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Extracellular vesicles (EVs) are emerging as promising diagnostic and
therapeutic tools for a variety of diseases. The characterization of EVs requires

a series of orthogonal techniques that are overall time- and

material-consuming. Here, a microfluidic device is presented that exploits the
combination of diffusion sizing and multiwavelength fluorescence detection
to simultaneously provide information on EV size, concentration, and
composition. The latter is achieved with the nonspecific staining of lipids and
proteins combined with the specific staining of EV markers such as
EV-associated tetraspanins via antibodies. The device can be operated as a
single-step immunoassay thanks to the integrated separation and
quantification of free and EV-bound fluorophores. This microfluidic technique
is capable of detecting and quantifying components associated to EV
subtypes and impurities and thus to measure EV purity in a time scale of
minutes, requiring less than 5 pL of sample and minimal sample handling
before the analysis. Moreover, the analysis is performed directly in solution
without immobilization steps. Therefore, this method can accelerate
screening of EV samples and aid the evaluation of sample reproducibility,
representing an important complementary tool to the current array of
biophysical methods for EV characterization, particularly valuable for instance

for bioprocess development.

1. Introduction

The discovery of the key role of extracellular vesicles (EVs) in
mediating cell-to-cell communication motivated an increasing

number of studies on their use for the
diagnosis and treatment of numerous
diseases.'?] EVs are a mixture of small
(below 200 nm) and large (above 200
nm) membrane-bound vesicles which can
transfer messages from one cell to another
through surface-exposed or encapsulated
biomolecules.[!l Recently, EVs have been
increasingly investigated in clinical trials,
mostly as early diagnostic tools in body
fluids and less frequently as therapeutic
agents.3-6!

The relatively slow development of EVs
in the biomedical field is partially related
to the difficulties in producing the re-
quired large amounts of EVs in a repro-
ducible manner.”* Indeed, several chal-
lenges such as the heterogeneity of EV mix-
tures, the limited knowledge on functional
EV subtypes and the presence of impu-
rities with similar physicochemical prop-
erties to EVs (including protein and lipid
aggregates), severely complicate their pro-
duction as well as their characterization
protocols.[1011]

As described in details in the guide-
lines reported in the “Minimal Information
for Studies of Extracellular Vesicles (MISEV),” the current pro-
tocol to characterize EV samples has to rely on a combination
of multiple complementary techniques which include, among
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Figure 1. Examples of conventional methods for EV characterization. a) Different techniques provide information on physical or chemical properties, or
a combination of both, and can be further classified based on single particle or ensemble analysis. The fluorescence-based microfluidic diffusion sizing
described in this work is an ensemble multiparametric technique. b) Fluorescence-based microfluidic diffusion sizing (red box) provides a considerable
amount of information on physical and chemical properties of the EV samples while requiring less material and time with respect to the common
characterization protocol, i.e., the combination of immunoblotting, nanoparticle tracking analysis, and electron microscopy (black box). Although the
microfluidic assay cannot replace the comprehensive characterization with multiple orthogonal techniques, it represents a convenient complementary

tool, in particular for fast screening applications and bioprocess development.

others, immunoblotting, single-particle tracking techniques,
electron microscopy, and quantification assays for lipids, pro-
teins, and RNAs (Figure 1a).[1>%] Altogether these techniques
provide comprehensive information on the concentration, mor-
phology, and purity of EVs, but are considerably time- and
sample-consuming (Figure 1b).[16-1%]

Several applications, however, including the optimization of
upstream and downstream operations for the large-scale produc-
tion of EVs, require intensive screening of EV samples.*?l For
these applications, there is a need for a multiparametric analyt-
ical method able to quantitatively measure different EV-specific
properties and sample purity with higher throughput and lower
sample amounts.

In this context, microfluidic technology offers a great opportu-
nity to address this challenge. In microfluidic platforms, fluid vol-
umes in the range from picolitres to microliters are manipulated
in channels in the micrometer size scale. This miniaturization of
sample volumes intrinsically reduces the amount of sample and
analysis time. Currently, microfluidic devices have found several
applications as diagnostic tools, in particular for EV fractionation
or rare markers detection in EVs.l1321-23] However, the potential
of microfluidic technology for the rapid multiparametric charac-
terization of EV batches during their production has remained
essentially unexplored.

Here, we present a microfluidic technique that integrates par-
ticle separation, sizing, biomarker detection, and quantification
on one single microfluidic chip, typically requiring only few mi-
croliters of nontreated sample and operating in a time scale of
minutes. The core of the strategy relies on combining a diffusion-
sizing technique with multiwavelength fluorescence detection.
To this aim, we developed a range of staining protocols that
include dyes for high-resolution imaging as well as common
immunolabeling reagents, to achieve high signal-to-noise ratios
without the need to remove nonreacted dye and individually track
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different EV biochemical components, such as lipids, primary
amines, and EV-specific proteins. We show that our fluorescence-
based microfluidic diffusion sizing technique (which is referred
to in the following as fluoMDS) can robustly measure the aver-
age size of EV subpopulations. In addition, using labeled anti-
bodies for EV staining, fluoMDS can quantify the amount of free
and bound antibodies, without requiring secondary antibodies or
washing steps, thereby working as a single-step immunoassay for
EV-marker quantification. We further show that the combination
of all these features allows to measure sample purity and over-
all obtain significant information with low sample consumption
and high analytical throughput (Figure 1b). We demonstrate the
power of this approach with the multiparametric characterization
of EVs from human bone marrow stromal cell (MSC), human
embryonic kidney (HEK) 293F cell lines and microalgae.l?*%]

Although the technique cannot replace the comprehensive
characterization with multiple orthogonal techniques nor assess
the full-size distribution and the heterogeneity of EVs via single-
particle detection,®] it holds great promise for applications that
require rapid screening, quantification of biomolecules, and as-
sessment of their relative variations in both pure and impure
samples. The microfluidic platform is also amenable to multi-
plexing and parallelization, which is important to guarantee suf-
ficient throughput.

