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Abstract: As extracellular vesicles (EVs) have become a prominent topic in life sciences, a growing
number of studies are published on a regular basis addressing their biological relevance and
possible applications. Nevertheless, the fundamental question of the true vesicular nature as well
as possible influences on the EV secretion behavior have often been not adequately addressed.
Furthermore, research regarding endothelial cell-derived EVs (EndoEVs) often focused on the large
vesicular fractions comprising of microvesicles (MV) and apoptotic bodies. In this study we aimed
to further extend the current knowledge of the influence of pre-isolation conditions, such as cell
density and conditioning time, on EndoEV release from human umbilical vein endothelial cells
(HUVECs). We combined fluorescence nanoparticle tracking analysis (NTA) and the established
fluorescence-triggered flow cytometry (FT-FC) protocol to allow vesicle-specific detection and
characterization of size and surface markers. We found significant effects of cell density and
conditioning time on both abundance and size distribution of EndoEVs. Additionally, we present
detailed information regarding the surface marker display on EVs from different fractions and size
ranges. Our data provide crucial relevance for future projects aiming to elucidate EV secretion behavior
of endothelial cells. Moreover, we show that the influence of different conditioning parameters on the
nature of EndoEVs has to be considered.

Keywords: extracellular vesicles; endothelial cells; nano particle tracking; fluorescence triggering
flow cytometry

1. Introduction

Since the advent of EVs as an emerging topic in biomedical research, a myriad of studies suggests
their possible application in tissue engineering, regenerative medicine, targeted therapy, as well
as cell free alternatives to stem cell-based approaches and as means for diagnostic purposes [1–4].
These cell-derived particles mediate various biological responses in the organism upon uptake by their
target tissue due to the transport of bioactive cargo such as nucleic acids and proteins. Recent evidence
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highlights their active role in functions such as sustaining homeostasis in various tissues like heart,
cartilage and bone, as well as important response pathways resolving in coagulation, inflammation
and sepsis [5–10]. In addition, EVs from various cellular sources (e.g., mesenchymal stromal cells,
tumor cells) have been shown to enhance vascularization by mediating vessel formation and sprouting in
different model systems, which makes them a promising tool for tissue engineering in the future [11–13].
Based on their specific cargo molecules, which are dependent on cell type and tissue conditions, EVs may
also be used as potent biomarkers in the form of liquid biopsies [14–18]. Especially EndoEVs are
promising as they are constitutively released into the blood in different quantities and molecular
composition following physiological and pathological conditions [4]. Nevertheless, data on EndoEVs
are mainly limited to the larger fractions comprising MVs and apoptotic bodies in regards to their
biological relevance in different experimental settings [19–21]. Studies focusing on small EndoEVs
showing their role in cell signaling, immunomodulation and myocardial regeneration still limit the
detection of EVs to “scatter mode” of NTA, transmission electron microscopy, Western blot and
enzyme-linked immunosorbent assay (ELISA) for EV characterization [9,22,23]. These generally
sophisticated methods, except transmission electron microscopy, exhibit difficulties in distinguishment
of EVs and other nano-sized contaminants which may have great impact both in a quantitative
and a qualitative manner. Furthermore, the role of cell confluence or cell conditioning times on EV
composition have so far not been addressed satisfactorily. In fact, only one study briefly describes
the effect of cell confluence on EV secretion from HUVEC, while the EV surface marker profile or
the effects of medium conditioning time remain unaddressed [24]. Therefore, in accordance with
standardization as proposed in the position statement paper “Minimal Information for Studies of
Extracellular Vesicles 2018” (MISEV) by the International Society for Extracellular Vesicles (ISEV) in
2018, we aimed to extend current knowledge regarding EndoEV characteristics, as well as possible
changes in EV secretion of HUVEC using different conditioning strategies. We investigated these
changes using fluorescence-based methods to distinguish vesicular bodies from conglomerated proteins
and other contaminates [25]. We show that both cell confluence and medium conditioning time have
significant influences on total EV secretion as well as on their size distributions, which have to be
considered as important experimental variables for future studies of EndoEVs. Additionally, we show
the expression levels of CD31, VEGFR2, CD9, CD63 and CD81 on the surface of HUVEC-derived EVs.

