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ABSTRACT: Extracellular vesicles (EVs) are considered as valuable .
biomarkers to discriminate healthy from diseased cells such as cancer. .
Passing cytosolic and plasma membranes before their release, EVs inherit N
the biochemical properties of the cell. Here, we determine protein profiles of .
single EVs to understand how much they represent their cell of origin. We A '
use a microfluidic platform which allows to immobilize EVs from completely ) Ol
q q . . L PN RN Extracellular s
isolated single cells, reducing heterogeneity of EVs as strongly seen in cell f jJ ) vesicles

populations. After immunostaining, we employ four-color total internal
reflection fluorescence microscopy to enumerate EVs and determine their
biochemical fingerprint encoded in membranous or cytosolic proteins.
Analyzing single cells derived from pleural effusions of two different human '
adenocarcinoma as well as from human embryonic kidney (SkBr3, MCF-7 B 1pr$e,?o§,psee"'
and HEK293, respectively), we observed that a single cell secretes enough

EVs to extract the respective tissue fingerprint. We show that overexpressed integral plasma membrane proteins are also found in EV
membranes, which together with populations of colocalized proteins, provide a cell-specific, characteristic pattern. Our method

highlights the potential of EVs as a diagnostic marker and can be directly employed for fundamental studies of EV biogenesis.

Occurence

B INTRODUCTION potential for sensitive diagnosis at an early point of time or for
monitoring the progress of a therapy.'® Therefore, detailed
knowledge of the relation between EVs and their cells of origin
is necessary and requires advanced methods for EV profiling.

Most available methods for EV analysis rely on a large

In 2020, breast cancer was the most often diagnosed cancer
and caused most cancer-related cases of death among women
worldwide." An early diagnosis increases the patients’ chances
for a successful and customized treatment.” > As breast cancer

types vary, malignant cells are identified and differentiated after amount of EVs'’ and therefore bulk enrichment,'™" e.g,
a biopsy using specific proteins, like Human Epidermal Growth achieved by differential or density gradient ultracentrifuga-
Factor Receptor (HER) 2 and Estrogen Receptor (ER) a. tion,”° filtration,"> or precipitation kits.”' These approaches,
Both proteins are also present in cell membranes and are however, are often unspecific as large numbers of vesicles are
among the primary target analytes in biochemical and averaged, and they are prone to artifacts, e.g, by introducing
histological breast cancer diagnosis.”® However, for early damage to the sample.”” In recent years, microfluidic platforms
screening without the need of biopsies or imaging, the search allowed for the efficient enrichment and analysis of EVs from
for potent biomarkers is of great importance. cell culture supernatant or blood and integrated analysis of

All cells, both healthy and diseased, constantly secrete membrane proteins or nucleic acids.?>** In particular,
membrane-limited nanovesicles, referred to as extracellular combined methods could be realized for capturing EVs, e.g,,
vesicles (EVs), which vary in size (approximately <50 nm to 1 by means of functionalized magnetic beads”>*® and subsequent
pum), lipid composition, and enclosed content such as nucleic analysis by immunolabeling®” or other label-free methods such
acids, carbohydrates, lipids, an(i roteins, depending on the cell as SPR,*® SERS,” and yuNMR.*® To account for the large
of origin and their biogenesis.”® Originating from the plasma heterogeneity of EVs, methods for profiling single EVs are of

membrane or intracellular compartments, EVs carry informa-
tion about the cell they derive from, in contrast to tissue-
unrelated, dissolved proteins.” EVs have received much
attention as possible biomarkers as they circulate in most
body fluids like urine,'® saliva,’! or blood"*"? and are therefore
easily accessible in non- or minimally invasive diagnostic
samples using small liquid biopsies. Indeed, several studies
confirmed their use in the diagnosis of pancreatic cancer, '’
breast cancer,'* and glioblastoma.'> EVs provide an enormous