This method has therefore important implications for instance
for the development of bioprocesses for the reproducible prepa-
ration of high amounts of pure EVs.l%]

2. Results

2.1. fluoMDS for Multiparametric Characterization of Lipid
Vesicles

A schematic illustration of the luoMDS technique and its main
components is shown in Figure 2. In this device, which builds on
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Figure 2. Fluorescence-based microfluidic diffusion sizing for the multiparametric characterization and quantification of EVs. a) Schematic illustration
and images of the microfluidic device used for EV analysis. The EV sample is hydrodynamically focused into a narrow stream in the middle of the channel
by an auxiliary buffer. The sample diffuses laterally while flowing along the channel under steady-state flow. Diffusion profiles in the direction orthogonal
to the flow are measured by acquiring fluorescence images at 12 different positions (black marks), corresponding to 12 different diffusion times. This
strategy avoids issues of photo-bleaching of the fluorophores. b) Representative fluorescence images at different positions and corresponding extracted
diffusion profiles (black dotted line). c) The size distribution is obtained by fitting the experimental diffusion profiles with a combination of simulated
standard profiles (red line in panel (b)). The difference in size between the dye and the EVs allows their separation by diffusion in the channel without
pretreatment of the sample. The two populations of free dye and EVs can be deconvoluted, allowing the estimation of the concentration of bound
and unbound dye. d) Three different staining strategies were designed to target different EV components: lipids, primary amine groups and specific
EV-biomarkers.

27-29

previous diffusion-sizing assays,!”’2%! a fluorescent sampleis hy-  ing number of diffusion profiles improves the robustness of the

drodynamically focused in the nozzle region between two sand-
wich buffer streams (Figure 2a). The fluorescent particles diffuse
from the central region of the channel towards the lateral direc-
tions while flowing along the channel in laminar flow regime.
Twelve images are acquired at different points along the chan-
nel using epifluorescence detection and converted into the cor-
responding lateral diffusion profiles at different diffusion times
(Figure 2b). The diffusion profiles are fitted with a linear combi-
nation of simulated basis functions to provide the distribution of
diffusion coefficients, which is translated into the size distribu-
tion of the sample via the Stokes—Einstein relationship (see also
Experimental Section) (Figure 2c). The acquisition of an increas-
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fitting, with a minimum of four diffusion profiles recommended
for the assay.[?’] The technique can detect species over a wide size
range, from few Angstroms to hundreds of nanometers.[?8! More-
over, since the fluorescence signal is linearly proportional to the
amount of the different species present in the sample, the tech-
nique also enables the measurement of their relative concentra-
tion. Given the large number of components typically present in
EVs, the fitting has been constrained to the sum of two Gaussian
distributions to be able to capture different subpopulations in the
sample while avoiding overfitting.[*’!

fluoMDS measurements can be performed on a regular light
microscope with a fluorescence detection system using few

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Size, concentration, and biochemical analysis of mixtures of lipid vesicles by fluoMDS. a) Size of the small (SUV) and large (LUV) unilamellar
lipid vesicles populations in polydisperse mixtures corresponding to 1:2 (grey) and 1:0.9 (red) SUV:LUV mass ratios evaluated by fluoMDS. In both
mixtures the measured average diameters are consistent with the values measured in individual homogeneous populations by DLS (blue). b) luoMDS
correctly detects changes in the mass fractions of SUV and LUV in the two mixtures. c) fluoMDS can detect different components of a mixture in one
single analysis by using complementary staining methods and leveraging multiwavelengths fluorescence detection. fluoMDS detects rhodamine-labeled
SUVs and LUVs when membrane Rhod-PE is excited (red), while only the LUV subpopulation with encapsulated GFP when GFP is excited (green).
Experiments (a)—(c) were performed in triplicates and a representative plot is shown for (c). Data (a),(b) represent means + standard deviations.

microliters of sample and applying multiple specific staining pro-
tocols on the same sample. In this way, different EV components
can be simultaneously identified, therefore coupling biochemi-
cal analyses with sizing and quantification (Figure 2d). We note
that this setup is also compatible with dyes susceptible to photo-
bleaching such as fluorescamine. In fact, the device works under
steady-state conditions, and diffusion profiles along lateral direc-
tions are acquired in the presence of a constant flow along the
longitudinal direction. Thus, fluorophores at different positions
are continuously renewed by flow, hence avoiding photobleach-
ing of the dyes.

All together, these features make fluoMDS a suitable tech-
nique for the characterization of EV subpopulations within het-
erogeneous mixtures. We first demonstrated this concept with a
mixture of liposomes, which are structurally similar to EVs. Large
(LUV) and small unilamellar labeled lipid vesicles (SUV) were
synthetized by extruding a hydrated film of 14:0 Liss Rhod-PE
and individually sized by dynamic light scattering (DLS) analy-
sis. LUVs and SUVs had number z-average diameters of 197 + 88
and 58 + 15 nm, respectively. The lipid vesicles were then mixed
to obtain SUV:LUV mass ratios of 1:2 and 1:0.9 and analyzed by
fluoMDS. The size distributions of both mixtures exhibited two
peaks corresponding to the average diameters of the two vesi-
cle subpopulations (Figure S1, Supporting Information). These
values were consistent with the DLS values of the individual ho-
mogenous SUV and LUV samples (Figure 3a). In particular, the
SUV and LUV mean diameters values obtained by fluoMDS were
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respectively 52 + 9 and 219 + 3 nm for the 1:2 mixture, and 52 +
9 and 201 + 27 nm for the 1:0.9 mixture.

Moreover, the luoMDS quantitatively detected the composi-
tion of the vesicle mixtures. As expected, the measured relative
concentrations of SUVs and LUVs were, respectively, 33% and
63% in the 1:2 mixture, and 54% and 43% in the 1:0.9 mixture
(Figure 3b). We note that this approach could also allow the mea-
surement of absolute concentrations when coupled to a suitable
calibration curve.