2. Results

2.1. Estimation and Analysis of Endothelial Cell Density and Cell Cycle Distributions

For validation of the influence of cell layer densities on HUVEC different cell numbers were
seeded to achieve respective confluence levels of “Low”, “Medium” and “High”. Brightfield imaging
(Figure 1A) suggests that intended confluency levels were achieved. The additionally performed
confluence analysis with ImageJ resulted in 56.8% for “Low” and 75.7% for “Intermediate” of surface
coverage compared to “High”, as shown in Figure 1B. The cell cycle state of the respective confluence
groups was assessed via flow cytometric measurement of propidium iodide stained and fixed cells
(Figure 1C). “Low” shows the highest percentage of cells in the S phase with a mean of 14.0% compared
to “Medium” (11.5%) and “High” (10.7%), suggesting higher proliferative activity. Quantification of
cells in G1–G0 and G2–M results in mean values of 51.5%, 52.7%, 56.2% and 34.4%, 35.9% and 33.1%
for “Low”, “Medium” and “High”, respectively (Figure 1D).
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Figure 1. Achieved cell confluences and corresponding cell cycle distributions. Cell numbers for
seeding were calculated to reach the respective confluences of 50–60% (Low), 70–80% (Medium) and
90–100% (High) after 24 h growth in endothelial growth medium (EGM-2). (A) Brightfield images of
cell monolayers were obtained with 4×magnification. White scale bars indicating 100 µm. (B) Acquired
images were analyzed using ImageJ to gain total surface coverage values for “Low” (56.8%) and
“Medium” (75.7%) in relation to “High” (set as 100%). (C) Representative histograms plotted against
propidium iodide fluorescence intensity of different confluence groups. (D) Quantification of the cell
cycle distribution. “Low” shows mean values of 51.6% of the parent population in G1–G0, 14.0% in S
and 34.4% in G2-M. 52.7% 56.2% in G1–G0, 11.5% and 10.7% in S and 35.9% and 33.1% in G2-M were
detected for the “Intermediate” and “High” confluence groups, respectively. EGM-2 figure endothelial
growth medium; (A–C) representative samples, (D) n = 2 cell donors.
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2.2. Establishment of Fluorescence-Triggered Flow Cytometry

Fluorescence-triggered flow cytometry (FT-FC) was implemented in order to detect single
extracellular vesicles and to approximate their size as well as the presence of surface markers.
Since particles in the nanometer size range do not produce a forward scatter signal comparable to
those of cells according to the Mie scatter theory, the FSC-based detection was changed to a fluorescent
intensity-based detection level (Figure 2A) [26]. Further, to exclude any detection of unspecific events
and to reduce the background, the threshold for a minimum fluorescent intensity in the FITC channel
was set to 1000. This adaption reduced the background signal measured in water to a minimum
of detected events. (Figure 2A, dark grey box). The lipid membrane dye cell mask green (CMG)
was used to produce green fluorescently labeled extracellular vesicles, which allowed the detection
in the FITC-triggered protocol as well as a distinction between extracellular particles and vesicles.
Fluorescently labeled silica beads, which produce a comparable emission spectrum to the stained
vesicles, were used in different sizes in order to approximate size range gates (Figure 2A light grey
box) [27]. The SSC based size gates set according to the 100, 200 and 500 nm FITC-labeled silica
beads where merged to a small (≤200 nm), intermediate (>200–<500 nm) and large EV (≥500 nm)
size range gate (Figure 2B). The background signal of biological samples was reduced by increasing
the FITC threshold to 3000 (Figure 2B first and second plots from the left). In order to evaluate the
autofluorescence as well as the vesicular nature and integrity of all extracellular vesicles secreted by
endothelial cells, the conditioned medium, clarified from cells, cell debris and big conglomerates (S0.5)
from HUVEC, was used for the measurements (Figure 2B, first and second plots from the left). The size
approximation and the vesicular nature and integrity of the measured biological HUVEC-derived
samples were verified by a 0.22 µm filtration step and the lysis of the sample (Figure 2B fourth
and fifth plot from the left), which resulted in the loss of signal above 200 nm and in all detection
gates, respectively.

Figure 2. Establishment of fluorescence triggered flow cytometry. (A) To exclude unspecific events of
particles present in commonly used reagents (top left), the size-dependent SSC default event trigger was
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changed to a FITC-dependent threshold trigger (top, grey box), resulting in a clearance of background
events. FITC-labeled silica beads with different sizes (100, 200 and 500 nm) were applied individually and,
subsequently, as a mix to initially confirm differentiated detection of nanometer-sized objects (light grey
box). To confirm size-dependent FITC intensity, the FSC was changed to FITC-H (bottom, beads.
Subsequently, initial gating was performed based on the known sizes of the applied beads shown
in blue, purple, and pink (bottom, light grey box). (B) To distinguish between labeled vesicles
and autofluorescence debris, unstained human umbilical vein endothelial cells (HUVECs) S0.5 cell
supernatant fraction was analyzed (first from the left) and the FITC threshold was increased to minimize
the detection of unspecific events (second from the left). The before applied size gates shown in A
were merged to gain size range gates for small (≤200 nm), intermediate (>200–<500 nm) and large EVs
(≥500 nm) before application of CellMask Green-stained HUVECs S0.5 for conformation of enabled
detection (third from the left). Filtration of the S0.5 sample with a 0.22 µm polyvinylidene fluoride
syringe filter results in loss of signals above the ≤200 nm gate, indicating correct size approximation
(fourth from the left). Loss of signal in extracellular vesicle gates after lysis as proof of the vesicular
nature of detected events (fifth from the left).

