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A B S T R A C T   

We have shown the connection of hyaluronan synthesis activity with the enhanced shedding of extracellular 
vesicles, but detailed morphological analysis of those hyaluronan-induced EVs is still missing. In this study we 
utilized a comprehensive set of high-resolution imaging techniques to characterize in high detail the size and 
morphology of EVs originating from stable MCF7 breast cancer cell line and transiently transfected cells 
expressing GFP-HAS3. To avoid possible artefacts or loss of EVs resulting from the isolation process, special 
attention was paid to analysis of EVs in situ in monolayer and in 3D cultures. The results of this study show that 
GFP-HAS3 expressing MCF7 cells produce morphologically diverse EVs but also demonstrates the variation in 
results obtained with different experimental setup, which emphasizes the importance of comparison between 
different methods when interpreting the observations.   

1. Introduction 

Extracellular vesicles (EVs) are gaining attention because of their 
multiple roles in cellular signaling and wide potential in biomedical 
applications. While the research interest toward this highly attractive 
research area arises, the increasing data arises new questions about EV 
origin, formation, and biological functions (van Niel et al., 2018). The 
number of described EV subgroups increases and new data on multiple 
shapes and budding mechanisms are continuously emerging. There is 
increasing evidence on big EVs, called oncosomes, secreted by cancer 
cells such as prostate cancer (di Vizio et al., 2009) and glioma cells 
(Yekula et al., 2020). Furthermore, cryo-electron microscopy has 
revealed a large spectrum of EVs in human seminal fluid (Höög and 
Lötvall, 2015), in isolates from a human mast cell line (HMC-1) (Zabeo 
et al., 2017) and in cerebrospinal fluid (Emelyanov et al., 2020). 

Imaging methods have proven to be necessary to study the biology of 
EVs (Verweij et al., 2021), and especially when studying the morphology 
or release mechanisms of EVs, high resolution imaging is a prerequisite 
to obtain reliable data. Additionally, to understand the heterogeneity of 
EVs, it is essential to develop and utilize high resolution methods for 
accurate characterization of individual EVs. Super-resolution light 

microscopy techniques, such as PALM, dSTORM, and STED (Grapp et al., 
2013; Mondal et al., 2019; Nizamudeen et al., 2018) have shown 
promising results on accurate characterization of individual EVs. 
Correlative light and electron microscopy (CLEM), which combines the 
labeling power of fluorescence imaging with the high resolution of 
electron microscopy, has been utilized for analysis of EV release mech-
anisms (Sung et al., 2015; Verweij et al., 2018), detection of single EVs 
(Arasu et al., 2017), and their binding to the target cells (Arasu et al., 
2019a, 2019b). 

Different plasma membrane extensions with actin core are an 
important source for EV formation in many different cell types (Rilla, 
2021). Hyaluronan is an extracellular glycosaminoglycan that impacts 
EV formation from plasma membrane protrusions (Rilla et al., 2013). 
Overexpression of hyaluronan synthase (HAS), which is active only on 
the plasma membrane (Rilla et al., 2005), is known to induce formation 
of different plasma membrane protrusions (Kultti et al., 2006) and 
enhance shedding of EVs (Rilla et al., 2013). We have characterized the 
size distribution based on NTA analysis and molecular contents of these 
EVs (Arasu et al., 2019a, 2019b; Deen et al., 2016), but no detailed 
morphological analysis has been performed before. 

In this study, we combined different techniques to characterize the 
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EVs derived from inducible hyaluronan synthase 3-(HAS3)-over-
expressing human breast cancer MCF7 cells. We characterized the EV 
size distribution and morphology with high resolution imaging tech-
niques such as confocal microscopy, scanning electron microscopy, 
correlative light and electron microscopy and 3D electron tomography. 
We focused especially on size distribution, morphology, and putative 
ways of shedding of EVs in monolayer and 3D cultures. We also 
compared the EV size distribution data obtained from EM image analysis 
with nanoparticle tracking analysis. 

This work shows that HAS3 expressing MCF7 breast cancer cells 
produce EVs of diverse shapes and sizes (50–5000 nm). Especially EVs 
originating from protrusions interacting with neighboring cells were 
increased upon HAS3 overexpression, suggesting EV-mediated contact- 
dependent interactions between cells. Comparison of the size distribu-
tion of EVs secreted by these cells with SEM, 3D-TEM and NTA resulted 
in different results, which emphasizes the importance of combinations of 
different analysis methods to increase the reliability of results. 