We finally exploited epifluorescence detection to couple the
analysis of size and concentration with a multiplex assay for
the detection of vesicle subpopulations characterized by spe-
cific biocomponents. For this purpose, we encapsulated green
fluorescent protein (GFP) in rhodamine labeled LUV by freez-
ing and thawing ten times a sample of fluorescent liposomes
with GFP in the buffer. The number-based diameter value of
the obtained vesicles measured by DLS was 369 + 197 nm.
The GFP-containing vesicles were mixed with rhodamine labeled
SUVs to a 1:1 volume ratio and the resulting mixture was an-
alyzed with the microfluidic device. As expected, we could de-
tect both populations of rhodamine labeled lipid vesicles upon
excitation at 540 nm, while only the peak corresponding to the
LUV subpopulation was identified when exciting at 470 nm (Fig-
ure 3¢; Figure S2, Supporting Information). Although in this
case the measurement did not require any signal compensation,
this aspect should be taken into account in the choice of the
dyes.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Photoactivatable fluorophore for high signal-to-noise unspecific staining of EVs. a) After photoactivation in apolar environment, the silicon-
rhodamine dye precursor (1) converts into a polar intermediate (2), which in turn reacts with a nucleophile and forms the fluorescent product (3). In
contrast, photoactivation of the precursor in a polar environment generates a non-fluorescent product. b) The increase in fluorescence intensity after
photoactivation in liposome solutions is linearly proportional to the amount of vesicles. The experiment was performed in triplicates and the data is
shown as mean + standard deviation. c) The presence of EVs triggers the photoactivation of the fluorophore. Fluorescence signal in microfluidic channels

after photoactivation of a sample without (top) and with (bottom) EVs.

Overall, these results demonstrate that the microfluidic tech-
nique allows us to identify the size, concentration, and pres-
ence of a biochemical component in a sub-population of vesicles
within a heterogeneous mixture.

2.2. Fluorescent Labeling and Multiparametric Analysis of EVs

After validating the fluoMDS technique with model vesicles, we
next applied the assay to characterize EVs. A key prerequisite for
this application is the development of fluorescent staining proto-
cols to detect specific components of EVs and to allow their iden-
tification even in mixtures containing impurities of similar size.
We selected three dyes to fulfill the following features: (i) target
both unspecific and specific phenotypical properties of EVs, i.e.,
lipids, primary amines and tetraspanin-CDG63; (ii) avoid forma-
tion of dye aggregates in the size range of EVs, which can bias the
results,?% (iii) give a low background fluorescence also in pres-
ence of the unreacted dye, therefore avoiding the need for a free
dye removal step and simplifying the assay (Figure 2d).

To stain the EV lipids, we selected a photoactivatable silicon-
rhodamine recently developed for super-resolution imaging of
lipid droplets (Figure 4a).>!] The dye precursor becomes fluores-
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cent only after photoactivation with UV light in an apolar environ-
ment and upon reaction with a nucleophilic group. After photoac-
tivation the dye migrates towards a polar environment and reacts
with the closest nucleophiles.

Since hydrophobic regions and nucleophiles coexist in EVs, we
exploited this dye as a novel method for EV labeling. First, we
mixed the dye with different amounts of liposomes and showed
that the dye could photoactivate in their lipid bilayers and the
obtained fluorescence intensity was linearly proportional to the
liposome concentration (Figure 4b). Second, we tested the dye
with EVs in the microfluidic device and observed a strong fluo-
rescence signal upon photoactivation also in this case (Figure 4c).
Thanks to the combination of environment sensitive photoactiva-
tion and anchorage to nucleophilic groups, the detection with this
fluorophore can yield significantly less background signal com-
pared for instance with common small-molecule probes such as
BODIPY 493/503. Moreover, the dye does not form fluorescent
aggregates that are typically observed with other lipophilic dyes
(e.g., DiI, PKH26, and BODIPY-PC) and that interfere with the
measurement.33233] This dye is therefore very promising for the
unspecific labeling of all hydrophobic components in EV mix-
tures, which can include lipoproteins and lipid particles in addi-
tion to EVs.

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

www.advhealthmat.de

a o b 20 C 20
— Nucleophiles s = Primary amines — Tetraspanin CD63
& | inapolar @5 ) &
< 15 [ environment k\f - 15 - 15
S , S s 1Y
g g 2
£10 £10 £10
[} [ [}
O o &}
S 5 S 5 5 5
O O O I
0 0 0
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Diameter [nm)] Diameter [nm] Diameter [nm]
d 250 e f 5
E | Bk E 150 S 2
er techniques - =0.
=200 = 2 4 R?=0 95/,
e e oS, -
g 150 £ 100 Q< F
8 K £o, {,/
5100 ° SE e
> 2 50 S 1 ¥
: :
< < 0
0 IS L I 0 e 1 2 3 4 5
e, T CO, Vi, 70, Yo, % o X EV concentration
% ey T Ko X O@O@ 7 ¢ [*1073 particles/mL]

Figure 5. Single-step immunoassay and fluoMDS multiparametric characterization of EVs extracted from human bone marrow stromal cells and mi-
croalgae and stained with unspecific and specific dyes. a—c) Particle populations detected by fluoMDS using different fluorophores: a) photoactivatable
silicon-rhodamine, which detects colocalized lipids and nucleophiles b) fluorescamine, which stains primary amines and c) anti-CD63 immunoglobulin
(1gG), which labels the EV surface-marker tetraspanin CD63. In each panel the peaks in the low size ranges correspond to the free dye. d) Comparison
between the particle average diameters measured by fluoMDS in (a)—(c) and the values measured by NTA in light-scattering mode and from the DLS
intensity (I-DLS) and number (N-DLS) based distributions (grey). e) Comparison between the average diameter of nanoalgosomes measured by flu-
oMDS (green) and the EV modes measured by NTA and DLS values reported in literature (grey).[?*] For these measurements the nanoalgosomes were
labelled with photoactivatable silicon-rhodamine. f) Quantification of bound anti-CD63 IgG in samples with different EV concentrations. The measured
concentration of bound antibody scales linearly with the relative dilution, demonstrating that the device can accurately quantify the amount of CD63 in

untreated samples. Experiments were performed in triplicates and data represent means + standard deviations.

For the unspecific staining of proteins we employed flu-
orescamine, a commercial dye commonly used for protein
quantification.**) Similar to the silicon-thodamine dye, the pre-
cursor becomes fluorescent after reaction and binding with pri-
mary amine groups. As aresult, the activation and the attachment
of the fluorophore on the proteins minimize the amount of free
fluorescent dye and make this dye convenient for unspecific pro-
tein labeling.

