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Abstract

Extracellular vesicles (EVs) and cell-derived vesicles (CDVSs), generated by fragmenting cellular
membranes, have both been explored as therapeutic delivery vehicles. Surface proteins on these
vesicles are of great importance as they are characteristic to the cell of origin and modulate vesicle
interactions with target cells. Here we introduced a high throughput fluorescence correlation
spectroscopy (ht-FCS) approach capable of characterizing vesicle surface proteins across a

large number of samples. We used automated screening and acquisition of FCS data to profile
surface proteins of cell-derived vesicles with high fidelity based on changes in diffusion time
upon antibody-vesicle interactions. We characterized vesicles generated from 4 cell types using
antibodies for known exosome biomarkers. The ht-FCS technique presented here offers the
capability to screen EVs or cell derived vesicles against a library of surface markers or to screen a
library of cell-derived vesicles for a specific identifying marker at a high speed.
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Introduction

Extracellular vesicles (EVs) secreted by cells into the extracellular domain, serve as natural
nanoscale delivery systems for biological systems to transport cargo (e.g. lipids, proteins,
RNA) between cells. For example, these endogenous vesicles have been implicated in cancer
progression and metastasis by transferring bioactive molecules [1,2]. EVs also play a role

in cell-cell communication by initiating signaling cascades in target cells [3]. Because of
these traits, endogenous vesicles along with synthetic vesicles (liposomes and cell-derived
vesicles) are being harnessed for the development of new therapeutic delivery vehicles [4,5].
Both natural and artificial vesicles composed of cellular membranes have proven to be
stable, biocompatible, and able to deliver a wide range of therapeutic cargo [6,7,5]. One of
the primary barriers to identifying and characterizing EVs is that they often exist in complex
heterogeneous mixtures derived from a variety of cell types. While many surface proteins
are similar across most EVs and cell-derived vesicles (CDVs), others are characteristic for
vesicles derived from specific cell types [8-10]. These membrane proteins are believed to
provide EVs and CDVs with the capability to recognize recipient target cells from the
diverse and heterogeneous mixture of EVs and cell types within a biological system [11].
Characterizing unique surface proteins could be used as a method to screen and identify EV
and CDV populations [12].

CDVs, artificially generated from the membranes of organelles within the cell, have shown
similar properties (size, targeting, surface proteins) to those seen for EVs [5,13-15]. Current
analysis methods to identify vesicle surface proteins are low throughput and struggle to
distinguish heterogeneities that could be used to assign the cell of origin. Identification

of the composition of surface proteins of EVs and CDVs would provide the capability to
identify different vesicle species. Existing technologies utilized for vesicles characterization
include e flow cytometry [16], western blotting [17], and mass spectrometry [18]. Each

of these methodologies suffer from limitations in measuring heterogenous mixtures of
vesicles including low sensitivity, low throughput, and averaging over the entire population
of vesicles. A comparison of these techniques for EV studies is shown in the Electronic
Supplementary Material (ESM) Table S1.

Fluorescence correlation spectroscopy (FCS) is a well-established technique based on the
analysis of the fluctuation of fluorescent signals resulting from the diffusion of labeled
molecules moving through a confocal detection volume [19-21]. These fluctuations can

be used to determine the number, molecular brightness, and diffusion coefficient of
fluorescently labeled biomolecules. Additionally, FCS measurements can be applied to study
the dynamics of molecular interactions between biomolecules. Therefore, FCS can be used
to not only measure the size, diffusion properties, and absolute concentration of vesicles, but
also evaluate the binding of specific antibodies to vesicles [22]. This provides the capability
to identify the number of specific exosome populations within a heterogeneous mixture by
FCS.

FCS measurements, however, are traditionally based on a manual workflow of data
acquisition leading to relatively low throughput analysis due to samples needing to be
replaced after each acquisition. Recently, high throughput FCS approach has been used to
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monitor the diffusion of biomolecules in different subcellular regions [23,24]. Our studies
extend high throughput FCS for the characterization of vesicles and for use as a high
throughput screening assay. Here, we utilize a high-throughput screening FCS (ht-FCS)
approach that allows automatic screening of numerous samples within in a well plate

(e.g. 96 wells). This allowed for rapid characterization of vesicle surface components

and was used to assign vesicle cellular identity (Figure 1). CDVs were generated from a
series of different cell lines and screened against exosome marker antibodies to identify
surface protein species. We developed software and hardware platforms to scan multiple
wells automatically allowing us to screen several antibodies against each vesicle type. The
combination of high-throughput screening and FCS enables fast acquisition times, analysis
of the size distribution of cell-derived vesicles from different cell sources, the identification
of the cell of origin, and the relative level of surface protein expression.