2. Materials and methods 

2.1. Cell culture 

The human breast adenocarcinoma MCF-7 cell line with stable, 
inducible expression of GFP-HAS3 has been created and characterized 
before in Deen et al. (2014), Siiskonen et al. (2013). The cells were 
cultured in minimum essential medium alpha (MEMα, EuroClone, Pavia, 
Italy) supplemented with 5% fetal bovine serum (FBS, HyClone, Thermo 
Scientific, Epsom, UK), 2 mM glutamine (EuroClone), 50 μg/ml strep-
tomycin sulfate, and 50 U/ml penicillin (EuroClone). Cells were 
passaged twice a week at a 1:5 split ratio using 0.05% trypsin (w/v) 
0.02% EDTA (w/v) (Biochrom AG, Berlin, Germany). For maintenance, 
the culture medium was supplemented with 50 μg/ml hygromycin B, but 
during the experiments, cells were grown without hygromycin B. To 
induce GFP-HAS3 overexpression, 0.5 μg/ml of doxycycline (Doxycy-
cline hydrochloride, Sigma, St. Louise, USA) was used. For experiments 
for EV collection/analysis, cells were cultured in a growth medium 
supplemented with vesicle-free serum. The serum was purified by 
centrifugation at 115,000 × g overnight at 4 ◦C, and sterile filtered with 
a 0.2 µm filter (Sartorius, Goettingen, Germany). For transient trans-
fections of GFP-HAS3 construct (Rilla et al., 2012), 
TurboFect-transfection reagent (Thermo Fisher Scientific) was used ac-
cording to manufactures’s instructions. 

2.2. Confocal microscopy 

The fluorescent images were obtained with a Zeiss Axio Observer 
inverted microscope (40 × NA 1.3 oil or 63 × NA 1.4 oil–objectives) and 
LSM700 confocal module equipped with differential interference 
contrast detector or LSM800 confocal module with Airyscan super-
resolution technique (Carl Zeiss Microimaging GmbH, Jena, Germany). 
For live cell imaging, Zeiss XL-LSM S1 incubator with temperature and 
CO2 control was utilized. ZEN 2.3 SP1 (black) software (Carl Zeiss 
Microimaging GmbH) and ImageJ software (National Institute of 
Health, Bethesda, MD, USA) were utilized for image processing, 3D 
rendering and image analysis. 

2.3. 3D cultures and spheroids 

For MCF-7 cell 3D cultures, 50,000 cells were mixed with Cultrex 
Basement Membrane Extract (BME) gel (Trevigen, Gaithersburg, MD, 
USA). The gel was polymerized at 37 ◦C for 1 h and the cells were grown 
for 72 h. The live cultures were imaged with confocal microscopy, fixed 
and immunostained with CD44 antibody for size analysis or processed 
for electron tomography as described below. 

2.4. Electron tomography 

For 3D electron tomography, the spheroids of MCF7 cells grown in 
the gel were fixed with 2% glutaraldehyde (EM-grade, Sigma-Aldrich, 
Espoo, Finland) and 1.5% formaldehyde (EM-grade, Electron Micro-
scopy Sciences, Hatfield, PA) in 0.1 M sodium cacodylate buffer pH 7.4, 
supplemented with 2 mM CaCl2 for 2 h at RT. After washing with 0.1 M 
sodium cacodylate buffer the cells were post-fixed with 1% non-reduced 
osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h on ice. The 
specimens were then washed with buffer and dehydrated in ethanol 
series and acetone prior gradual infiltration into Epon (TAAB 812, 
Aldermaston, UK). After polymerization overnight at 60 ◦C, serial 230- 
nm-thick sections were cut with a 35◦ diamond knife (Diatome, 
Switzerland) on Leica EM Ultracut UC7 ultramicrotome (Leica Mikro-
systeme GmbH, Austria) and collected on Pioloform-coated single slot 
copper grids. 

Dual axis tilt series were recorded from three to four consecutive 
semi-thick sections using SerialEM (Mastronarde, 1997) software 
running on a Tecnai FEG 20 transmission electron microscope (FEI 
Company, part of Thermo Fisher Scientific, The Netherlands) operated 
at 200 kV, high tilt specimen holder (model 2020; E.A. Fischione In-
struments, USA) and a 4k × 4k Ultrascan 4000 CCD camera (Gatan Inc., 
Pleasanton, CA). The tilt series were acquired at one-degree intervals 
between ± 62◦ at nominal magnification of 11,500 × and 10-nm gold 
particles placed on both grid faces served as fiducial markers for align-
ment. Prior alignment and reconstruction with IMOD software package, 
version 4.9.0 (Kremer et al., 1996) the images were binned by two 
providing a pixel size of 1.94 nm. Segmentation and statistical analysis 
were done using MIB; version 2.22 (Belevich et al., 2016) and visuali-
zation with Amira (version 5.3.2, Visage Imaging Inc./Thermo Fisher 
Scientific, USA). The diameter of individual EV was calculated as axis 
lengths from modeled tomograms of individual EVs. 