Lastly, specific staining of EV-protein makers was achieved by
immunolabeling, in particular with a labeled anti-CD63 antibody.
Following the standard procedures applied in western blotting
and flow cytometry methods, we first blocked the unspecific bind-
ing sites with BSA and then added the antibody into the solution.
Alow antibody concentration of 0.1 ng pL~! was employed in or-
der to keep the background fluorescence intensity low, and detect
EVs without performing any washing step to remove free anti-
bodies.

All labeling strategies were individually tested on a sample of
MSC-derived EVs characterized in a previous work,3°] at concen-
trations between 10'° and 10 particles mL~!. The fluoMDS anal-
ysis detected the presence of particles with an average diameter
of ~100 nm for all staining protocols, both unspecific and EV-
specific (Figure 5a—c; Figure S3, Supporting Information). More-
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over, when the same sample was measured with the isotype con-
trol antibody, no peak in the size range of EVs was detected, con-
firming that the anti-CD63 antibody specifically bound to EVs
(Figure S4, Supporting Information).

We note that these measurements can robustly provide only
the average size of the broad size distribution of EV population.
Our analysis provides a size distribution which exhibits only one
narrow peak corresponding to the average size of the EV popula-
tion, and cannot report the real broad distribution of EVs present
in solution.

The average diameters estimated with fluoMDS were in agree-
ment with the mean diameter of the DLS number based distribu-
tion and with the values measured by nanoparticle tracking anal-
ysis (NTA), which currently represents one of the most common
EV sizing assays (Figure 5d).['21826] These values are significantly
smaller than the average diameter of the intensity-based size dis-
tribution measured by DLS, which can be strongly biased by the
presence of large particles in the sample.

We next further demonstrated the ability of the technique
to size EV samples with different physico-chemical properties
by analyzing EVs derived by microalgae (nanoalgosomes),+2%]
which were stained with the apolar photoactivatable dye. The
average diameter obtained by fluoMDS was in well agreement

© 2021 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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with the mode measured by DLS which we have reported
previously,** and smaller than the mode measured by NTA,[>¥]
possibly due to the limitations of NTA in detecting small particles
(Figure 5e).[26:36]

Overall, these results demonstrated that even for very poly-
disperse samples such as EVs the fluoMDS assay robustly mea-
sures the average size of the particle population. This result is
also due to the detection based on epifluorescence, which in con-
trast with scattering methods avoids biases towards larger size
particles and makes the measurement less sensitive to sample
impurities. We stress, however, that the assay is not a single-
particle method and cannot reconstruct the full-size distribu-
tion without prior assumptions about the shape of the size
distribution.

2.3. Semiquantification of Tetraspanin CD63 in EV Samples

Among the labeling strategies discussed in the previous para-
graph, the immunolabeling is particularly attractive to quantify
and size EV subpopulations even in the complex mixtures en-
countered not only during bioprocessing, but also in diagnostic
applications.

The fluoMDS platform does not require the removal of excess
primary antibodies, the addition of a secondary antibody or any
washing step. The unbound antibody and the complex formed
by the EV and the antibody differ in size almost by one order
of magnitude, and are therefore characterized by different diffu-
sion coeflicients. The flow rate of the assay was optimized to 60
pL h™! to capture the differences in diffusion profiles of the two
species. At the end of the channel the unbound antibody had al-
most uniformly diffused along the width of the channel, while
the complexes formed by the EVs and the antibodies remained
more localized in the middle of the channel. These differences
in diffusion profiles were captured by the deconvolution based
on Gaussian distributions, which reported on both the average
sizes and the relative concentrations of the anti-CD63 antibody
and the vesicle-antibody complex (Figure 5c).

Under these conditions, the fluoMDS can therefore be used
as single-step immunoassay that not only identifies the presence
of EVs but also quantifies the amount of their biomarkers using
the primary antibodies in excess. To demonstrate this point, we
stained samples of MSC-derived EVs at different concentrations
in the range from 1.25 X 10'3 to 5*10 particles mL~! with 0.1 ng
pL~! labeled anti-CD63 antibody. As expected, we observed that
the relative concentrations of CD63-labeled particles in the 100
nm size range increased linearly with the known concentration of
EVs (Figure 5f), demonstrating that fluoMDS can quantitatively
measure the fraction of bound antibody. From this fraction, the
total amount of tetraspanin CD63 in the sample can be evaluated
either semiquantitatively by assuming that each antibody binds
to one CD63 molecule or quantitatively with a calibration curve.
The analysis can be easily repeated with multiple antibodies tar-
geting biomarkers of both EVs and contaminants, thus being a
cheap and quick alternative to other immune-based quantifica-
tion methods, such as western blot, ELISA, and bead-based flow
cytometry. When the number of biomarker molecules per par-
ticle is known, the method could also be used to estimate the
number of particles.
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2.4. Analysis of EV Samples During Bioprocessing

Finally, we demonstrated the potential of fluoMDS to probe the
purity of EV samples against contaminants that are typically
coisolated with EVs. Currently, the presence of protein and lipid
aggregates which are the most common EV contaminants in
large scale preparations, is mostly estimated by measuring ratios
of total protein, lipid, and particle amounts.'*] However, these
approaches have low specificity and there is a severe need for
more accurate techniques capable of including specific features
of EVs and contaminants in the measurement.’”] When western
blotting or proteomic analysis are included, contaminants can be
specifically detected, but the analysis time and the sample con-
sumption significantly increase and make the approach inconve-
nient both at large scales and in clinical settings. In this context,
fluoMDS is attractive for its ability to detect different particle sub-
populations and quantify specific markers on particles in a broad
size range.

We analyzed a sample of 293F-derived EVs which were only
partially pre-isolated by tangential flow filtration (TFF) (Figure
S5, Supporting Information), and compared the results with an
MSC-derived EV sample isolated by ultracentrifugation (UC). We
first verified that the 293F-EVs were characterized by a lower par-
ticle to protein ratio with respect to the MSC-EVs, indicative of
the presence of a larger number of contaminating proteins in the
sample (Figure 6a). This result was further confirmed by trans-
mission electron microscopy (TEM), which showed the presence
of more impurities in the 293F-derived EV samples compared to
the purified MSC-derived EVs (Figure 6b).