2.3. Characterization of Enriched EndoEV Fractions

In order to determine size distributions and marker protein expression in different EV enrichment
fractions, FT-FC and scatter mode NTA measurements were performed. Enrichment fractions were
obtained by differential ultracentrifugation of the cell supernatant (Figure 3A). The small vesicular
fraction (P100) shows a uniform size distribution when compared to the large vesicular fraction (P10) in
both NTA and FT-FC (Figure 3B,C). Quantification of the FT-FC data of the enrichment fractions shows
increased small vesicle presence in P100 (with a mean of 90% of total vesicle presence) in comparison
to P10 (mean value of 83%) and S100 (mean value of 37%) (Figure 3D). S100 which was used as the
control for the enrichment procedure shows overall reduced numbers of events both in NTA and FT-FC.
Missing percentages to 100% were detected outside the EV gates. The immunolabeling of the obtained
fractions and subsequent analyses via FT-FC yields different levels of investigated surface markers
present on the EVs throughout the size ranges. In the heatmap, shown in Figure 3E, the percentage of
detected EVs positive for CD9, CD81, CD63 as well as for endothelial cell-specific markers CD31 and
vascular endothelial growth factor receptor-2 (VEGFR-2) from the different enrichment fractions are
indicated by a colour code. The marker expression profile shows higher presence of EV- specific CD63
and CD81 in P10 and P100 in the small vesicle range (<200 nm), than in the intermediate and large
ranges, as well as the existence of the endothelial marker CD31 in P10 on vesicles in the small vesicle
range (<200 nm), than in the intermediate and large ranges. VEGFR-2 was not detected in either size
range of the different enrichment fractions independent of the cell donor.

2.4. Increasing Cell Confluence Influences Release and Size Distribution of EndoEVs

In order to elucidate the possible influence of cell densities on the release of EndoEVs in comparison
with non-vesicular particles, the cell and debris clarified conditioned medium containing the whole
extracellular vesicle and particle fraction (S0.5) from HUVECs seeded at different densities was
investigated via NTA and FT-FC. The analysis of S0.5 by NTA of the cell supernatant derived from
different confluences (Low, Medium, High) after 24 h conditioning reveals significant changes on
the abundance of total particle numbers, whereas detection of fluorescently labeled EVs shows no
significant difference between the groups (Figure 4A). The mean values of the traced particles in the
scatter mode which shows significant difference (p < 0.001) were 184.9 for “Low”, 228.8 for “Medium”
and 236.8 for “High”. No significant difference (p > 0.5) was observed between the mean values of
traced particles, 13.6 for “Low”, 14.3 for “Medium” and 14.1 for “High” in the fluorescence mode.
The normalization of the vesicles detected in the fluorescence mode to their respective total particle
traces in the scatter mode reveals a significant decrease in EV:particle ratio following the increase of
cell confluence with 7.4% in “Low”, 6.7% in “Medium” and 6% in “High” (Figure 4B). The analyses of
the size distributions of the fluorescently labeled EVs by FT-FC revealed differential release of small
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and large EVs dependent on the cell confluence. The “Low” group shows an EV size distribution with
42% in “Small”, 23% in “Intermediate” and 29% in “Large”. “Medium” and “High” show 39% and 37%
in “Small”, 24% and 24% in “Intermediate”, and 31% and 33% in “Large”, respectively. A significant
decrease of small (p < 0.001) as well as an increase of large (p < 0.05) EV abundance was observed in
dependence of increasing cell density. No significant difference (p > 0.05) in the Intermediate size
range of the detected vesicles was seen (Figure 4C).