particular interest since they enable the identification of
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subpopulations of EVs with common protein profiles.'> A step
further into a more detailed understanding of EV biogenesis
was recently achieved by single-cell-derived single EV
analysis.””*' ~>* For example, optical discrimination of EVs
from single cells was possible by means of super-resolution
microscopy.”> Other approaches use microfabricated platforms
with microwells, which enclose cells and the secreted EVs in
the same small compartment.’”** While very useful to
accumulate and capture secreted EVs, these platforms are
usually not allowing for washing steps without interfering with
the patterned surface coatings, the captured analyte, and the
cells themselves unless the cells are confined separately from
the EV capturing area. Moreover, previous platforms face
challenges in preventing cross-contamination of EVs from
different cells. We could overcome these shortcomings by
introducing a microfluidic platform that forms two compart-
ments by use of ring-shaped valves.”> We thereby separate the
compartments for single-cell capturing and EV capturing and
analysis. Surface coating in the two compartments is specific
for cell adhesion and EV capturing, respectively. For analysis,
washing buffers and solutions for immunolabeling can be
exchanged without affecting the isolated cells.

Inspired by the potential of EVs in cancer diagnostics, we
further implemented technical improvements to our previously
developed microfluidic platform for EV analysis to obtain more
fundamental insights into cancer-cell derived EVs.”’ Here, we
employ the new platform to compare EVs from two breast
cancer cell lines (MCF-7 and SkBr-3) and a control cell line
(HEK293). We harvest EVs from individual, isolated cells,
which allows us to characterize and compare the EV
phenotypes in relation to their original cell in an unbiased
way (Figure 1). EVs are captured on the surface near the cell of
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Figure 1. Cells secrete a heterogeneous population of EVs, e.g., with
different proteins in the membrane and lumen. In this study, we
determine the phenotypic fingerprint of single-cell derived EVs from
different breast cancer cells. Image created with BioRender.com.

origin. Subsequent immunostaining, four-color total internal
reflection fluorescence microscopy (TIRFM) and a custom-
made image analysis workflow facilitated the determination of
up to 15 EV populations.

Our results show that EVs from single cells are sufficient to
reveal the phenotypic fingerprint and to differentiate healthy
from diseased cells. Furthermore, we could discriminate the
two cancer cell lines by using the membrane markers HER2
and ERa. Finally, we obtained a cell type-specific pattern of the
EV subpopulations with variations of colocalized HER2,
HSP70, CD81, and ERa signals.
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B EXPERIMENTAL SECTION

Microfluidic Device Fabrication. The PDMS devices
were produced using a 10:1 mass ratio of silicone elastomer
base and curing agent (Sylgard 184, Dowsil, formerly Dow
Corning). A total of 40 ¢ PDMS was mixed, degassed, and
poured onto the silicon master mold with the upper pressure
layer, and cured at 80 °C for >2 h. The flexible membranes of
the lower pressure and central fluid layer were produced to
heights of approximately 25 um thickness by spin-coating S g
of PDMS (20 s at 500 rpm and 40 s at 2800 rpm) onto the
master mold, which were cured for 1 h at 80 °C. Next, the
pressure layer was peeled off and 1 mm inlet holes were
punched using 1 mm biopsy puncher. To bond pressure and
fluid layers, we spin-coated 2—3 mL of curing agent onto a
blank 4-in. silicon wafer at 6000 rpm for 1 min. The cut devices
were dropped onto the spin-coated curing-agent layer on the
blank silicon wafer, peeled off, and positioned on the PMDS-
coated fluid layer. We then sealed the combined layers with a
degassed PDMS mixture and cured the assembled devices for 2
h at 80 °C. The assembled devices were peeled off, and inlet
holes were punched using a 1.5 mm biopsy puncher. We
further spin-coated approximately 1 g of PDMS mixture onto
No. 0 microscopy glass slides (6000 rpm for 60 s), resulting in
a 10 pm thick PDMS layer. We allowed the uncured PDMS to
reflow for over 30 min at room temperature (RT), before
curing at 80 °C overnight. To bond the triple-layer PDMS
devices and PDMS-coated glass slides, we activated the
surfaces of both items using plasma (PDC-32G, Harrick
Plasma, U.S.A.) at ~0.77 mbar for 45 s (18 W). Bonded
devices were kept on a heating plate at 100 °C for 10 min and
stored at RT for later use.