We further characterized the samples by DLS and NTA. Due
to the bias of light scattering detection towards larger sizes,
intensity-, and number-based size distributions can largely dif-
fer in DLS measurements, and the difference increases with
the polydispersity of the sample. As expected, the intensity- and
number-based size distributions were more consistent for the
purified MSC-derived EVs than for the 293F-derived EVs (Fig-
ure 6¢). Specifically, for the MSC EVs one single main peak was
observed at 215.8 + 24.0 and 97.4 + 22.2 nm in the intensity- and
number-based size distribution, respectively, demonstrating that
the sample mainly consisted of particles in the EV size range. In
contrast, the intensity-weighed distribution of the 293F-derived
EVs exhibited two peaks at 33.8 + 10.3 and 217.3 + 104.1 nm,
showing that the sample contained an additional population of
smaller particles. The number-weighed distribution of the 293F
EVs showed a single peak at 23.2 + 6.6 nm, further demonstrat-
ing that the impurities were much more abundant in number
than the EV-sized particles, in agreement with the particle to
protein ratio and TEM analysis. Interestingly, the distributions
obtained by number-based DLS and NTA measurements were
consistent only for the pure MSC sample. These results indicate
that NTA provides a better representation of sample polydisper-
sity than DLS, but in some cases it may have lower sensitivity
towards smaller particles (Figure 6d).1°!

We next characterized the purity of the two different sam-
ples with our fluoMDS technique (Figure S6, Supporting In-
formation). We first confirmed that both samples contained
a population of CD63-positive particles with an average size
consistent with EVs (Figure 6e). The average size of these
particles as well as of lipid-containing particles was similar
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Figure 6. fluoMDS for the characterization of EV purity in bioprocessing. We analyzed human bone marrow stromal cell (MSC) EVs isolated by ultra-
centrifugation (pure, red) and 293F EVs isolated by tangential flow filtration (impure, blue). a) The pure-MSC EVs have a higher particle to protein ratio
than the impure-293F EVs. b) TEM images of the pure-MSC and impure-293F samples show the presence of cup-shaped vesicles (red arrows) in both
samples, while large amounts of small contaminants were observed only in the impure sample (black arrow). c) DLS intensity-weighted size distribution
shows one single peak for pure-MSC EVs and two peaks for the impure-293F EVs, corresponding to EVs and impurities. The peak corresponsing to
smaller impurities is even higher in the DLS number-weighted size distribution. d) NTA measurements with light scattering detection are consistent
with DLS analysis for the pure sample but do not detect the small contaminants in the impure sample. e) fluoMDS analysis with specific and unspecific
orthogonal dyes shows that the two samples contain similar amounts of CD63-positive and lipid particles, but drastically differ in primary amine-rich
particles. In particular, the particles containing primary amines in the impure-293F EVs are characterized by an average diameter of 19 nm, in agreement
with the a) particle to protein ratio, b) TEM, and c) DLS measurements. Experiments (a),(c),(d), (e) were performed in triplicates. For experiments (c),(d)
representative plots are shown. Experiment (e) is shown as means + standard deviations.

between the two samples. However, the average size of pri- 3, Discussion

mary amine-positive particles was significantly lower for the 293F
sample. This result indicated the abundance of small impuri-
ties that are rich in primary amines and was consistent with
the particle to protein ratio, the TEM and the DLS analysis.

In EV production, the analysis of the sample composition and
of the abundance of impurities such as protein aggregates, lipid
droplets, lipoproteins, and different EV subpopulations, is crucial

Therefore, the fluoMDS setup can assess EV purity by compar-
ing the size values obtained for particles characterized by dif-
ferent components, such as lipids, proteins, and specific EVs
biomarkers.

Alternatively, in analogy with the results shown in this work
with the EV-marker CD63, the technique can be further comple-
mented in the future with specific staining protocols to detect
contaminant-specific markers and detect impurities with a simi-
lar size to EVs. This approach would allow one to quantify key im-
purities such as contaminating protein aggregates and lipopro-
teins and quantify their relative amounts with respect to the tar-
get EVs.

Adv. Healthcare Mater. 2021, 2100021 2100021 (8 of 13)

to monitor sample reproducibility and product quality.'*) Cur-
rently, there is a lack of high-throughput screening techniques
for the quick and comprehensive analysis of EV samples.[*20:2¢]
In this paper, we tackled this gap and demonstrated that fluoMDS
is a promising platform for the rapid characterization of the com-
position and the purity of EV samples. In particular, the ability to
simultaneously size and quantify populations of particles with
specific biochemical properties on a microfluidic scale provides
important information in short time and with minimal sample
consumption.

A crucial step to apply the fluoMDS technique to EV char-
acterization was the development of orthogonal and reliable
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fluorescent labeling methods that did not bias results and tar-
geted different particle subgroups. We addressed these chal-
lenges with fluorescent sensors, i.e., molecules which become
fluorescent in response to a specific stimulus. We employed
fluorescamine to label primary amine groups and a silicon-
rhodamine dye recently developed for high resolution imaging
of lipid particles. These dyes prevented the formation of strong
background fluorescence by simultaneously becoming fluores-
cent and being covalently retained on the particles, consequently
making the removal of the free dye unnecessary. In particular,
the working principle of the silicon-rthodamine dye makes it suit-
able for labelling any lipid-enclosed particle with nucleophiles
on its surface (i.e., EVs, lipoproteins, lipid droplets). Moreover,
the absence of long hydrophobic chains in the lipid probe avoids
the formation of aggregates, which can bias results.[**38 We en-
vision that the resolution of the microfluidic sizing assay will
largely benefit from developments of novel fluorescent sensors
in the context of single molecule detection in high-resolution
imaging. 131394

In addition to unspecific labeling, we introduced specific EV
staining by targeting EV surface markers with labeled antibod-
ies conventionally applied in flow cytometry. In this modality,
the technique works as a single-step immunoassay for the semi-
quantitative or quantitative analysis of EV samples. The back-
ground fluorescence of the free dye can be reduced by working
with low concentrations of dye, i.e., in the order of 0.7 x 10~ m of
labeled antibody. In this work, this feature was applied to quan-
tify the CD63 EV-marker, and in the future it can be exploited to
measure the amount of other EV surface markers (e.g., CD81,
CD9Y), other components (e.g., glycans) as well as contaminants,
such as apolipoproteins.