Human lung cancer (A549) cells, human embryonic kidney 293 (HEK293) cells,
neuroblastoma 2a (N2A) cells and macrophage-like (RAW264.7) cells were purchased
from American Type Culture Collection (ATCC) and cultured using standard tissue culture
techniques. A549 cells and HEK?293 cells were grown in growth media consisting of
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin. N2A cells were cultured in DMEM and Opti-MEM
growth media supplied with 10% FBS and 1% penicillin/streptomycin. RAW 264.7 cells
were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. DMEM, Opti-MEM, RPMI, FBS, and
penicillin/streptomycin were purchased from VWR (Pennsylvania, USA). All types of cells
were maintained in atmosphere of 5% CO» in a humidified incubator at 37°C. Cells were
passaged after reaching 90% confluence, detached with cell scraper to generate vesicles.

Vesicle Isolation

We generated vesicles through nitrogen cavitation[25,26]. Cells were scraped from T75
flasks in 5mL sucrose buffer solution (250 mM sucrose, 10 mM HEPES, pH 7.5, and
protease inhibitors (Roche)). All of the cell slurry was collected and centrifuged at 200xg
for 5 min to pellet the cells. The cell pellet was resuspended in 5 mL sucrose-HEPES buffer.
Then vesicles were generated using nitrogen cavitation with a pressure of 250 psi for 5
minutes. Cell lysate was collected and centrifuged at 4,000xg at 4 °C for 10 minutes to
remove the pelleted nuclear fraction. Supernatant was collected and centrifuged at 10,000xg
for 20 minutes at 4 °C. The pellet was discarded, and supernatant was subjected to ulta-
centrifugation at 100,000x g for 1 hour at 4°C. This yielded a pellet containing vesicles
which was resuspended in 1x PBS buffer and stored at —80 °C until use.

Dynamic Light Scattering

For the DLS measurements, a ZetaPALS Potential Analyzer (Brookhaven Instruments,
Holtsville, NY) with a 658 nm (29 mW) helium-neon laser was used to determine average
hydrodynamic diameters of vesicles from different cell types. Vesicles were prepared as
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described above and then filtered by a standard syringe filter (0.45 pm). 1 mL of each
sample were measured in triplicate in a plastic cuvette at 90°. All measurements were
carried out at 25 °C. Results are presented as mean +/- standard deviation.

Vesicle Labeling

To fluorescently label vesicles, 5uM Dil was added to the vesicle resuspension and
incubated at 37 °C for 40 minutes. Then vesicles were purified using a 0.45 pm corning
sterile syringe filter to remove larger debris. The vesicles were further purified by using a
5000 molecular weight cutoff size exclusion column (PD Minitrap G25, GE Healthcare) to
remove spare free dye.

To determine vesicle surface components, 5 different antibodies were- used- anti-CD9
antibody, anti-CD63 antibody, anti-CD81 antibody, anti-Hsp70 antibody, and anti-Alix
antibody (BioLegand). Each was labeled with CF543 dye using antibody labeling kits (Mix-
n-Stain, Biotium) before being added to the vesicle resuspension. The antibody labeling
protocol followed manufacturer instructions. Vesicle samples from the same type of cell
were mixed and filtered with a 0.45 um syringe filter. The filtered sample was then
aliquoted. 0.5 ug/mL CF543 labeled antibody was added to each aliquoted sample and then
incubated for 1 hour at room temperature. Vesicles were purified by using size exclusion
column as described in the previous section.

Western Blot Analysis

Vesicle surface components were verified by western blotting analysis. Denatured vesicle
resuspensions were loaded into a pre-packaged NUPAGE 4-12% Bis-Tris gel (Life
Technologies). Bands were transferred to a nitrocellulose membrane after electrophoresis.
The membrane was then blocked for 1 hour and incubated overnight with selected primary
antibody at 4 °C. We used the following antibodies (in 1:1000 dilution): anti-CD9 (cat.
312102), anti-CD63 (cat. 353018), anti-CD81 (cat. 349502), anti-HSP70 (cat. 818101), anti-
Alix (cat. 634502). All antibodies were from BioLegend, San Diego, CA. After rinsing and
removal of the primary antibody, secondary antibody was added and incubated for 1 hour at
room temperature. Then, the membranes were washed again, and bands were visualized by
chemiluminescent detection (Clarity, Bio-Rad) using Chemi-Doc system (Bio-Rad).