Cell Culture. Michigan Cancer Foundation 7 (MCF-7),
Sloan Kettering Breast Cancer 3 (SkBr-3) cells, and Huma
Embryonic Kidney (HEK293) were obtained from ATCC.
The cells were cultured in standard cell culture flasks in
Dulbecco’s Modified Eagle’s Medium (DMEM; MCEF-7,
HEK293) or F12/DMEM (SkBr-3) supplemented with 1 g
L™ glucose, pyruvate, 10% (v/v) fetal bovine serum (both
Thermo Fisher Scientific) at 37 °C, 5% (v/v) CO, atmosphere
and a relative humidity of 95%. For passaging, cells were
trypsinized with Trypsin-EDTA (0.05%; Thermo Fisher
Scientific) and passaged in 1:S ratios twice a week. On-chip
medium contained 1X penicillin—streptomycin (Thermo
Fisher Scientific) and 2% (v/v) exosome-free fetal bovine
serum (System Biosciences).

Experimental Preparation and Surface Functionaliza-
tion. At the beginning of all experiments, the devices were
filled with Milli-Q water by centrifugation at 800g for 10 min,
and incubated at 37 °C, 95% relative humidity, and 5% (v/v)
CO, for >30 min on a microscope. We then connected the
devices to polytetrafluoroethylene (PTFE) tubing (PKM SA,
Switzerland), silicon tubing (Gobatec, Switzerland), and
polyether ether ketone (PEEK) microfittings to 10 mL
syringes (Becton Dickinson, Switzerland). The syringes were
loaded onto syringe pumps (either NE-1002X-ES, World
Precision Instruments, Friedberg, Germany, or Nano]et,
Chemyx Inc., U.S.A.). Custom bent metal pins were used to
connect the pressure channels to a silicon tubing and to
pressurized air via a customized masterflex polycarbonate
manifold (Cole-Parmer, U.S.A.). The devices were then
flushed with sterile phosphate-buffered saline without Ca**
and Mg** (PBS —/—, Sigma-Aldrich). To promote cell
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adhesion in the cell capturing area, we flushed the entire
devices with 100 ng mL™" fibronectin (Sigma-Aldrich) and
incubated them for 30 min (inner valves closed), which then
was washed out with PBS —/—. After incubation, we flushed
the chips with exosome-depleted fetal calf serum-supple-
mented medium (2% (v/v) FCS, 1X penicillin—streptomycin,
1 g L' glucose DMEM or F12/DMEM). The cells were
filtered (pore size 35 um), flushed into the device, trapped in
the chambers, isolated by closing the inner ring valve, and
incubated at 37 °C, 5% (v/v) CO,. Cell ratios of analyzed
empty wells, single occupied wells, double occupied wells, and
wells containing three or more cells were 19.28%, 22.89%,
27.71%, and 30.12%, respectively. The EV-capturing area was
incubated for 30 min with 2 mg mL™" biotinylated bovine
serum albumin (biotin-BSA; Thermo Fisher Scientific,
Waltham U.S.A.), 100 g mL™" NeutrAvidin, and 5 ng mL™
biotinylated antibody against CD63 (Biolegend, London,
U.K.). We then flushed the area for EV capture with
exosome-free FCS and penicillin—streptomycin-supplemented
DMEM. Flow rates were adjusted empirically and kept at 5
uL/min for all flushing and washing steps. At this relatively low
flow rates the chip was flushed within less than 2 min while
neither trapped cells were washed (“pushed”) out of the traps,
nor did pneumatically valves (actuated at 1.6—1.8 bar) open.