Figure 3. Distinct characteristics of human umbilical vein endothelial cell derived extracellular vesicles
EVs. (A) The obtained cell culture supernatants (SN) were cleared from debris and large particle
conglomerates via centrifugation at 500 and 2000× g for 5 min each. The cleared SN (S0.5) was used to
analyze total particle and extracellular vesicle (EV) count via scatter and fluorescence mode nanoparticle
tracking analysis (NTA). Their total size distribution was assessed via fluorescence-triggered flow
cytometry (FT-FC). The large and denser subfraction of EVs was obtained by centrifugation for 30 min
at 10,000× g (P10). Small and less dense EVs were enriched by ultracentrifugation for 65 min at 100,000×
g (P100). Both subfractions were analyzed via FT-FC to obtain information on the respective surface
marker composition. The remaining supernatant after the differential centrifugation procedure (S100)
was analyzed for particle and EV count in order to check the efficiency of the enrichment. (B) Resulting
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representative density scatter plots of FT-FC analyzed EV enrichment fractions show less events detected
in large EV gates (dark grey) for P100 enrichment fraction as compared to P10. Only a few events could
be detected in S100 indicating a successful enrichment. (C) Quantification of EV presence in respective
size range gates for FT-FC, showing increased proportion of “Small” vesicles (light grey) with a mean
value of 89% and a decrease of “Intermediate” (grey) and “Large” (dark grey) vesicles with a mean of
7% and 3% in P100 compared to P10 with 83%, 11% and 6%, respectively. (D) Size distributions and
particle counts of enrichment fractions analyzed via scatter mode NTA, for a representative sample.
(E) Heatmap depicting percentages of CMG-stained and antibody-labeled EVs in the different size
ranges (light grey, grey and dark grey), positive for the respective protein target indicated via color
code subdivided in donor and individual enrichment fraction. Error bars indicate the mean values ±
standard error of mean in scatter plots. (B–D) Representative samples, (D) n = 2 cell donors.

Figure 4. Increasing cell confluence influences release and size of endothelial derived extracellular
vesicles. (A) Significant differences in traced particles in the scatter mode with 184.9 for “Low”,
228.8 for “Medium” and 236.8 for “High” were detected. No significant difference between particle
traces detected in fluorescence mode were found between the mean values of traced particles, 13.6 for
“Low”, 14.3 for “Intermediate” and 14.1 for “High”. (B) Normalization of fluorescent extracellular
vesicles (EVs) against their respective particle numbers detected in the scatter mode revealed increased
EV:particle ratios of lower cell density groups with mean values of 7.4% in “Low”, 6.7% in “Medium”
and 6.0% in “High”. (C) Size distributions of EVs, analyzed via fluorescence-triggered flow cytometry
(FT-FC), shows significant shifts from small EV release to increased large vesicle numbers in the different
confluence groups. The confluence group “Low” shows an EV size distribution with 41.53% in “Small”
(≤200 nm), 23% in “Intermediate” (>200–<500 nm) and 29% in “Large” (≥500 nm). For “Medium” and
“High” 39% and 37% in “Small”, 24% and 24% in “Intermediate”, and 30% and 33% in “Large” were
detected, respectively. n = 3 cell donors, **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, * = p < 0.05,
ns = p > 0.05. Error bars indicate the mean values± the standard deviation in bar graphs and± standard
error of mean in scatter plots.
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2.5. Increasing Conditioning Time Influences Release and Size Distribution of EndoEVs

In order to reveal possible effects of conditioning periods and the deprivation of growth media
supplements on the vesicle release of HUVECs, again the S0.5 fraction from cells at “Medium”
confluence, which were conditioned for 24 or 48 h, were analyzed using NTA and FT-FC. NTA analysis
shows significant effects of different conditioning times (24 and 48 h) on the total particle (scatter) as
well as EV (fluorescence) release of HUVECs seeded at equal densities (Figure 5A). The “24 h” group
shows mean values for traced particles of 102 in the scatter mode and 10.55 in the fluorescence mode,
whereas the “48 h” group results in 205 and 13.47, respectively, leading to the significant difference
between both conditioning times (p < 0.0001 for scatter mode and p < 0.05 for fluorescence mode).
After normalization of the traces detected in fluorescence mode against the traces of particles from the
scatter mode, a significant decrease (p < 0.0001) of the EV:particle ratio was observed, with 10.46% EVs
from the total particle count in the “24 h” group and 6.32% in the “48 h” group. Thereby suggesting a
reduction of EV release during extended condition periods (Figure 5B). Furthermore, FT-FC analyses of
the size distributions of the total extracellular vesicle fraction results in changes from increased small
EV release in “24 h” conditioning to increased large vesicle release in the “48 h” group (Figure 5C).
The “24 h” group shows mean values of 43% “Small”, 23% “Intermediate” and 26% “Large”, whereas
40%, 24% and 30% were detected in the “48 h” group, respectively. Missing percentages to 100% were
detected outside the EV gates. Significant difference between both conditioning groups in the “Small”
and “Large” size range (p < 0.05) and no significant difference (p > 0.05) in “Intermediate” were seen.