The combination in one platform of these orthogonal label-
ing methods with sizing and quantification of particles makes
fluoMDS also a unique high-throughput tool for the analysis of
sample purity. Currently, purity is assessed by measuring the
amount of specific non-EV biomarkers in the sample, for exam-
ple with Western-blotting and proteomic analysis, or by measur-
ing the amount of lipids and proteins with well-established meth-
ods such as sulfophosphovanilin assay and yBCA, and relating
these values to other sample properties, such as particle number
and RNA amount."*l However, the need for more accurate meth-
ods which relate specific properties of EVs and contaminants was
emphasized.’”] In this work, we showed that in fluoMDS the
shifts in the average sizes of the unspecifically labeled particles
with respect to the CD63-positive ones reflect sample purity and
can indicate the presence of small and large contaminants. Im-
portantly, ensemble-based measurements enable the detection of
particles in a broad range of sizes, including small contaminants,
which are below the resolution limit of conventional single par-
ticle techniques. Parallelly, since luoMDS can quantify specific
biomarkers on particles, the technique can also track the amount
of impurities that are similar in size to EVs. Therefore, fluoMDS
holds great promise to quickly analyze sample purity of EVs for
therapeutic applications and thus to accelerate bioprocess opti-
mization, and can be a useful tool in the diagnostic field where
the detection and quantification of lipoproteins is still a major
issue.[*142]

We note that in the current configuration the luoMDS tech-
nique cannot provide the full-size distribution of the polydisperse
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EV populations and can measure an estimation of the average
size. This information represents a convenient compromise to
detect and quantify EVs in important applications, although sin-
gle particle techniques remain crucial in the situations where
the full-size distribution of EV samples is required. In this con-
text, the measurement of the EV average size for instance by flu-
oMDS, can complement the analysis of EVs with single particle
techniques.[?°]

In contrast with common multiparametric techniques such as
NTA and flow cytometry, the fluoMDS analysis requires only few
microliters of untreated EV samples, without any sample pre-
treatments to remove the free dye, therefore simplifying han-
dling steps and reducing the risk of changing the sample com-
position. The technique is amenable to parallelization and mul-
tiplexing by using multiple fluorescence channels and a care-
ful selection of dyes. The whole analysis can be performed with
conventional epifluorescence microscopy tools without the need
for high resolution instruments which are typically necessary for
single particle analysis.[>2643] Moreover, unlike many quantifi-
cation tools for EVs,1323] the measurement is performed directly
in solution, without the requirement of functionalized surfaces
for instance with antibodies or aptamers, thereby increasing the
flexibility of the technique. In addition to the several microflu-
idic applications developed for EV fractionation and EV marker
detection,3223] this study demonstrates the potential of mi-
crofluidic technology also for multiparametric EV characteriza-
tion in large-scale screening, which is particularly useful for in-
stance in bioprocess development and analysis based on machine
learning methods.[*! Indeed, the flexibility of the technique that
can be used with specific and unspecific dyes for measurements
of size, quantity, and purity of EVs, distinguishes fluoMDS from
the microfluidic platforms available for the characterization of
EVs.

4, Conclusion

In summary, we have shown that fluoMDS combined with three
orthogonal staining methods can simultaneously size particle
subpopulations, quantify particle biomarkers, and measure sam-
ple purity in short time, with limited amount of material and
without time-consuming handling steps before the analysis (Fig-
ure 7). Thus, fluoMDS has great potential to accelerate EV charac-
terization and support the optimization of EV production and the
preparation of reproducible EV samples. We envision that simpli-
fication of the device design and implementation of paralleliza-
tion will lead to a scalable analytical platform for intensive sample
screenings, which are required for instance for bioprocess devel-
opment.

5. Experimental Section

Preparation ~ of  Liposomes: 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS, Avanti Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium
salt (14:0 Liss Rhod PE, Avanti Polar Lipids) were dissolved in chloroform
and mixed to a DOPS/14:0 Liss Rhod PE molar ratio of 200:1. The chlo-
roform was removed by rotary evaporation to yield a thin lipid film, which
was further dried overnight under vacuum. The film was hydrated with
phosphate buffer saline (PBS) and gently agitated at room temperature,
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Figure 7. fluoMDS is a multiparametric analytical assay that enables the measurement of average size, composition, and concentration of EV biomarker.
Moreover, fluoMDS can also measure EV purity by comparing the relative amounts of different particle subpopulations characterized by different com-
ponents. The microfluidic platform minimizes the sample and time required by the analysis, making fluoMDS a convenient technique for rapid screening

of EV samples, with applications for instance for bioprocess development.

before freezing the lipid suspension in liquid nitrogen and thawing it
in a water bath for five times. The lipid suspension was then extruded
through polycarbonate membranes with pore sizes of 1 pm and 50 nm
(Sterlitech Corporation) for ten cycles per membrane to yield large and
small fluorescent unilamellar lipid vesicles, respectively. Green fluores-
cent protein (GFP), which was produced as previously described,[**] was
added to a suspension of small fluorescent unilamellar lipid vesicles
extruded through the membrane with 50 nm pores and encapsulated
in the lipid vesicles by freezing and thawing the mixture for ten times.
The GFP-containing lipid vesicles were then directly purified with PBS
by centrifugation in PES centrifugal concentrators (Sartorius) at 1500 x
g and room temperature. Polydisperse mixtures of lipid vesicles were
produced by mixing vesicles of different sizes at different molar ratios.
To prepare nonfluorescent liposomes, 100 mg pronanosome LIPO-N
formulation (Nanovex) was hydrated in PBS (2 mL) and gently shaken for
20 min at 65 °C. The solution was then extruded through polycarbonate
membranes with pore size of 50 nm (Sterlitech Corporation). All lipid
vesicles suspensions were stored at 4 °C.

