronectin coating, grids were incubated with 30 pg/mL human fibronectin
reconstituted in DI water, 37°C, for 2 hours. After coating, grids were washed with DI water
three times, followed by washing with culture media and incubation in culture media for 1
hour. MDA-MB231 cells were used initially to establish protocols for cell seeding and
subsequent handling. All other experiments were performed with HAS3 cells and control
cells plated at a density of 150,000 cells/mL of media with 2 mL applied to each dish. Cells
were induced with 1 pg/mL doxycycline for 48 hours. A representation of the experimental
setup is shown in Fig. 1.

Fluorescence labeling and imaging

Grids were washed twice with PBS buffer and fixed with 10% formalin at room temperature
for 20 minutes. The formalin was removed, and grids were washed three times for 2 minutes
each with PBSX (0.05% TritonX in PBS). Fluorescence staining solutions of DAPI (1:5000)
and Phalloidin Alexa Fluor 488 (1:200) in 1% BSA/PBS were prepared and kept covered
with aluminum foil. Grids were immersed and incubated in the fluorescence staining
solutions at room temperature for 1 hour, followed by two washes with PBS. Grids were
imaged under PBS using a Zeiss LSM 710 Confocal Microscope with 40x water immersion
objective, and 405 nm (DAPI) and 488 nm (Alexa Fluor 488) lasers with pinhole of 36.2 um
and emission wavelengths of 452.5 nm and 562.5 nm. Z stacks were acquired with 0.46 pm
intervals and were processed using ImageJ.

SEM imaging
Cells were fixed on TEM grids using freshly prepared Trump’s fixative (4 mL 10x PBS, 10
mL 16% paraformaldehyde, 4 mL 10% glutaraldehyde, 22 mL ddH,0). First, grids were
rinsed with Trump’s fixative at 37°C, which was removed immediately. Fresh Trump’s
fixative was added at 37°C and grids were stored at 4°C overnight before removal. Grids
were then immersed in 1% osmium tetroxide in 0.05 M cacodylate buffer on ice for 40
minutes. Cacodylate buffer was added in excess for 10 minutes and removed. Fresh buffer
was added for another 10 minutes. This process was repeated twice. Grids were washed with
25% and 50% EtOH on ice for 10 minutes, followed by 70% EtOH overnight. Grids were
washed with 95%, 100%, 100% EtOH on ice for 10 minutes each before undergoing critical
point drying (CPD). Samples were coated with Au-Pd (at 10 mA for 15 seconds) and
imaged in a Mira3 FESEM (Tescan, Czech Republic). High-resolution images were acquired
at 5 keV and a 3 mm working distance with the in-beam secondary electron detector.
Brightness and contrast were adjusted using Adobe Photoshop to optimize visibility of
cellular features. Image processing was done consistently across all conditions and regions.
The vesicle size distribution shown in Fig. 3F was determined directly from the SEM image
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by estimating each vesicle as an ellipse and calculating the average of the minor and major
axes.

Extracellular vesicle isolation

All cell lines were grown to high confluency at 10,000 cells/cm? in T-150 flasks for 42 hours
and induced as described above. Media was collected from cells and spun at 200 x gfor 5
minutes to pellet any detached cells from doxycycline induction. Adhered cells were rinsed
with PBS twice before being combined with detached cells and serum starved with 3 mL of
serum free-media for 6 hours to avoid contamination from nascent exosomes from serum.
Following serum starvation, media was harvested and clarified by centrifugation at 600 x g
for 5 minutes, then 2 mL of media was collected and spun at 600 x g for 5 minutes. 1.5 mL
of media was collected as the final volume for experiments. Cells were detached and
combined with any detached cells due to doxycycline induction and counted to obtain the
concentration of cells for calculating the extracellular vesicle production rate (vesicles/cell/6
hours).