Figure 5. Increasing condition time influences release and size distribution of endothelial derived
extracellular vesicles. (A) Significant different numbers of traced particles in the scatter mode from
different conditioning times were detected with a mean of 102 in the “24 h” group and 205 in the “48 h”
group. The number of extracellular vesicles (EVs) detected in the fluorescence mode was significantly
different with mean values of 10.6 for the “24 h” group and 13.5 for the “48 h” group. (B) Normalization
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of EVs detected via fluorescence to the total traced particles in the scatter mode shows a significantly
reduced EV release over extended conditioning periods, with a mean of 10.5% EVs from the “24 h” group
and 6.3% from the “48 h” group. (C) Fluorescence-triggered flow cytometry (FT-FC) analyses of EV
size distributions reveal an inverse correlation of EV sizes and conditioning times. Mean values of 43%
“Small” (≤200 nm), 23% “Intermediate” (>200–<500 nm) and 26% “Large” (≥500 nm) in the respective
size gates were detected for the “24 h” group. A percentage of 40% in “Small”, 24% in “Intermediate”
and 30% in “Large” were detected in the “48 h” group. n = 3 cell donors, **** = p < 0.0001, * = p < 0.05,
ns = p > 0.05. Error bars indicate the mean values ± the standard deviation in bar graphs and ± standard
error of mean in scatter plots.

3. Discussion

In this study we provide data indicating an influence of cell seeding density and medium
conditioning time on the size and number of EVs secreted by HUVEC. Recent work provides evidence
for possible influences of cell culture parameters on EV secretion and bioactivity; however, no distinction
between EVs or non-vesicular particles was conducted [24]. Therefore, we performed fluorescence
mode NTA and FT-FC to allow detection, characterization and specification of lipid layer-enclosed EVs
to generate an experimental setup according to proposed MISEV and MIFlowCyt-EV guidelines [25,28].
EVs are getting steadily increasing attention throughout the biomedical research field, with a plethora
of publications suggesting a variety of applications for tissue engineering or diagnostic purposes [29,30].
Nevertheless, major obstacles in the endeavor of utilizing the potentials of EVs still remain. Problems
such as the uncertainty of the influence of pre-analytical variables like cell culture conditions, or the
often unaddressed question of vesicular identity of detected particles, often impede interpretation of
results in the field [25,31]. Additionally, despite the well-known importance of endothelial cells in
homeostasis and many pathologies, knowledge regarding EndoEVs is still limited and often focused
on the investigation of microvesicles [32–36].

Due to the detection limits of conventional flow cytometry, the reported fluorescence trigger
protocol was established to circumvent hindering background signals present in commonly used
reagents, which allows for specific EV detection and subsequent analysis, as already discussed in great
detail by others [37–39]. The approximation of microvesicle size is known to be limited due to the low
refractive index of 1.39 and a size under the illumination wavelength of 488 nm of lipid nanospheres [40].
The size parameter, which is dependent on the diameter of the particle and the wavelength of the laser,
is used to gain information on the underlying scattering principle of nanoparticles in flow cytometry.
For EVs in the range of 30–500 nm, the size parameter is 0.19–3.2, which has the consequence that the
Mie scattering theory has to be applied, which is dependent on the refraction index as well as on the
size parameter of spherical scattering particles [26]. Consequently, the determination of the size was
only assessed in form of a size range approximation, since the refractive index of available synthetic
standard nanobeads differs from the one of EVs. In our study we used silica beads, which have
a refractive index of 1.46, which is closer to the index of EVs when compared to other synthetic
nanobeads such as polystyrene beads with a refractive index of 1.6 [27,41]. As described shown in
Figure 2, we observed an overlap of 100 and 200 nm fluorescently labeled silica beads, whereas 500 nm
beads could be clearly discriminated from the smaller beads. Consequently, the size gates where
set as size ranges from small (≤200 nm), intermediate (>200–<500 nm) and large EVs (≥500 nm).
Successful verification of the small EV gate was achieved by the measurement of 0.22 µm filtered
S0.5 containing only nanoparticles below 220 nm. Despite known pitfalls of EV detection via flow
cytometry, our data indicates a successful analysis of surface markers as well as size approximation,
which allows for characterization of the different enrichment fractions supporting and complementing
the data generated via fluorescence NTA.