2.5. Nanoparticle tracking analysis 

The size distribution and number of the EVs in MCF7 culture media 
were analyzed with the Nanoparticle Tracking Analyzer (Malvern In-
struments Ltd., Malvern, UK) with a NS300 view unit. First the condi-
tioned culture media were filtered with 5 µm syringe filter (Sartorius, 
Goettingen, Germany) to remove cell debris. To collect the different EV 
populations, filtered media were centrifuged 10,000 × g for 90 min at 
4 ◦C and the pellet was suspended to PBS (= 10,000 × g population). The 
supernatants from previous step were collected and centrifuged at 
110,000 × g for 90 min at 4 ◦C, followed by suspension to PBS (=
110,000 × g population). To collect the whole EV population the pellets 
from both centrifugation steps were suspended into PBS and combined. 
The following settings were used for data acquisition: camera level 13, 
acquisition time 30 s and detection threshold 3. Data analysis was per-
formed with the NTA v3.1 software (NanoSight, Amesbury, UK). Data 
for each sample was obtained from three replicates. 

2.6. Western blotting 

EV pellets were lysed using RIPA lysis buffer (150 mM NaCl, 50 mM 
Tris, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS) 
containing 10 mM NaF, and 0.5% protease inhibitor cocktail (Sigma-
–Aldrich, St. Louis, MO, USA). Protein content was determined using a 
Pierce BCA protein assay kit (Thermo Scientific, Epsom, UK). An equal 
amount of protein fractions was subjected to 10% SDS-PAGE and 
transferred to nitrocellulose membranes (Whatman, Sigma–Aldrich, St. 
Louis, MO, USA), blocked with 5% bovine serum albumin (BSA) in 1 ×
TBST (Tris-buffered saline containing 0.1% Tween 20) for 1 h at room 
temperature, followed by overnight incubation with anti-GFP antibody 
(Molecular Probes, Eugene, OR), anti-CD44 antibody (Chemicon, 
Temecula, CA, USA), anti-CD9 (Abcam, Cambridge, UK), anti-CD63 
(Abcam) or anti-Actin (Sigma, St. Louise, USA), diluted in 1% BSA- 
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TBST. After 3 washes with TBST the membranes were incubated for 1 h 
at room temperature with the secondary antibodies (1:5000, Abcam, 
Cambridge, UK), diluted in 1% BSA-TBST and washed with TBST. The 
protein bands in the blots were visualized on a LI-COR Odyssey infrared 
imaging system (LI-COR Biosciences, Lincoln, NE, USA). 

2.7. Scanning electron microscopy 

Scanning electron microscopy of EVs was performed like previously 
described (Latham et al., 2013). Briefly, EV preparations resuspended in 
PBS were left to settle onto poly-L-lysine-coated coverslips overnight at 
4 ◦C, washed in 0.1 M sodium cacodylate and 0.1 M sucrose (pH 7.4) and 
fixed in sodium cacodylate-buffered 2% (v/v) glutaraldehyde for 30 
min. Samples were postfixed in 1% osmium tetroxide and 0.1 M 
Na-cacodylate for 1 h and dehydrated through a graded series of 
ethanol. After this, samples were chemically dried with hexamethyldi-
silazane, air-dried, coated with chrome and imaged with Zeiss Sigma 
HD|VP (Zeiss, Oberkochen, Germany) scanning electron microscope at 
3 kV. The size distribution of EVs was analyzed using ImageJ/FIJI plugin 
Trainable Weka Segmentation. The plugin was manually trained until it 

reliably recognized vesicles from background in SEM images. Resulting 
images from Trainable Weka Segmentation were blurred using Gaussian 
Blur with a sigma value of 1.0. Subsequently, the resulting images were 
converted into binary images and then the segmented EV sizes were 
measured using Analyze Particles plugin. Results were processed using 
Microsoft Excel. 

3. Results 

3.1. Scanning electronic microscopy analysis of HAS3 expressing MCF7 
cells in monolayer cultures 

To characterize the effect of HAS3 expression on cell morphology, 
MCF7 cells with stable, inducible GFP-HAS3 expression grown in 
monolayer cultures were analyzed with scanning electron microscopy 
(Fig. 1). The induced, GFP-HAS3 expressing cells (Fig. 1B) showed a 
spindle-shaped morphology and higher number of protrusions as 
compared to uninduced cells (Fig. 1A), which is in line with our previous 
findings with transiently transfected cells (Kultti et al., 2006). Interest-
ingly, also a higher number of EVs of variable size and morphology was 