Nanoparticle Tracking Analysis (NTA)

To quantify extracellular vesicles released from the cells, clarified harvested media was
analyzed using the Nanosight NS300 nanoparticle tracking analysis instrument (Malvern).
Imaging was performed for 60 s with 5 captures per sample. Particles were analyzed using
Malvern Nanoparticle Tracking Analysis Software. Following particle tracking captures,
samples were recovered from the device post-NTA for correlative analysis by cryo-TEM. To
ensure that NTA sample flow through the device did not influence our cryo-TEM data, we
compared post-NTA samples to those that were not analyzed by NTA and found no
difference in the sample size.

Plunge-freezing vitrification

Cryo-SEM

For analysis of cells cultured on grids, grids were lifted out of cell culture dishes, blotted
from the reverse side and immediately plunged into a liquid ethane/propane mixture cooled
to liquid nitrogen temperature using a custom-built vitrification apparatus (MPI, Martinsried,
Germany). For analysis of isolated extracellular vesicles post-NTA, 3-5 pL of harvested
media were pipetted onto holey carbon 200 mesh copper grids (Quantifoil Micro Tools,
Jena, Germany) with hole sizes of ~2 um. The grids were blotted from the reverse side and
immediately plunge-frozen as described above. The plunge-frozen grids were stored in
sealed cryo-boxes in liquid nitrogen until used.

Cryo-immobilized cells on TEM grids were imaged in a FEI Strata 400S DualBeam
FIB/SEM system equipped with a Quorum PP3010T cryo-FIB/SEM system that enables
cryogenic experiments. First, grids were heated in the preparation chamber from —150°C to
-100°C for 20 minutes and then —90°C for 1 minute to allow for ice sublimation and to
expose the cell surfaces. Sublimation times were optimized by sequentially heating the
sample, transferring it into the main microscope and imaging the surface by cryo-SEM.
Grids were then sputter coated with Au-Pd at 10 mA for 10 seconds in the Quorum
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preparation chamber with the sample cooled to - 150°C. Note that coating of the sample to
minimize charging effects can be avoided when operating at low voltage near the charge
neutrality point (Goldstein et al., 2018, Joy and Joy, 1995). High-resolution images were
acquired at —165°C, 3 keV and 68 pA and a working distance of 7 mm with a secondary
electron Everhart-Thornley Detector (ETD). SEM imaging using secondary electrons
provides direct information about the cell surface topography (Goldstein et al., 2018).
Brightness and contrast were adjusted using Adobe Photoshop to optimize visibility of
cellular features. Image processing was done consistently across all conditions and regions.

Cryo-TEM was performed on a Titan Themis (Thermo Fisher Scientific, Waltham, MA)
operated at 300 kV in energy-filtered mode equipped with a high brightness field-emission
gun (XFEG), and a 3838x3710 pixel Gatan K2 Summit direct detector camera (Gatan,
Pleasanton, CA) operating in counted, dose-fractionated mode. Images were collected at
defoci between -1 and —3 um. Images were binned by 2, resulting in pixel sizes of 0.51-1.09
nm. Vesicles sizes were measured using ImageJ software. Because the vesicles were
approximately spherical, the average diameter was determined by taking the average of the
vesicles’ widths and lengths. For identification of subpopulations, vesicles smaller than ~120
nm were inspected at high magnification and classified either as microvesicles or exosomes
based on the presence (microvesicles) or absence (exosomes) of surface structure. Vesicles
larger than 120 nm were designated as microvesicles. High magnification imaging of a
subset of these larger vesicles confirmed the presence of surface structure.

Results and Discussion

For reliable characterization and quantification, it is important to consider that during any
step in the sample preparation, cells may undergo non-physiological structural
modifications. To remove intermediate sample processing steps, HAS3 and control cells
were cultured directly onto fibronectin-coated gold TEM grids for 48 hours. Cells grew
uniformly in areas coated with fibronectin, both on and off the grid (Fig. 1). To assess
whether the morphology of the cells was altered following culture on TEM grids, we stained
for filamentous actin (F-actin). We found that cells cultured on grids were similar to cells
cultured on traditional substrates, such as glass or polystyrene as confirmed through
fluorescent microscopy (Fig. 1C).