The analysis of the debris-free cell supernatant (S0.5) of HUVEC seeded in different cell
confluences resulted in distinct EV abundances in the respective samples. The use of this non-enriched
fraction allowed analysis of the whole EndoEV population of any size, as further enrichment via
ultracentrifugation may influence subsequent acquisition of size and abundance [42]. Our data show
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significant reduction of the EV:particle ratio with increased cell densities despite the apparent increase
in total particle presence. The change in vesicular secretion might be linked to the known influence of
cell density leading to the withdrawal from the cell cycle in high confluence state endothelial cells,
and would contrast the reported increased small EV secretion in fibroblasts and cancer cell lines [43,44].
Furthermore, cell density has not only been shown to actively modulate proliferation rates but also
gene expression and epigenetic regulation of target genes in endothelial cells, which might lead to up
and down regulation of EV secretion in a still unknown fashion [45–47]. As the total abundance of EVs
changed in correlation to the cell density, their size distributions show a shift from higher numbers
of small vesicles in lower confluence and increased numbers of large vesicles in the high confluence
groups. The observed change in EV size distributions might result from a change in the endosomal
biogenesis pathway of EVs, as it has already been shown that lysosomal enzymes tend to accumulate
in the quiescent cell state, as well as the influence of confluence on endocytosis in mammalian cells [48].
The mechanism behind the observed changes in the sizes of vesicles, and possibly their biogenesis
upon different cell confluence, has to be addressed in future studies by investigation of their respective
cargo as well as complementary transcriptional changes in the cells of origin.

The analysis of the vesicular fraction in the context of different conditioning times reveals
significant influences on both the EV:particle ratio as well as the size distribution of EVs. The observed
change from high EV content to unspecific particles in the analyzed supernatant might as well be caused
by the before-mentioned changes in biogenesis pathways. Furthermore, an elongation in the time of
serum deprivation might cause an increase in apoptotic body release, which was subsequently detected
as the increase in the large EV fraction [49]. Since the nutrient depletion of the media over time might be
a cause of the detected changes, this prospect should be investigated in further studies by application
of different media volumes, as well as the removal and exchange of the medium. Further research will
also have to address the question of influences of EV release per cell in a sophisticated manner. Simple
strategies, such as cell counting after conditioning, might not be sufficient as the results may be biased
from possible cell death, which, for example, would artificially increase the EV/cell count.

The investigation of the surface markers CD9, CD63, CD81, CD31 and VEGFR-2 of EndoEVs
reveals their presence on different subfractions enriched by ultracentrifugation. CD63 and CD81 were
found on all different subpopulations regardless of the used cell donor, indicating an EV identity of
analyzed particles [50]. The lower presence of CD9 compared to CD63 and CD81 on the analyzed
fractions might be considered as an EndoEV characteristic based on similar findings published by
Boyer et al., where CD9 could only be detected via mass spectroscopy [51]. As an endothelial-specific
marker, CD31 was identified on small EVs, which should be further investigated and confirmed in the
future for possible distinctions of EV sources in body fluids in the context of liquid biopsies. Performed
studies thereby show the general presence of CD31 on EVs isolated from human serum, as well as
its increased abundance in pathologies such as acute coronary syndrome and their specific cargo on
diabetes 2, hinting towards their diagnostic potential [52,53]. As CD31 is known to be cytoprotective
towards different pro-apoptotic stimuli in endothelial cells, the active secretion via EVs might; therefore,
be a possible intercellular response to deprivation of serum during conditioning [49,54]. VEGFR-2 was
not detected on any of the investigated fraction and; therefore, might be excluded as a possible cell
type-specific marker for EndoEVs originating from HUVEC.

In summary, our data show significant changes in the EV secretion patterns due to different
conditioning and cell seeding densities which should be considered for future projects. Additionally,
the applied fluorescence NTA and FT-FC were able to show successful differentiation between EVs and
non-vesicular particles, which allows for EV specific characterization in contrast to the other widely
used methods such as conventional NTA. With the here presented results, we further extend the current
knowledge on the influence of cell culture parameters on EndoEV secretion in a vesicle specific manner.
Further investigations regarding the pathways which modulate EV release in different endothelial cell
types have to consider other vascular beds, in order to reveal organotypic vasculature-specific vesicle
releasing mechanisms and understand these cell-derived mediators in health and disease.
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4. Materials and Methods