Immunocytochemistry. Before staining, cells and EVs
were washed in PBS with Ca®>" and Mg™, fixed in 4% (v/v)
paraformaldehyde in PBS with Ca** and Mg** (pH 7.2),
blocked in 4 mass-% heat-shock denatured BSA. Staining was
done in 0.1 mass-% heat-shock denatured BSA in PBS with
Ca’ and Mg*". Respectively used antibodies were biotinylated
anti-CD63 (Biolegend), ERa-CF405M, HER2CF640R (both
Biotium), HSP70-FITC (Santa Cruz Biotechnology), and
CD81-PE (Biolegend).

Data Analysis and Statistics. We collected TIRFM
images from empty wells (O-cell, n > 840), single occupied
wells (1-cell, n > 1008), double occupied wells (2-cells, n >
1176), and wells with three or more cells (>3 cells, n > 1344).
Followin§ the image analysis described in detail in Nikoloft et
al. 2021,”* we determined the frequency distributions of the
detected signals per image within an area of 4356 ym?®. In total,
42 images were analyzed per chamber. Differences in
distributions were tested with two-sided Kolmogorov—
Smirnov tests and are given in the Supporting Information as
Table SI 1. To test for Gaussian distributions, we used the
Shapiro-Wilk test.

B RESULTS AND DISCUSSION

Design and Operation of the Microfluidic Device. The
device is modified from a previously published design.”” We
increased then number of wells (from 72 to 12 X 8 = 96 wells)
for single cell capture and EV analysis (Figures 2A and S1).
Each of these sites has a central hydrodynamic trap of 10 gm
to capture an individual cell, which is surrounded by two
nested concentric pneumatic valves (Figure 2B,D). While the
earlier described device consisted of two PDMS-layers,”” we
introduced a third PDMS layer which increased the PDMS—
PDMS contact site by 50%, thereby improving the mechanic
stability of the device and reduced the risk of damages during
manufacturing as we could avoid the previously used fine
structures of a few micrometer for separating the inner and
outer pneumatic valves. As the third PDMS layer, however,
also increased collapsing, we introduced PDMS columns in the
central fluid layer to separate the upper and lower pneumatic
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Figure 2. Microfluidic platform for single-cell isolation and EV
detection. (A) The three-layer microfluidic device comprises two
pressure layers (gray, black) and a fluid layer (blue). (B) Circular cell
chambers contain a central hydrodynamic cell trap, which is
surrounded by two concentric pneumatic valves in the top (gray)
and bottom pressure layer (black), which are separated by pillars. (C)
Actuation of the pneumatic results in volumetric separation and
allows for specific and spatially restricted surface coatings. (D)
Micrograph of one chamber (scale bar: 100 ym). (E) Bright-field
images of single trapped cells in the central chamber (black arrows).
Occasionally, we have cell clusters of several cells in the chamber
(right image, scale bar: 50 ym).