Fabrication and Operation of fluoMDS Devices: Microfluidic devices
were fabricated through soft lithography techniques. Master wafers pro-
duced by spin-coating SU-8 photoresists (Microchem) and exposing se-
lected regions to UV light were used as device mold.[?®] To replicate the
channels, polydimethylsulfate (PDMS, Silicone elastomer 184, Dow Corn-
ing) mixed with carbon powder (Sigma-Aldrich) was casted on the master
wafers and cured for 4 h at 70 °C. After peeling off the PDMS from the mas-
ter wafer, the PDMS channel and a glass slide were treated by plasma ac-
tivation (ZEPTO plasma cleaner, Diener Electronics) and bonded together
to make the microfluidic devices. Each device has a buffer inlet, a sample
inlet, an outlet, and a nozzle where the sample is focused in between two
buffer streams (Figure 2a). The channel height was 28.7 ym, the channel
width was 40 pm in the hydrodynamic resistors before the nozzle, 3000
pm at the nozzle and 300 pm in the detection region. The channel length
in the detection region was 10 cm. When specified, the channel was coated
with poly(vinyl alcohol) (PVA, Sigma-Aldrich) by incubating a PVA solution
(1% w/v in ultrapure water) in the channel for 15 min before drying it with
a nitrogen stream.

2—4 pL sample was loaded in the device with a gel loading tip after fill-
ing the channel and the buffer reservoir with buffer. PBS supplemented
with 0.1% w/v bovine serum albumin (BSA, Sigma Aldrich) was used as
auxiliary buffer for all samples except for the fluorescamine-stained sam-
ples, whose analysis was run in PVA-functionalized chips with PBS as aux-
iliary buffer. The fluid inside the channels was controlled by applying a con-

Adv. Healthcare Mater. 2021, 2100021 2100021 (10 of 13)

stant negative pressure at the outlet of the device via an external syringe
pump (Cetoni neMESYS, Cetoni GmbH) using a glass syringe (Hamilton).
Flow rates were applied in the range from 20 to 60 uL h~', correspond-
ing to residence times between 120 and 40 s, respectively. Images of the
analyte concentration over the channel width were taken at 12 different
positions in the channel by moving the stage during the measurement
(Figure 2b). The 12 positions corresponded to distances from the noz-
zle between 10 and 100 mm. Images were acquired on a Ti2-U inverted
microscope (Nikon) equipped with a LED light source (Omicron Laserage
Laserprodukte GmbH) and a camera (Zyla sCMOS 4.2P-CL10, Andor). The
used filter cubes were DAPI HC BP Filter set F36-500, CFP ET Filter set
F46-001, EGFP ET Filter set F46-002, and Cy5 ET Filter set F46-009 (AHF
analysentechnik AG). Multiplexed measurements did not require signal
compensation.

Analysis of Experimental Concentration Profiles: The experimental con-
centration profiles were analyzed following the approach previously
described.[27-294647] Briefly, a library of concentration profiles B' was cre-
ated for a range of particles of known sizes r; by solving the diffusion ad-
vection equation within the channel boundaries.[*¢] The experimental con-
centration profiles P(t) integrated over the channel height were extracted
from the acquired images at the 12 positions (Figure 2a,b). The distribu-
tion of diffusion coefficients was measured by fitting the concentration
profiles with a linear combination of simulated profiles from the library of
standard particles of different sizes. The linear combination that best de-
scribes the experimental profiles was obtained by minimizing the following
function

2
min Z(P(t, v)—ZC;B"' (t, v)> M

oty

where t is the diffusion time, y the lateral channel dimension, and ¢; the
weight coefficient of each simulated profile B'i. The relative weights of the
linear combination were determined by a basin-hopping algorithm imple-
mented in Python with 2500 random displacements. The coefficients ¢;
were constrained to a sum of two Gaussian distributions[282°]

a (r —n)? (r = n)?
exp| — 3 + exp| — >
V2ro, 207 205

)

l—cy—a
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where § ;  is the Kronecker delta function which accounts for the diffusion
occurring in the nozzle; ry, 64, and r,, o, are the average radius and stan-
dard deviations of the two Gaussian distributions, and aand 17— ¢, — a are
the factors that correct the relative fraction of each Gaussian population
in the sample. For the quantification analyses, the relative fractions of the
two distributions were computed neglecting coefficient ¢, to eliminate the
background noise from the measured values.

The quality of the fit was measured from the reduced y? coefficient!??]

Zﬂ (Xi,ﬁt —Xj data ) ?

i 2

2 % noise
= nose 3
d n—1[1-1 ()

Where x; 4512 and x; g are the values of the experimental and simulated
diffusion profile at pixel i of the channel width, ¢ ... is the signal standard
deviation, n is the total number of pixels in one diffusion profile, and I the
number of fit parameters. The distribution of diffusion coefficients was
therefore converted into a distribution of hydrodynamic radii R; thanks to

the Stokes—Einstein relationship D = kg7
67nRy,

constant, T the temperature and 7 the viscosity of the buffer in which the
sample diffuses.

Production of Extracellular Vesicles: MSC-derived EVs were produced
and characterized in a previous work.[**] Briefly, human bone marrow stro-
mal cell line HS-5 (MSC, ATCC) were cultured for 48 h in Dulbecco’s Mod-
ified Eagle’s Medium supplemented with 100 units mL™" penicillin, 100
pg mL~" streptomycin, 2 X 1073 m GlutaMAX and 1 x 1073 m sodium
pyruvate (Thermo Fisher Scientific) under humidified conditions at 37 °C
and a 5% CO,. Fourty-eight hours-conditioned medium (200 mL) was har-
vested from ~10% cells, clarified by low-speed differential centrifugation
and 0.22-pm filtration. EVs were then isolated by ultracentrifugation (UC)
at 100 000 x g for 70 min using an Optima XE-90 equipped with a Type
45 Ti Fixed-Angle Titanium Rotor (Beckman Coulter Life Sciences), resus-
pended in PBS (100 pL) and stored at —80 °C.

Nanoalgosomes were produced and characterized as described in a
previous work.[24]

HEK293-F cells (Gibco) were cultured at 37 °C, 8% CO,, and 125 rpm
in CD 293 medium (Gibco) supplemented with 4 x 107> M GlutaMAX
and 250 mg L™ Pluronic F-68 for 96 h. Conditioned media (200 mL) was
harvested from ~2.2 x 108 cells with 97% viability by alternating tangen-
tial flow filtration with an XCell ATF System (Repligen) and a 0.45 ym cut-
off hollow fiber membrane (N02-P50U-10-N, Repligen). The permeate was
clarified by 0.22-pym filtration and processed by tangential flow filtration us-
ing a 500-kDa cut-off hollow fiber membrane (D02-E500-05-S, Repligen)
at 60 mL min~! with no backpressure applied. The retentate was circu-
lated until its volume was reduced to 20 mL, diluted in 300 mL PBS, and
circulated again until reduction to 10 mL. The 10-mL retentate was then
concentrated 50-200 times with centrifugal concentrators (Sartorius) at
1500 x g, aliquoted and stored at —80 °C. The protein concentration was
measured with the MicroBCA Protein Assay Kit (Thermo Fisher Scientific)
following manufacturer’s instructions.