Fig. 1. Morphological characterization of MCF7 cells with stable, inducible GFP-HAS3 expression by scanning electron microscopy. Low magnification images of 
uninduced (A) and induced GFP-HAS3 expressing cells (B–D) in monolayer cultures. Selected areas indicated by white boxes in panels (C) and (D) show the 
morphology of single EVs adhered to the cell surface in higher magnification in (E) and (F), respectively. Arrows in E and F indicate the thin filopodia of large, spindle 
shaped EVs. Arrows point to membrane projections and arrowheads point to EVs in all panels. 
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adhered on the apical surface of GFP-HAS3 expressing cells (arrowheads 
in Fig. 1C–F) as compared to uninduced control cells. Higher magnifi-
cation showed that many of the big EVs (up to 1–3 µm) adhered to the 
plasma membrane had small membrane tentacles (arrows in Fig. 1E and 
F). This suggests high variability in size and diverse morphology of EVs 
induced by HAS3 expression. Because no exogenous EVs were intro-
duced to these cultures, all the detected EVs originate from HAS3 
expressing cells, but it cannot be defined whether they are endogenous, 
originate from neighboring cells or more distant cells. 

3.2. Correlative light and electron microscopy of transiently transfected 
MCF7 cultures reveals the juxtracrine interactions by GFP-HAS3-rich 
nanotubes and transfer of EVs between cells 

To demonstrate in more detail the origin of these multiform cell- 
surface-associated EVs, a transient transfection with GFP-HAS3 
plasmid for parental MCF7 cell culture was performed and analyzed 
by confocal and correlative light and electron microscopy (Fig. 2). This 
resulted in a mixture of GFP-HAS3 positive and negative cells 
(Fig. 2A–B), where the accumulation of GFP-HAS3 into EV membranes 
could be utilized as a specific marker for detection of EVs originating 

Fig. 2. Transient transfection shows that GFP-HAS3 expressing MCF7 cells are able to “seed” EVs to the substratum and to the neighboring cells. Correlative light and 
electron microscopy was utilized in (A–I). Panels C and I are confocal images, A, D, F and H SEM images and B, E and G overlay images. Arrows point to GFP-HAS3- 
positive EVs that GFP-HAS3-expressing cells “seed” to the neighboring (negative) cells or substratum. Live cell culture (J, K) shows a single GFP-HAS3 expressing cell 
surrounded by negative cells. Red color indicates hyaluronan detected by fluorescently labeled hyaluronan binding probe (fHABC). A combined image with dif-
ferential interference contrast (DIC) and confocal optical section is shown in (J) and a maximum intensity projection created from series of optical sections of the 
same cell in presented in (K). Arrows in (K) indicate that GFP-HAS3- and hyaluronan-positive EVs shedding from the nanotubes adhere to the surface of the nearby 
cell. Arrows point to plasma membrane projections and arrowheads point to EVs in all panels. 
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from GFP-HAS3-expressing cells. Arrows in (B) indicate GFP-HAS3- 
positive nanotubes that reach and adhere to the nearby cells. A high- 
resolution imaging (Fig. 2C–E) revealed secreted GFP-HAS3-positive 
EVs attached to the bottom of the plate (arrowheads in Fig. 2E). Addi-
tionally, as suggested in Fig. 1, it was discovered that the GFP-HAS3- 
positive EVs that adhere to the nearby cells (arrowhead in Fig. 2I) 
have their own membrane projections (arrow in Fig. 2I). Additionally, 
live cell imaging with hyaluronan binding probe (fHABC, red) revealed 
that the cells have long nanotubes coated with hyaluronan, which are 
attached to the surface of the GFP-HAS3-negative neighboring cells 
(arrows in Fig. 2J). Confocal 3D projection unveiled that the nanotubes 
leave GFP-HAS3 -positive and hyaluronan-coated EVs to the surface of 
the neighboring cells, possibly as a result of detachment from the cell 
surface (arrowheads in Fig. 2K). 

3.3. Characterization of EV size, numbers and secretion dynamics 

To compare the EVs secretion by uninduced and induced MCF7 cells 
and to analyze the secreted EVs in more detail we isolated the EVs from 
MCF7 cultures with three different modifications of serial centrifuga-
tions. Increased numbers of particles upon induction of HAS3 expression 

was detected on NTA analysis with all three different sample types 
(Fig. 3A). This suggests enhanced secretion of EVs upon HAS3 expres-
sion, which is in line with our previous findings (Rilla et al., 2013; Arasu 
et al., 2019a, 2019b). The yield of EVs was higher in 10,000 × g than in 
110,000 × g, and the best yield was received with combined samples 
(= total). Surprisingly, no differences in average size between the 
samples were detected (Fig. 3B). The kinetics of EV secretion by 
GFP-HAS3 expressing cells was studied by isolating the EVs at different 
time points during a 50-h culture period (Fig. 3C–E). There was an in-
crease in the total numbers of particles into culture medium over time, 
indicating accumulation of EVs during the cell culture period (Fig. 3C). 
However, when the particle numbers were related to cell numbers at 
each time point (Fig. 3D), the number of particles per cell showed a 
decreasing trend (Fig. 3E), which may result from attenuated activity of 
EV secretion because of increased cell density and nutrient depletion 
and increased uptake of EVs during the culture period. The scanning 
electron microscopy of the EV samples from the same cells analyzed in 
(Fig. 3A and B) showed a high number of particles of variable size and 
morphology in all samples (Fig. 3F). In 10,000 × g isolates, occasional 
big EVs (500–2000 nm) were detected, but the major population con-
sisted of smaller EVs, less than 200 nm in diameter. The 110,000 × g 