When examined with conventional SEM, the surfaces of chemically-fixed cells appeared
relatively flat with tubular extensions protruding from the cell surfaces of both HAS3 and
control cells (Fig. 2A, C). The same cell types observed with cryo-SEM, however, appeared
rounder in the out-of-plane direction, with fewer obvious protrusions (Fig. 2B, D; Fig. S1).
Tubular extensions were present in the cryo-SEM images, however, these extensions on the
cell surface laid flat against the grid. These extensions were present in cells imaged with
both conventional and cryo-SEM and cannot be a fixation artefact (Fig. 2D; Fig. S1). The
roundedness or flatness of cells cannot be attributed to variation in cell adhesion, as cells for
SEM and cryo-SEM were grown under the same conditions. Indeed, there is no significant
difference in the average cell axis length between SEM and cryo-SEM (Table S1). Instead,
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we hypothesize that the morphological differences in cells observed with conventional and
cryo-SEM are both the consequences of the sample preparation process for each technique.
Although control cells also have tubular extensions, they were both shorter and less
numerous (Fig. 2A) than the extensions seen in HAS3 cells (Fig. 2C). These tubular
structures and the mechanism of their extension was investigated in detail in our recent work
(Shurer et al., 2019) and independently verified in MCF10A cells expressing other
glycopolymers (Mockl et al., 2019).

In conventional SEM, cells are dehydrated during the chemical fixation process, and the lack
of water content may cause cells to appear flatter than if they were preserved in a liquid-
hydrated state. On the other hand, blotting samples before plunge freezing for cryo-SEM
likely affected the extensions on the cell surface, causing them to lie flat on the grid (Fig.
2B, D; Fig. S1). This appearance is different than the erect extensions on cells prepared for
conventional SEM (Fig 2A, C). Consequently, choosing the appropriate technique depends
on the cellular features of interest and their location in the cell. Protruding structures, such as
cell tubular extensions, filopodia, or microvilli, can be imaged on the cell surface by
conventional SEM. Chemical fixation, dehydration, and coating, however, might alter the
morphologies of these structures. On the other hand, blotting in preparation for plunge-
freezing can cause deformation of extended structures protruding from the cell surface. We
have demonstrated that conventional and cryo-SEM can both be used to image the cellular
surface, with each technique having its respective strengths and limitations. Rather than
choosing one technique or the other, a more reasonable approach is to use both techniques
and leverage the strengths of each approach.

We further assessed these techniques to directly validate the presence of MVs prior to
shedding from the plasma membrane. Spherical features consistent with previous studies
(Shurer et al., 2019) were observed on the surfaces of HAS3 cells as compared to control
cells, which were not found to possess MVs on their tubular extensions (Fig. 3A; Fig. 2A).
Although dimensionally consistent with MVs (Fig. 3B, C, F), further investigation of these
structures with high-resolution imaging techniques are necessary for a positive identification
and validation.

For direct comparison with existing work on these cell lines, we have also imaged HAS3 and
MCF10A control cells grown on TEM grids using confocal fluorescence microscopy. HAS3
cells showed a high intensity of actin expression when compared to the control (Fig. 3D, E).
The higher intensities in HAS3 cells are attributed to an increased density of actin
microfilaments contained within tubular extensions protruding from the cell surface (Fig.
2B,C; 3D,E) (Shurer et al., 2019). These structures are thin and finger-like, and no wider
than 100-200 nm in diameter (Fig. 3B-C).

Comparison of cryo-TEM and NTA in extracellular vesicle expression and diameter
distributions