layer. The inner volume with the cell trap allows us to maintain
the cells in a shear stress-free environment. The space between
the two valves is used for EV capturing (see below). In contrast
to previous similar devices, the chip is manufactured by using
three instead of two layers of PDMS, assembled on top of each
other. The top layer defines the inner valves (top control
layer), the middle layer defines the microfluidic channels
including the cell trap (fluid layer), and the bottom layer
carries the control lines for the outer valves (bottom control
layer; Figure 2C). The use of two control layers maximizes the
PDMS—PDMS contact surface to the fluid layer, which results
in a robust and reliable chip fabrication. Additionally, we
implemented supporting pillars to improve the stability of the
valves. The use of the valves is visualized in the SI, Figure S2.
The experimental procedure for single-cell-derived single EV
analysis starts with a fibronectin coating in the inner chamber
to enhance cell adhesion. Subsequently, we flushed the cell
suspension into the chip, to immobilize single cells at the
hydrodynamic traps. After isolating the cells by lowering the
inner concentric valve, we functionalized the area between the
inner and the outer valves with biotinylated mAb against CD63
to immobilize EVs. Next, cells were incubated for 24 h. During
this time, the inner valve is open, while the outer valve is closed
to prevent diffusion of segregated EVs out of the chamber.
Afterward, we continued with immunostaining of the EVs with
four differently tagged antibodies and analyzed the population
by four-color TIRFM (Figure 3). On captured images we
applied a custom image processing pipeline’” to quantify the
frequency distribution of detected EVs and to identify and
assign each EV to 1 of 15 phenotype subpopulations.
Characterization of the Selected Cell Lines. We
selected three human cell lines (Michigan Cancer Foundation
(MCF)-7 cells, Sloan Kettering Breast Cancer (SkBr)-3 cells,
and Human Embryonic Kidney (HEK) 293 cells and
confirmed their specific phenotype compositions by immu-
nostaining (Figure 4A). While HEK293 cells are known for
their fast proliferation, robustness, and susceptibility for
genetic editing, they presumably express lower levels of cancer
biomarkers,” but elevated levels of HSPAIA (HSP70 family)
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Figure 3. Workflow for detecting and identifying EV populations form single cells. (A) Using fluorescently conjugated mAbs and four-color
TIRFM, we image immobilized EVs (B) in the direct neighborhood of the cells, which are prevented from cross-contamination with EVs from
other cells. (C) Multicolor TIRFM images of secreted and immobilized EVs. (D) Customized Matlab imaging processing allows for quantifying
and identifying EVs per image. Note that the histograms display raw data (detected signals per image).
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and CD81. The epithelial-like MCEF-7 cell line, which
overexpresses ERa (ERa"), is sensitive to ER-stimuli, and
expresses low HER2 levels (HER2™). SkBr-3 cells are also
epithelium-derived and demonstrate higher levels of HER2,
but lower ERa expression (ERa"HER2"). Both cell lines are
commonly used in fundamental or pharmaceutical cancer
research.”**~*! We chose these cell lines as they feature unique
protein expression patterns: MCF-7 cells are ERa"HER2™,
SkBr-3 cells are ERe HER2*, and HEK 293 are ERe " HER2™.
Both HEK293 and SkBr-3 express comparatively higher levels
of the membranous CD81 than MCEF-7, visible in the
fluorescence images (Figure 4A) and previous transcriptomics
results (HEK293:517.8 normalized transcripts per million
(nTPM), SkBr-3:514.4 nTPM, MCE-7:257.2 nTPM).”* In
addition, the cytoplasmic chaperone Heat Shock Protein 70

1936

(HSP70), which is a marker for EVs,'” is expressed in all three
cell lines.

On-Chip Analysis of EVs. Next, we captured the cells on-
chip and collected the EVs. After cell incubation for 24 h, we
fixed, and stained the immobilized EVs with the mAb-
conjugates against ERa, HER2, HSP70, and CDS81. We
occasionally trapped more than one cell (Figure 2E) and used
these data with two as well as three and more cells per chamber
for comparison. Figure 3D displays the histogram for the
number of EVs that we found per image, here a sum of all EVs,
regardless of their phenotypes. More entrapped cells led to
larger EV numbers per image as well as a broader distribution,
as expected. For HEK293 cells, we detected more vesicles
(single cell trapping: median of 34 EVs in an image area of
4356 pm?), than for the cancer cells lines (16 EVs for SkBr-3
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Figure 6. Correlation analysis of analyzed markers on detected EV populations. Correlation analysis, showing a weak positive association of HSP70
to integral ERa. Overexpressed membrane proteins, like CD81, HER2, and ERa show negative correlation with most other proteins due to its
abundant integration into membranes. Protein overexpression disguises protein colocalization in EV membranes.

and 18 EVs for MCF-7). The results show that EV secretion
rates are not necessarily higher in cancer cells than in
noncancer tissue*”** and might also depend on higher
proliferation rates, along with increased overall cell metabo-
lism.