Fig. 3. Size distribution, secretion dynamics and surface morphology of EVs isolated from stable, inducible GFP-HAS3 expressing MCF7 cells. NTA analysis of EVs 
from culture media of uninduced (Dox-) and induced (Dox+) cells, showing size (A) and average diameter (B) from EVs isolated by 10,000 × g, 110,000 × g 
centrifugation and combined samples (10,000 × g and 110,000 × g = total). Error bars in A and B indicate average of two independent experiments. Particle counts 
(C), cell numbers (D) and particles in relation to the cell numbers (E) as a function of time in monolayer cell cultures of induced MCF7 cells, as one representative 
result from 3 independent repeats. Scanning electron microscopy of the EV samples isolated with 10,000 × g, 110,000 × g and combined (= total) samples (F), and 
PBS sample as a negative control (G). Comparison of EV size distribution in uninduced and induced MCF7 cells analyzed from SEM images (total of 5 frames from 
each sample) (H) and by NTA (representative data of 3 independent experiments (I). 
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isolates contained less large EVs, but more aggregates (on average 18% 
of the measured areas, arrows) as compared to 10,000 × g isolates (13% 
of the measured areas). As expected, the combined samples contained 
the highest number of EVs, but also big EVs and aggregates (27% of the 
measured areas). The high magnification images demonstrate in more 
detail the variable shapes and surface morphology of big EVs (Fig. 3F). 
The negative control containing PBS only showed some small particles, 

most of which were around 100 nm in diameter (Fig. 3G). A quantitative 
analysis from SEM images was done with combined samples (Fig. 3H). In 
this analysis, the smallest particles detected were 20–40 nm. The size 
distribution analysis shows that HAS3 expression resulted in increased 
EV counts in all size categories (Fig. 3H). The size distribution analyzed 
by NTA show similar results, but less particles in under 100 nm and over 
1000 nm populations (Fig. 3I). The average diameter of analyzed 

Fig. 4. A live MCF7 spheroid with stable GFP-HAS3 expression with long filopodia and high number of GFP-HAS3-positive EVs trapped in the surrounding BME 
matrix is shown in (A) and the area marked by white box in (A) with higher magnification in (B). Fixed and CD44-immunstained spheroids without induction (C) and 
with induction (D and E). Analysis of growth of uninduced (Dox-) and induced (Dox+) spheroids by measurement of spheroid diameter (n = 4 independent ex-
periments with 68–155 spheres in each experiment) (F). An optical section imaged with superresolution (Airyscan) technique of a spheroid with GFP-HAS3 
expression and CD44 immunostaining (G). Transmission electron microscopy of uninduced (H) and induced (I) spheroids from the surface facing the matrix. As-
terisks in (I) show the empty areas resulting from shrinking of the sample. Arrows point to plasma membrane protrusions and arrowheads point to EVs or blebs in all 
panels. EVs are reliably detectable only in 3D projections (A-E), while in 2D sections of panels (G-I) EVs cannot be distinguished from membrane blebs or cross- 
sections of protrusions. Blue: nuclei, green: GFP-HAS3 and red: CD44 in all confocal images. 
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particles in uninduced and induced samples (total) was 275 and 359 nm 
in SEM analysis and 190 nm and 178 nm in NTA, correspondingly. 
Characterization of EV samples by Western Blotting demonstrated the 
presence of GFP-HAS3 in induced samples and several typical EV 
markers in both uninduced and induced EV samples (Supplementary 
Fig. 1). 