Results from both conventional and cryo-SEM and fluorescence microscopy provided
insight into the surface morphology of cells, revealing both membrane protrusions and
microvesicles around the cellular membrane. The majority of studies, however, examines
exosome secretion and microvesicle release from the plasma membrane in post-isolation
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vesicles. While isolated vesicles can be imaged relatively easily in an electron microscope,
SEM does not provide the resolution to distinguish microscopic structural features on the
surface of vesicles. A technique that can resolve the native surface structure could help
identify microvesicles from other vesicles and therefore fill an unmet need since
microvesicles currently do not possess any markers for detection. Cryo-TEM has the
potential to fill this gap as it offers high spatial resolution and the ability to image EVs
preserved in a near-native state using vitrification, thereby improving confidence in the
presence and morphology of MVs compared to traditional approaches using chemical
fixation (van Niel et al., 2018). Here, EVs isolated from cells were analyzed by cryo-TEM
and nanoparticle tracking analysis (NTA), which tracks the Brownian motion of particles to
obtain the size range of particles as well as their concentration at various size ranges
(Dragovic et al., 2011; Soo et al., 2012) (Fig. 4A). NTA is useful because it overcomes
sampling limitations of imaging techniques, especially for samples with low vesicle
concentrations due to dilution in the sample preparation (Kim et al., 2019). NTA offers EV
quantification on a more feasible time scale as well as desirable sampling.

MCF10A control cells shed a low number of EVs (Fig. 4A), consistent with literature
reports that non-tumorigenic/parental cells do not shed EVs in high proportions as compared
to malignant cell types (D’Souza-Schorey and Clancy, 2012). In contrast, HAS3 cells
released approximately twice as many vesicles as MCF10A cells (Shurer et al., 2019) (Fig.
4A).

The high number of EVs released from HAS cells motivated us to further characterize their
microstructure and size distribution by direct imaging using cryo-TEM. For direct
comparison with the NTA data, we recovered vesicles post-NTA for imaging (see Materials
and Methods). Cryo-TEM revealed that the EVs from HAS3 cells were heterogeneous in
both shape and diameter (Fig. 4B-D). Interestingly, vesicles historically designated as MVs
based on their size of 200 nm-1 um, contained surface structure while exosomes (50-100
nm) did not (Fig. 4B-D). We believe that this difference in surface structure can be attributed
to the differences in the biogenesis pathways of exosomes and MVs. Specifically, MVs
adopt their parental cell’s glycocalyx while shedding from the cell’s plasma membrane
(Shurer et al., 2019), while exosomes, which are endosomally trafficked and secreted from
the cell through exocytosis, may have different surface structure.

Information about the vesicle surface structure provided by cryo-TEM can be used in
conjunction with particle size measurements to differentiate between subpopulations of EVs.
Because the native structure remains unaltered, we expect cryo-TEM to provide an accurate
analysis of vesicle diameters, which can be used for comparison with NTA data. Therefore,
EVs were recovered following NTA and subsequently plunge-frozen for imaging and
analysis by cryo-TEM. The particle size distributions of EVs from HAS3 cells collected by
NTA and cryo-TEM both reached their maxima at comparable vesicle sizes (Fig. 5A, B and
Fig. S2). There were distinct differences, however, between the size distributions measured
by these two complementary techniques. Data from the NTA tracked particles range from
20-1000 nm in diameter with its maximum around 50 nm (Fig. 5A). The distribution of
vesicles identified with cryo-TEM was broader, ranging from 20-1275 nm in diameter. The
strongest peak in the cryo-TEM distribution was around 75 nm and larger MVs comprised a
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great proportion of vesicles compared to the NTA data, resulting in a broader tail in the size
distribution (Fig. 5B). Vesicles less than 100 nm accounted for 42% of all vesicles tracked
by NTA, but only 26% of vesicles detected with cryo-TEM.

The NTA size distribution is artificially truncated due to the sensitivity of detectable
diameter range of the instrument. The upper range of accurately detectable particles is ~1000
nm, and particles larger than this are usually excluded from analysis. Brownian motion
limits the maximum size of detectable particles. As vesicles become too large, their
Brownian motion becomes difficult to track over reasonable acquisition times, therefore the
software either fails to detect these particles or measures them with high inaccuracy (Yang et
al, 2014). Cryo-TEM in comparison does not exclude vesicles with larger diameters but
confirms that the proportion of HAS3 vesicles greater than 1000 nm is still negligible. For
instance, the largest particles tracked by NTA in this study were ~1000 nm in diameter and
comprised < 0.1% of all vesicles analyzed. Similarly, vesicles larger than 1000 nm
accounted for only 0.5% of all vesicles observed with cryo-TEM. Note, that here we assume
that the blotting process prior to plunge-freezing of the sample will affect the total number
of vesicles observed, but not their size distribution.