4.1. Culturing and Conditioning of Cells

The isolation of primary cells was approved by the local ethics committee of the state of Upper
Austria with written informed consent by the donors (ethics committee vote #200, 12/05/2005). All data
shown were obtained from several independent experiments, where at least two different biological
donors were used (indicated by n in each figure). HUVECs were isolated according to established
protocols, as previously described [55]. The cells were grown in EGM-2 (Lonza, Walkersville, MD, USA)
supplemented with 5% fetal calf serum (FCS) at 37 ◦C and 5% CO2 and used in passage 7 for all
experiments. The cell number used for seeding was calculated on the basis that a confluent layer
of HUVECs comprises approximately 4 × 104 cells per cm2. Approximately 2 × 105, 1.4 × 105 and
1 × 105 cells were seeded into 6-well plates to reach estimated confluence levels of 50–60%, 70–80%
and 90–100% after 24 h in EGM-2, termed as “Low”, “Medium”, and “High”, respectively. For the
characterization of EndoEV surface markers, 1.05 × 106 cells were seeded in T75 flasks with EGM-2.
Subsequently, the growth medium was removed and the cells were washed three times with PBS
1× (without Ca++ Mg++) to remove remaining possible contaminants, including EVs from the FCS.
A total of 2 and 13 mL (6-well and T75, respectively) of endothelial basal medium (EBM-2, Lonza,
Walkersville, MD, USA) were used for conditioning for 24 or 48 h before EV harvesting and storage at
4 ◦C of the supernatant.

4.2. Assessment of Cell Confluences and Cell Cycle Profiles

Beside microscopic evaluation of cell confluence by conventional phase microscopy, images were
analyzed for total substrate coverage by cells using ImageJ. To obtain numerical values representing
the cell confluence level of each seeding density, the total area covered by cells was set in relation to the
highest seeding density. This was performed by first changing the image type to 8-bit before deletion of
the background (<30 pixels), followed by contrast enhancement (10%). Subsequently, the signal noise
was filtered by applying a bandpass filter and adapting the black-and-white threshold until shape
and presence of cell outlines closely resembled the original phase contrast image. Debris and other
small objects were removed by applying a median filter adapted to the unspecific objects present in the
respective images. The area covered by the cells was automatically selected and the total area given as
a numerical value. Furthermore, cell cycle analysis of the different seeding densities was performed
via flow cytometry after fixation of the cells in 75% ethanol and subsequent labeling of nucleic acids
content by applying a propidium iodide staining solution including RNAse for the removal of cellular
RNA (Trisodium citrate *2H2O 4 mM, RNAse A 25 µg/mL, Propidium Iodide 50 µg/mL, Triton X-100
0.1% v/v). After incubation of the cell suspension for 15 min at RT, the cells were analyzed on the flow
cytometer Cytoflex (Beckmann Coulter, Carlsbad, CA, USA) at 60 µL/min until 10,000 events in the
initial cell gate were achieved. Further analysis including subsequent gating was performed with
FlowJow v.10 (Dickinson and Company, Ashland, OR, USA).

4.3. Enrichment of EVs by Differential Ultracentrifugation

The clearance and enrichment of EndoEVs from cell culture supernatants was performed by
differential ultracentrifugation (Figure 3A). For the general investigation of extracellular particle and
vesicle release from HUVECs, the supernatant was only cleared from debris and large conglomerates
by centrifugation at 500× g for 5 min and subsequent retrieval of the supernatant, herein termed “S0.5”,
using the fixed angle rotor (SN867) of the Heraeus Megafuge 16R (Thermo Fisher Scientific, Waltham,
MA, USA) centrifuge to avoid the loss of vesicles of any size. Large EVs including microvesicles were
enriched by centrifugation of the “S0.5” fraction for a further 5 min at 2000× g, before transferring
the obtained supernatant “S2” and applying 10,000× g for 30 min using the before mentioned fixed
angle rotor. The obtained pellet “P10” was resuspended in sterile filtered PBS 1× (without Ca++ Mg++;
0.22 µm PVDF syringe filter, Roth) and stored at 4 ◦C until further use. The supernatant (S10) was
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transferred into ultracentrifugation tubes (Ultra-Clear, Beckmann Coulter Carlsbad, CA, USA) and
centrifuged using a swing out rotor setup (SW40.1 Ti) of the Beckman Coulter ultracentrifuge L-100XP
(Beckmann Coulter, Carlsbad, CA, USA) at 100,000× g for 65 min (including acceleration time) at
4 ◦C in vacuum. The pellet “P100”, containing the small fraction of EndoEVs, was resuspended in
sterile-filtered PBS 1× (without Ca++ Mg++) and stored at 4 ◦C, as well as the supernatant “S100”,
until further use. Storage time did not exceed 48 h of any sample used. The used centrifugation
speeds and times were calculated using the web calculator for specific “cut-off” sizes developed by
Livshits et al. [56].