Labeling of Liposomes and Extracellular Vesicles: Nonfluorescent lipo-
somes were diluted in PBS to particle concentrations between 100 and
2 x 10" particles mL~' and labeled with a photoactivatable silicon rho-
damine probe produced as previously described.[*'] The probe was used
at a concentration of 20 x 107 m. Each solution was irradiated with a
UV laser (Omicron Laserage Laserprodukte GmbH) at 377 nm and 0.76 V
for 5 s. Pictures before and after irradiation were acquired and the overall
intensity of each image was analyzed.

EVs were used at concentrations between 10'° and 10'* particles mL™"
as measured by NTA (ZetaView, Particle Metrix). EVs were first mixed with
a dye in a microcentrifuge tube, and then loaded with a gel loading tip at
the sample inlet of the microfluidic device. For the staining of lipophilic
regions in the sample, EVs were mixed with 10 x 107® m photoactivat-
able silicon rhodamine. After loading the mixture in the microfluidic device
and before applying flow in the channel, the sample in the tip at the inlet
was photoactivated with UV light at 377 nm and 0.76 V for 2 min. For the
staining of primary amine groups, EVs (4 1g,oein) Were incubated with

where kg is the Boltzmann
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1x 1073 ™ Fluram (Sigma-Aldrich) for 15 min at room temperature. For
immunolabeling staining and control, EVs were incubated in 0.1% BSA
(Sigma-Aldrich) in PBS for 1 h at room temperature in a microcentrifuge
tube to block secondary interactions. Then, without washing the sample
from the blocking buffer, solutions of 0.2 ng yL=! CD63 monoclonal anti-
body (H5C6) — eFluor660 (Invitrogen) and Mouse IgG 1 kappa isotype con-
trol — eFluor660 (Invitrogen) in 0.1% BSA in PBS were added in the tube
in a 1:1 ratio to the blocked EVs to obtain a final antibody concentration
of 0.1 ng pL~". The mixtures were incubated for 1 h at room temperature
and then directly loaded at the sample inlet in the device.

DLS Measurements: The size distributions of fluorescent and non-
fluorescent liposomes, MSC-derived and 293F-derived EVs were measured
using a Zetasizer Nano ZSP DLS system (Malvern) working in backscat-
tering mode at 173° at 20 °C. PBS was used as dilution buffer.

NTA Measurements: NTA measurements were performed on a Ze-
taView instrument equipped with a CMOS camera and a 405 nm laser (Par-
ticle Metrix). The chamber was calibrated daily with polystyrene nanopar-
ticle standards according to manufacturer’'s recommendation. Samples
were diluted in clean PBS to a particle concentration between 107 and 10°
particles mL™" and injected into the sample chamber using a 1 mL syringe
until the chamber was filled. Video acquisition was performed for all sam-
ples at 11 positions applying an 80% scattering intensity, 150 shutter in
light scattering mode, with a trace length of 15 frames and a framerate of
30 s~'. Data were analyzed by the ZetaView analysis software (ZetaView
8.04.02 SP2).

Transmission Electron Microscopy:  293F-EVs (3 pL) were placed on glow
discharged (negatively at 25 mA for 30 s in an Emitech K100X glow dis-
charge system, Quorum Technologies Ltd.) carbon-coated grids (Quan-
tifoil) and were allowed to adsorb for 60 s. Subsequently, the excess liquid
was drained with a filter paper and the samples were subjected to negative
staining with 2% phosphotungstic acid (PTA, pH 7.2) by two successive
incubations of 1 and 15 s, respectively. The grids were air-dried and im-
aged in a TEM FEI Morgagni 268 microscope (Thermo Fisher Scientific)
in bright field mode operated at 100 kV.

Western Blot:  293F-EVs obtained concentrating the TFF retentate of
200 times by centrifugal filtration were lysed in lysis buffer (20 x 1073 m
Tris, 150X 1073 M NaCl, 5 x 107% m EDTA, 1% Triton-X, 25 x 10=3 m NaF,
1% 1073 M PMSF, 1x 1073 m Na;VO, and protease inhibitors) for 30 min
at 4 °C. 293F cells were pelleted at 200 x g for 5 min and rinsed with PBS.
The cells were then lysed in 1x lysis buffer for 30 min on ice and the cell
debris were pelleted by centrifugation at 15 400 x g for 10 min. Cell lysate
(35 pg) and EV lysate (12 pL) were loaded on 12% sodium dodecyl sulfate
polyacrylamide gels and separated at 100 V for 2 h in a Mini-PROTEAN
Tetra Cell (Biorad). Proteins were transferred on a PYDF membrane (Bio-
rad) with a Mini Trans-Blot module (Biorad). The membrane was blocked
with blocking buffer (5% BSA in TBS with 0.1% Tween-20, TBS-T) for 2 h
at room temperature and incubated overnight at 4 °C under agitation with
1:1000 primary antibody dilutions (CD63 antibody Mx-49.129.5, CD81 an-
tibody 5A6, Alix antibody 1A12, TSG101 antibody C-2, Calnexin antibody
AF18, GAPDH antibody G-9, Santa Cruz Biotechnology Inc.) in blocking
buffer. The membrane was washed four times with TBS-T and incubated
for 2 h at room temperature with a 1:1000 secondary anti-mouse HRP con-
jugated antibody dilution (m-1gGx BP-HRP, Santa Cruz Biotechnology).
Blots were detected using enhanced chemiluminescence solution (West-
ern Blotting Luminol Reagent, Santa Cruz Biotechnology) and Chemidoc
imaging system (Biorad).

EV Track: All relevant data of the experiments are submitted to the
EV-TRACK knowledgebase (EV-TRACK ID: EV200122).[48]

Statistical Analysis: Data analysis and graphs were performed using
Matlab 2019a (Mathworks) and Python Spyder IDE (Anaconda). All data
with error bars were presented as mean + standard deviation (SD).
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