The origin of other discrepancies between the NTA and cryo-TEM data could be attributed
to several factors, necessitating the need to complement the techniques when possible. The
cryo-TEM size distribution exhibits a lower signal-to-noise ratio due to the low-throughput
nature of the technique, which results in lower sample statistics. Despite this limitation, we
believe the number of vesicles measured by cryo-TEM (n = 642) in this study was
sufficiently high to use as a comparison to NTA data. A larger data set, however, would
undoubtedly provide a more refined result. Debris in the cell media likely influenced the
distribution of particle diameters in the NTA data. Post-NTA cell media examined with cryo-
TEM showed the presence of a large amount of debris of varying sizes (Fig. S3, B). NTA
tracks any material that diffuses and has a refractive index (Filipe et al., 2010). The software
also assumes that the particles are spherical and derives a hydrodynamic diameter for both
vesicular and non-vesicular material. This analysis means that, in NTA, it is difficult to
reliably differentiate between vesicles and debris within a solution, and the diameters of any
particle that moves within the solution is recorded. This lack of discrimination between
populations could explain the difference in the relative proportions of smaller to larger
vesicles in the NTA and cryo-TEM data. Superficially, most of the post-NTA debris
appeared larger than the sizes of exosomes but appeared to contain aggregates of smaller
structures that were about the size of exosomes (Fig. S3). It is not clear, but we hypothesize
that these structures could have aggregated after NTA and before vitrification. While low in
sample statistics, the main advantage of direct imaging by cryo-TEM is the ability to resolve
vesicle surface structure (Fig. 4B-D), which provides a route to identify the microvesicle
subpopulation as discussed above. Compared to the typical cutoff of 200 nm used to separate
the particle counts from NTA into microvesicles and exosomes, we found that for HAS3-
overexpressing MCF10A cells vesicles as small as 90 nm exhibited distinct surface features
in cryo-TEM, which we conclude as a signature to identify microvesicles. By imaging all
vesicles in the range of 80-120 nm at high resolution, we separated the size distribution into
the microvesicle and exosome population as shown in Fig. 5C based on surface structure.
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Conclusions

This study compared the use of confocal fluorescence microscopy and both conventional
and cryo-SEM in order to evaluate cell morphology and structures dimensionally consistent
with MVs on membrane protrusions in cells. Additionally, we used NTA and cryo-TEM to
compare the size distributions from each technique and validate the presence and structure of
EVs from sample suspensions. Our results highlight that there is no specific workhorse
technology that can provide a comprehensive analysis of cell morphology and EV presence
and morphology. The limitations of one technique, however, can be compensated by the
merits of the respective additional techniques that we explored here. Conventional SEM
captures 3D tubular projections and spherical structures coming from the plasma membrane,
but the cells are desiccated during the sample preparation process, which alters their native
state. Cryo-SEM preserves the water content of these cells but can affect the structure of
delicate projecting features and cause them to collapse. NTA provides statistics of the
distributions of particles in a given suspension, but cryo-TEM can differentiate between
vesicles and debris, as well as probe vesicle morphology and surface structure. The choice of
whether to use NTA or cryo-TEM to profile EVs depends on the question under
examination. NTA is the more suitable technique when one wants to compare the relative
concentrations of vesicles that are released from cells of interest. NTA is also useful when
high-throughput information of a high concentration of vesicles is desired. Finally, NTA is
useful when the majority of the particles are less than 1000 nm in diameter, especially in
polydisperse samples. Cryo-TEM is the more useful technique when imaging either very
small or very large populations of vesicles, particularly those near the detection range of
NTA instruments. Cryo-TEM can visualize surface morphology, making it the method of
choice for distinguishing between subpopulations of vesicles. Finally, cryo-TEM is more
useful when examining media that is contaminated with other non-vesicular components,
such as those that may be produced during the isolation process.