3.4. EV secretion of GFP-HAS3 expressing MCF7 cells in 3D spheroidal 
cultures 

To mimic more closely the in vivo conditions, we characterized the 
stable GFP-HAS3 expressing cells in a 3D environment. The cultures 
grown in basement membrane extract matrices were imaged with high- 
and superresolution 3D confocal microscopy after 72-h culture period. 
As expected, in live cultures a high number of filopodia and EVs were 
detected around the cell spheroids after induction (Fig. 4A and B). The 
major population of EVs detected by GFP-signal in the extracellular 
matrix was small, corresponding to the diameter of filopodial tips 
(Fig. 4B), which suggests that they originate from filopodia as previously 
shown (Rilla et al., 2013), but also occasional membrane blebs or large 
EVs were detected (arrowheads in Fig. 4B). To compare the effect of 
induction on the spheroid size and morphology, we fixed and immu-
nostained the 3D cultures with antibody for hyaluronan receptor CD44 
(Fig. 4C–G). The fixation resulted in collapse and disappearance of many 
of the filopodia, but the increased numbers of CD44-positive protrusions 
and particles were detected in the matrix around induced spheroids 
(Fig. 4D) as compared to induced ones (Fig. 4C). Many of these 
CD44-positive structures were colocalized with the GFP-HAS3 signal 
(Fig. 4E). The HAS3 expressing spheroids were significantly bigger in 
diameter as compared to uninduced control cells (Fig. 4F). Super-
resolution imaging showed in more detail the colocalization of 
GFP-HAS3 and CD44 signals on the membranes of protrusions, buds and 
EVs (arrowheads in Fig. 4G). The 3D spheroid cultures were also imaged 

with transmission electron microscopy. Images from the edge area of 
spheroids facing the surrounding matrix show a higher number of pro-
trusions and blebs around GFP-HAS3 expressing cells (Fig. 4I) as 
compared to uninduced cells (Fig. 4H), which supports the findings with 
confocal microscopy. Additionally, empty areas were seen around the 
GFP-HAS3 expressing spheroids (asterisks in Fig. 4I), which indicate that 
high levels of hyaluronan with high water absorption capability around 
the cells may increase the shrinking of the matrix around HAS3 over-
expressing spheroids upon dehydration process during sample prepa-
ration. On the other hand, the increased swelling pressure resulting from 
high concentration of hyaluronan may induce the “empty” space around 
cells. 

3.5. Electron tomography of MCF7-derived EVs in 3D cultures in situ 

To get a more detailed high-resolution analysis of spheroid-derived 
EVs in 3D cultures, the GFP-HAS3-induced cultures were further 
analyzed by electron tomography. To avoid the empty areas between 
cells and ECM resulting from shrinking (asterisks in Fig. 5A) and to 
confirm that we select EVs and not cell-associated structures for analysis, 
distant areas from the ECM around spheroids were selected for tomog-
raphy. An example of one selected area in low magnification TEM 
micrograph is shown in (Fig. 5A). A detailed analysis of a cluster of EVs 
using electron tomography, suggests variable morphology of EVs and 
reveals small vesicles inside vesicles (arrows in Fig. 5B). The segmented 
(Fig. 5C and Supplementary movie 1) and modeled (Fig. 5D and Sup-
plementary movie 2) tomograms of EVs illustrate in more detail the 
highly variable sizes and diverse shapes of EVs secreted and trapped 
inside the matrix. The 3D reconstruction suggests that EVs form mem-
brane protrusions also in 3D conditions (arrow in Fig. 5D). Interestingly, 
a volume rendered model shows that the EVs are associated with 
extracellular material (arrows in Fig. 5E), and the direct contact of the 
extracellular material to single EVs is seen in more detail in a single 

Fig. 5. Electron tomography of stable GFP-HAS3 expressing spheroids grown in BME. An overview of a 230-nm-thick section (A), an example of tomographic slice 
from the selected area (black box in A) (B) and the same area showing segmented vesicles (C). A 3D model generated from three serial sections showing different sizes 
and shapes of the vesicles (D), a volume rendered model in (E) and a tomographic slice showing in higher detail the EV interaction with ECM molecules (F). Arrows in 
(B) point to EVs containing smaller vesicles, arrow in (D) shows a protrusion of a vesicle and in (F) the ECM material associated with EVs. 
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tomographic slice (arrows in Fig. 5F). 
Supplementary material related to this article can be found online at 

doi:10.1016/j.ejcb.2022.151235. 

3.6. Comparison of different methods of analysis of EV size distribution 

To summarize the data on the EV size distribution and to compare 
the results obtained by different methods, an analysis of the size dis-
tribution of EVs isolated from conditioned media of GFP-HAS3 
expressing cells in monolayer cultures by NTA is shown in (Fig. 6A), 
by scanning electron microscopy in (Fig. 6B) and data analyzed from 
modeled tomograms of individual EVs in 3D cultures (Fig. 6C). The 
average diameter (mean) of EVs was 358 nm in SEM analysis, 178 nm in 
NTA and 110 nm in electron tomographic analysis. A higher number of 
small particles (under 100 nm) were detected in SEM and tomography 
(Fig. 6B and C) as compared to NTA (Fig. 6A). The proportion of 
detected EVs over 500 nm in diameter from the total population was 
17.9% in SEM analysis, 1.2% in NTA and 2.7% in EM-tomography. 