4.4. Nanoparticle Tracking Analysis of EndoEV Abundance in Cell Culture Supernatant

To assess the concentration and size distributions of extracellular particles and vesicles derived
from the cell debris free supernatant S0.5 of HUVEC, the Zetaview PMX110 device from Particle
Metrix (Particle Metrix, Inning a. Ammersee, DEU) was used for nanoparticle tracking analyses.
To distinguish non-lipid particles from EVs, the samples were stained with the lipid membrane specific
dye CellMask Green (CMG, Invitrogen, UK) and measured using the fluorescence mode of the device.
This was performed by addition of a 1:2000 dilution of CMG with sterile filtered PBS 1× (without Ca++

Mg++) and subsequent incubation for 20 min at 37 ◦C in the incubator. Thereafter, the samples were
further diluted with sterile filtered PBS 1× (without Ca++ Mg++) to the concentration suggested by the
manufacturer for optimal measurements. To prevent bleaching, the laser intensity was reduced to the
minimum (shutter 500) for sample application. The measurement was performed using the maximum
laser intensity (shutter 32) and a sensitivity setting of 95 in the fluorescence mode. Following the
fluorescence measurement, the samples were again measured using the scatter mode with shutter 50
and sensitivity set to 70–80 resulting in the total particle concentration including particles without
lipid layers and EVs.

4.5. Fluorescence-Triggered Flow Cytometry Analysis of EVs

The established FT-FC protocol is based on the staining of lipid layers using the before mentioned
lipid membrane specific dye CMG, and the following detection and triggering of an event in the flow
cytometer not based on a scatter signal but on the fluorescence intensity of the detected particle [39].
Thereby, only EVs which are enclosed by a lipid layer which incorporated the dye will be detected
excluding the majority of unspecific particles. The protocol additionally allows for size approximations
based on the side scatter signal of EVs due to previously performed gating with fluorescently labeled
silica beads with defined sizes (FITC labeled silica beads 100, 200 and 500 nm, Kisker Biotech, Steinfurt,
DEU). The establishment of the FT-FC protocol including the gating of different size fractions is shown
in Figure 2. For the CMG staining and antibody labeling of the respective enrichment fractions, 80 µL
of the supernatant or the resuspended EV pellet were transferred to 1.5 mL tubes, before adding 20 µL
of the 1:2000 CMG working solution and incubating for 20 min at 37 ◦C in the dark. Afterwards, 0.5 µL
of the respective directly PE-labeled antibodies for CD31 (monoclonal, BD Pharmingen, Clone WM59),
CD9, CD63 and CD81 (recombinant, Miltenyi Biotec, respectively Clone REA1071, REA1055, REA513) as
well as VEGFR-2 (recombinant, Miltenyi Biotec, Clone REA1046) and the IgG Isotype (BD Pharmingen,
Clone, MOPC-21) diluted in 100 µL filtered PBS 1× (without Ca++ Mg++) were added. The samples
were vortexed thoroughly before further incubation on ice in the dark for 30 min. As controls, PBS 1×
(without Ca++ Mg++) with CMG and/or antibodies and EV samples without CMG and/or antibodies
were analyzed to ensure no possible antibody conglomerates were detected (data not shown). For the
lysis control, 100 µL of RIPA-Lysis buffer (Tris-Cl pH 7.4 50 mM; NaCl 150 mM; Triton X-100 1%; sodium
deoxycholate 0.5%; SDS 0.1%; Phenylmethylsulfonyl fluoride 0.1%) was added to the CMG-stained
samples and incubated for 30 min on ice before measurement.
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4.6. Statistical Analysis

The statistical analysis was performed using Graph Pad Prism v.6.01 (GraphPad Software,
San Diego, CA, USA). For the comparison of two normally distributed samples, the Student’s t-test
was conducted. Otherwise the Mann–Whitney test was used. One-Way ANOVA was chosen as the
appropriate method to test for significant difference between more than two normally distributed
samples, followed by the Tukey’s multiple comparison test. For more than two not-normally distributed
groups, the Kruskal–Wallis test and the Tukey’s multiple comparison were performed. Normality
was tested via the D’Agostino–Pearson omnibus test. Grouped data was analyzed using the two-way
ANOVA. The number of used donors (n), the p-values and the respective statistical significance are
indicated in each figure. The data are plotted as mean with ± standard error of mean in scatter plots
and ± standard deviation in bar graphs.
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