We further quantified the number of EVs that carry the
marker HER2, ERa, CD81, or HSP70 on the CD63-
immobilized EVs (Figures 4B and S, and SI, Table S1).
Again, we enumerated more EVs when more than one cell is
captured in the chamber. Notably, all markers can be found in
the EVs of all cell lines. However, the number of EVs with a
selected marker shows large variations. In line with the
determined tissue phenotypes, we observed that two and more
SkBr-3 cells release more HER2'-EVs than HEK293 and
MCE-7 cells. The latter cancer cell line sheds also HER2*-EVs,
as most obvious for chambers, where 3 or more cells were
trapped, where the number of EVs is significantly higher than
in the HEK293 cell line. In contrast, MCF-7 released most
ERa*-EVs compared to the other cell lines. For CD81
displaying EVs, the expected larger EV number for HEK293
and SkBr-3 is visible for three and more trapped cells. In line
with the CD81 expression levels in HEK293 and SkBr-3 cells,
the medians of detected EVs from larger cell populations
amounted for 25 and 20 EVs per image from HEK293 and
SkBr-3 cells, respectively, in contrast to 14 EVs per image in
MCE-7 wells. For HSP70, we found similarly low numbers of
EVs in all three cell lines. In summary, we showed that EVs
reflect largely the markers of the cell lines they are derived
from. However, the large EV heterogeneity makes any single
marker insufficient for determining the cell of origin.

Determination of EV Populations. Next, we analyzed
the subpopulations by clustering EVs with colocalized markers
(Figure S). In this analysis of single-cell data, we use the
median number of EVs per image for all chambers for a
specified combination of markers. The pattern of all 15
possible populations is unique for a given cell line, although

1937

again for each subpopulation the variations are large. The
additional analysis of EV subpopulations for 2 and >3 cells is
given in the SI, Figure S3. Most striking is the obvious
difference for MCFE-7 cells. Most EVs from this cell line carry
only one marker, while subpopulations with colocalized
markers are less abundant than for the other cell lines.
Interestingly, we often detected the subpopulation
HSP70"ERa* in all cell lines. HSP70, in contrast to HER2,
ERa, and CD8l, is a cytosolic chaperone, which stabilizes
ligand-unbound membranous ERa as previously reported.”
Our data suggests that this copresence is maintained in the
segregated EVs.

We further performed a correlation analysis (Figure 6).
Similar correlation patterns between HEK293 and SkBr-3 cells
are visible. HER2 correlated negatively with CD81, and CD81
correlated less with HSP70 and ERa. Again, we observed a
weak positive correlation between HSP70 and ERa. The
observations contrasted with the correlation patterns observed
in MCF-7. Here, HER2, CD81 and HSP70 negatively associate
with ERa, which MCEF-7 cells overexpress. The observed
negative correlations for CD81 and HER2 in Sk-Br-3 and
HEK293, similar to ERa and the other target epitopes in
MCE-7 cells, are in line with the hypothesis and demonstrate
that the overexpression of proteins prevents the analysis of
protein-interactions which can be observed at endogenous
levels but are not detectable due to the abundance of
overexpressed protein.

B CONCLUSION

Here, we show a robust microfluidic method for the analysis of
single EVs derived from single cells. We immobilized and
enumerated EVs, as well as characterized their phenotypes.
Our results confirm that EVs reflect the unique molecular
fingerprint of each tissue of origin. In particular, we conclude
that membrane proteins serve as reliable markers, while
cytosolic proteins like HSP70 are ubiquitously detected in all
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cells, therefore, cell-type unspecific and unreliable as stand-
alone biomarkers. Together, we provide strong quantitative
evidence that phenotypic analysis of EVs from a single cell are
informative enough for discovering differences in their origin
and embody a strong potential as diagnostic biomarkers from
liquid biopsies. Besides, we believe that our device is very
powerful to study fundamental questions in the biogenesis of
EVs.
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