4. Discussion 

4.1. Diversity of EVs 

In this study we utilized multiple high resolution imaging techniques 
to characterize and analyze the size and morphology of EVs originating 
from HAS3 expressing MCF7 human breast cancer cells. The results 
revealed wide diversity in size and morphology of EVs and their inter-
action with the neighboring cells and the ECM. This work strengthens 
the current knowledge of the huge heterogenicity of EVs (Minciacchi 
et al., 2015; van Niel et al., 2018), which may be easily lost during 
isolation and purification procedures or is unrecognized in conventional 
analyses. On the other hand, we cannot exclude the possibility that 
sample preparation, e.g. dehydration processes in electron microscopic 
techniques could change the morphology of EVs. 

There is increasing evidence of different protrusions as sources of 
EVs (Rilla, 2021), and the findings of this study support that and our 
previous findings of HAS3 expression as an inducer of different pro-
trusions and EVs derived from them (Rilla et al., 2013). Additionally, we 
found that cells use nanotubes to sense and attach to neighboring cells, 
and it is possible that EVs utilize nanotubes also for enhancing of uptake 
of themselves or transferring from one cell to another (Franchi et al., 
2020a, 2020b). These findings suggest that EVs can act as mediators of 
juxtracrine, contact-dependent communication between cells. Interest-
ingly, some big EVs had their own filopodia-like protrusions, that may 
help EVs to adhere to target cells or facilitate their movements. It has 
been suggested that EVs may contain actin filaments (Höög and Lötvall, 
2015), and exhibit protrusions on their surface (Zabeo et al., 2017), and 
large EVs that have an active cytoskeleton are capable of mobility 
(Johnson et al., 2017) and deformability (Lenzini et al., 2020). 
Furthermore, electron tomography revealed vesicles inside vesicles, 
which supports the previous findings from EVs in human seminal fluid 
(Höög and Lötvall, 2015) and from human mast cell line (HMC-1) 
(Zabeo et al., 2017). 

4.2. The size distribution of secreted EVs 

Despite of high number of large EVs that were adhered to the surface 
of HAS expressing cells in monolayer cultures, this was not clearly 
observed in NTA or SEM analysis of isolated EVs. The microscopic 
analysis of EVs in situ overemphasizes the large EVs that are attached to 
cell surfaces, and not secreted into culture media that is the source of 
isolates. Additionally, small EVs may be taken up by cells more effec-
tively (Caponnetto et al., 2017), or are released into culture medium and 
not detected in cell cultures in situ. On the other hand, some of the 
largest EVs may be lost during isolation process and NTA has a limited 
capacity to detect big vesicles. It will be highly interesting in the future 

Fig. 6. Comparison of size distribution of EVs produced by HAS3 expressing 
MCF7 cells obtained with different methods of analysis. Nanoparticle tracking 
analysis (A) and scanning electron microscopic size analysis (B) of EVs isolated 
from monolayer cultures by differential centrifugation and electron tomo-
graphic size analysis of EVs trapped in the ECM of 3D cultures in situ (C). The 
proportion of detected EVs over 500 nm in diameter from the total population 
was 17.9% (1234 of 6896 particles) in SEM analysis, 1.2% (1.4 × 108 of 
1.6 × 1010 particles) in NTA and 2.7% (8 of 295 particles) in EM-tomography. 
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to learn more about the functions of large EVs as putative messengers 
between cells and their fate and mobility in the ECM. Despite the pro-
portion of these big EVs is small in total population, the cargo they carry 
may be significant because of their high volume. As shown in prostate 
cancer patient plasma (Vagner et al., 2018), large extracellular vesicles 
carry most of the circulating tumor DNA. Because of their bigger vol-
ume, they carry higher numbers of molecules, but they do not penetrate 
biological barriers or enter the target cells as effectively as smaller EVs 
(Caponnetto et al., 2017). 

Both SEM analysis of isolates and 3D EM analysis in situ detected 
smaller MCF-7 cell derived EVs (range 20–40 nm) than standard nano-
particle tracking analysis, likely due to differences in the limits of res-
olution between the detection methods, but also because of the potential 
loss of small particles during isolation process. The minimum detectable 
vesicle diameter is 70–90 nm for NTA (van der Pol et al., 2014). Sur-
prisingly, no significant differences were detected in EV preparations 
isolated at two different centrifugation speeds. The relatively small 
proportion of big EVs may explain the lack of differences between 
different centrifugation speed. As visualized in SEM analysis, the higher, 
110,000 × g speed caused more aggregates that may be detected as big 
EVs in NTA, 10,000 × g sedimented also small EVs. SEM analysis of EVs 
in isolates gave somewhat similar results as NTA, but because of the 
limit of NTA to detect EVs over 1000 nm, the resulting average diameter 
of EVs was higher in SEM analyses as compared to NTA. The advantage 
of SEM analysis as analysis method or quality control for EV isolates is 
that it gives a comprehensive overview of the sample in good resolution, 
and the possible aggregates and other impurities are easily identified 
and can be selectively omitted from the final analysis. 