Together, these techniques reveal both the relative size distribution from respective samples
and the morphology of isolated vesicles. The combination of glycocalyx engineering and
multiple microscopy techniques reported here provide a technical roadmap for
differentiating between exosome and microvesicle populations, based upon more detailed
data than just size. In-depth characterization of each EV subpopulation is beneficial for
better understanding of the roles of each in pathological and physiological states. Overall,
our study reaffirms the necessity of a multi-platform approach that can help experimentalists
better characterize EV presence, size and morphology, as well as the ability of certain cells
to release them in a way that the respective techniques cannot do individually.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Characterization of extracellular vesicle (EV) release from human breast cell
lines

SEM shows vesicular structures budding off of membrane tubes driven by
HAS3

Cryo-TEM reveals two EV sub-populations based upon size and structural
detail

EV surface structure is identified as biomarker for MVs compared to
exosomes
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Grid Square

TEM Grid

Fig. 1. On-grid cell culture set up and confocal imaging for on-grid validation.
(A) Bright-field image of MDA-MB231 cells seeded on a fibronectin-functionalized carbon-

coated gold TEM grid in a cell culture dish (arrow represents location of cells on the
suspended fibronectin-coated carbon support film). (B) Bright-field image and (C)
fluorescence confocal image of MDA-MB231 cells grown uniformly on the grid, including
in the electron-transparent grid squares. Blue — DAPI (nuclei), green-Phalloidin Alexa Fluor
488 (F-actin).
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MCF10A

HAS3-MCF10A

Fig. 2. Cell morphology of HAS3 and MCF10A control cells imaged by conventional and cryo-
SEM.

(A) Conventional SEM image of chemically-fixed MCF10A cells. (B) Cryo-SEM image of
frozen-hydrated MCF10A cells. Tubular extensions are observed (arrow). (C) HAS3 cells
prepared for conventional SEM with longer tubular extensions compared to the MCF10A
controls. (D) HAS3 cells imaged by cryo-SEM also show tubular extensions (arrow), but
they appear flattened. See Fig. S1 for additional cryo-SEM images of HAS3 cells.
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Fig. 3. Cell membrane protrusions and vesicular structures imaged by complementary
techniques.

(A) Cryo-SEM of microstructure on the cell membrane of MCF10A control cells. (B)
Conventional SEM image of tubular extensions from HAS3 cells containing spherical
structures along their lengths as highlighted in (C). (D-E) Confocal fluorescence microscopy
shows a high intensity of actin staining in HAS3 cells (E) relative to the MCF10A controls
(D), consistent with the presence of numerous long tubular extensions in HAS3 cells. (F)
Diameter distribution of vesicular structures along the length of membrane extensions from
HAS3 cells with most vesicles being dimensionally consistent with microvesicles.
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x107 NTA Bl

Fig. 4. Extracellular vesicle post-isolation concentration and morphology.
(A) Mean overall particle concentration from nanoparticle tracking analysis (NTA) of EVs

shed and/or secreted from MCF10A HAS3 and control cells. Error bars represent standard
error of the mean from three individual measurements for each cell line. (B-D) Cryo-TEM
of frozen-hydrated vesicles post-isolation from HAS3 cells shows heterogeneity in vesicle
shape and size. Additionally, larger HAS3 vesicles have prominent surface structure (B-C,
arrows), while smaller vesicles have either less or no such surface structure (D).
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Fig. 5. HAS3 vesicle size distribution measured by NTA and cryo-TEM.
The size distribution of vesicles tracked with (A) NTA is significantly different than the

distribution of vesicles observed with cryo-TEM (B). Most notably, larger vesicles comprise
a greater proportion of vesicles captured by cryo-TEM than NTA. The lower throughput of
cryo-TEM is reflected in the smaller number of vesicles measured (n=642). (C) Direct cryo-
TEM imaging of the vesicle surface structure allows identification of two vesicle
subpopulations where those with clear surface features are grouped as Microvesicles while
others are labelled Exosomes. Data in (A) and (B) are replotted using the same bin size in
Figure S2.
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