It can be summarized that despite of results with similar trend, 
different purification methods and sample preparation techniques may 
be selective for certain types of EVs, and certain subpopulations of EVs 
may be over-represented against others. Furthermore, the sensitivity of 
different detection methods to different EV sizes varies (van der Pol 
et al., 2014). In this study the detection limit for EVs was 70–1000 nm in 
NTA, and a minimum of around 20 nm with no upper limit in SEM and 
3D-EM analyses. 

4.3. EVs in the 3D extracellular matrix 

In this study, 3D cultures were utilized to analyze EVs in situ in an 
environment mimicking in vivo conditions and to avoid possible arte-
facts resulting from the isolation procedures that could selectively affect 
the size, morphology or recovery rate of EV. High resolution EM to-
mography allowed to detect and analyze a wide range of EVs of different 
sizes (from 20 nm to 1000 nm) and variable morphology. The detected 
ECM material associated with EVs supports the previous findings that 
EVs are integral components of the extracellular matrix (Rilla et al., 
2019). In the experimental setup used in this work, it was not possible to 
identify the ECM molecules, but there is evidence on EV interactions 
with ECM proteins, such as collagens (Huleihel et al., 2016), and gly-
cosaminoglycans (Christianson et al., 2013; Schmidt et al., 2016). It is 
possible that HAS3 activity and hyaluronan-coating may enhance EV 
mobility and deformability, which facilitates their diffusion and trans-
port when trapped in the ECM network (Lenzini et al., 2020). Interest-
ingly, water permeation mediated by AQP1 makes EVs more deformable 
(Lenzini et al., 2020). As a water binding molecule, hyaluronan may 
have similar effects to enhance EV deformability, and because it in-
creases filopodia formation in cells (Rilla et al., 2013), the effect may be 
reflected also in secreted EVs. Additionally, hyaluronan carried on the 
surface of EVs modifies the extracellular niche and modulates the sur-
face properties EVs, which may regulate the interactions of EVs with 
target cells. 

To avoid the artefacts resulting from isolation process and to analyze 
intact EVs in situ in natural conditions, 3D-EM of 3D cultures is a 
promising method, but it is laborious and not suitable for high 
throughput analyses. Recent data suggest that also cryo-electron 

microscopy is a promising method to analyze structural details of EVs as 
shown with EVs isolated from cerebrospinal fluid (Emelyanov et al., 
2020) and cell culture media (Noble et al., 2020). Future studies with 
these high resolution techniques are necessary to further elucidate our 
knowledge about the diversity of EVs in 2D and 3D conditions. 

5. Conclusions 

The results of this study reveal the variable size and morphology of 
EVs secreted by GFP-HAS3 expressing MCF7 cells in both 2D and 3D 
culture conditions and suggests their interaction with the extracellular 
matrix. The diverse morphology indicates also multiple functional 
properties and, in the future, may lead to discovery of previously un-
known mechanisms on how EVs regulate their environment, and 
communicate with neighboring and distant cells and the extracellular 
matrix. The results widen our general understanding of the diversity of 
EVs and may raise new openings of EV research. The data obtained from 
electron tomography of EVs in 3D cultures indicates the urgent need for 
novel 3D cultures for even more detailed analysis of EVs in their natural 
environment and for novel methods for an easy isolation of EVs origi-
nating from cells cultured in 3D conditions. 

Acknowledgements 

Eija Rahunen, Virpi Miettinen, Silja Pyysalo, Taija Hukkanen and 
Mervi Lindman (EM-Unit, University of Helsinki) are acknowledged for 
their expert technical assistance. This project has been funded by the 
Academy of Finland GeneCellNano Flagship (Grant #337120), Jane and 
Aatos Erkko Foundation, Mizutani Foundation, Japan Paavo Koistinen 
Foundation and Northern Savo Cancer Foundation. This research has 
been supported by the EATRIS, the European Infrastructure for Trans-
lational Medicine. We are thankful for the opportunity to use the facil-
ities of the SIB Labs and UEF Cell and Tissue Imaging Unit, Biocenter 
Kuopio and Biocenter Finland. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.ejcb.2022.151235. 

References 

Arasu, U.T., Härkönen, K., Koistinen, A., Rilla, K., 2019a. Correlative light and electron 
microscopy is a powerful tool to study interactions of extracellular vesicles with 
recipient cells. Exp. Cell Res. 376, 149–158. https://doi.org/10.1016/j. 
yexcr.2019.02.004. 
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Lammi, M.J., Rilla, K., 2017. Human mesenchymal stem cells secrete hyaluronan- 
coated extracellular vesicles. Matrix Biol. 64, 54–68. https://doi.org/10.1016/j. 
matbio.2017.05.001. 

Arasu, U.T., Deen, A.J., Pasonen-Seppänen, S., Heikkinen, S., Lalowski, M., Kärnä, R., 
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