Fluorescence Correlation Spectroscopy

FCS measurements were performed on a home-built microscope. Approximately, 40ul fresh
prepared fluorescently labeled sample was placed onto a coverslip mounted on an Olympus
1X83 microscope equipped with a PicoQuant PicoHarp 300 Time-Correlated Single Photon
Counting (TCSPC) system. We employed a 532nm laser (45 pW) to excite the fluorescent
labels and a 60x water immersion objective was used to focus this laser beam in the sample
solution. Two avalanche photodiodes (APDs) were used for photon detection connected

to a PicoHarp 300 TCSPC module controller. All FCS results are an average of at least

3 measurements, with sampling times of 40 s. To diminish the background signal from
immobilized molecules, we performed all measurements 30um above the glass surface in the
sample solution.
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For high-throughput screening application, a customized program was written to generate
automatic continuous scanning of the system. A script was written in C++ using Visual
Studio 2015 that controlled all hardware (e.g. prior motorized stage and Picoharp

300) within the system. The script can be accessed at https://bitbucket.org/ywsong2/
uky_ptu_convert/src/master/. The system can be programmed with an input configuration
file to move the stage in specific increments and patterns, to correlate stage dwell time in
each well and photon time trace data collection (Picoharp 300) and collect and store photon
arrival times for each data trace. This allowed automation of the FCS data collection across
the entire well plate. For measurements, a glass bottom 96-well plate with fresh prepared
samples (40ul each well) is loaded to the microscope. The motorized prior stage is initialized
and moves based on the user defined configuration. An automatic immersion water supply
device is equipped to replace the evaporating volume from the objective. All acquisitions of
HT-FCS data were packed and processed to the SymPhoTime 64 (PicoQuant) for analysis.

Analysis of Fluorescence Correlation Spectroscopy

All data analysis was performed through SymPhoTime 64. After recording the fluctuations
of the time versus fluorescence intensity trace, which recorded the diffusing fluorescent
species in the detection volume, the autocorrelation function is applied and defined as
following:

<I*=It+7)>

G =
2 < I(t) >2

0]

Where I(t) represent the intensity time trace with a unit of Hz. The brackets denote
averaging over time. The autocorrelation data were further fitted with a triplet kinetics model
(eqg. 2) comprising one or two components:

! npiff! pli]
G({t) =[1+T|exp|— -1 .
0=1 [p( TTrtp) ]121:0 [1+—
TDiff[i]K

0.5 2
2] (2

Where zp;sis the diffusion time of the it diffusing species in ms, and T7rip IS the lifetime of
the dark (triplet) state. np;zrepresents number of independently diffusing species. p stands
for the contribution of the ith diffusing species. x is the length of diameter ratio of the focal
volume. This fitting model allows us to extract the diffusion time and number of molecules
(concentration) from FCS curves.

At the start of each acquisition, we used commercial 0.1 pm tetraspeck beads (Invitrogen) to
calibrate the FCS focal volume by serial dilution of a known concentration of beads (1.8 x
1011 particles/mL) combined with counting the number of molecules in the focal volume.
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Results and Discussion

Verification of FCS for vesicle size measurements

Binding of fluorescently labeled ligands to larger biomolecules can be monitored via
FCS[27]. The diffusion time scales with the hydrodynamic radius and can be calculated
from the autocorrelation of a fluorescence time trace of molecules freely diffusing in
solution. As a ligand binds to a larger biomolecule, a characteristic shift is observed in

the measured diffusion time. We compared diffusion times for unconjugated fluorophores,
fluorescently labelled antibodies, and immunolabeled vesicles. As shown in the 30 sec
segment of a fluorescence time traces in Figure 2, characteristic bursts in fluorescence
intensity were observed which correspond to fluorescent molecules diffusing into the laser
focal volume. The height of a burst, measured in photon counts, depends on the intensity of
the fluorophore and the residence time inside the detection volume. From these fluorescence
intensity time traces, auto-correlation functions (ACF) were used to evaluate the diffusion
times and the number of molecules in solution. The normalized ACF G(x) of free dye,
labeled antibody, and vesicle bound antibody are shown in Figure 2d. For the unconjugated
fluorophore, the fitted ACF yields a diffusion time (tp) of 0.21 £ 0.02 ms. A longer
diffusion time of 1.1 £ 0.1 ms was observed for the CF-543 labeled Anti-CD63 antibody.
The immunolabeled (anti-CD63-CF543 antibody) vesicles (A549) exhibited a diffusion time
of 23 + 2 ms. The clear shift of diffusion time from these three ACFs illustrates that we can
use FCS to distinguish between antibodies freely diffusing and those bound to the surface of
the vesicle.

Size distributions of cell-derived vesicles with different origins

Vesicles derived from different types of cells often have different diameters, carry different
cargo, and have differences in surface protein expression. We performed dynamic light
scattering (DLS) analysis of four types of CDVs to determine their hydrodynamic diameters
and then compared them to the diffusion time observed from FCS. Vesicles derived from cell
lines, A549 (lung cancer cells), HEK293T (embryonic kidney cells), N2A (heuroblastoma
cells), and Raw264.7 (macrophage-like cells), were generated by nitrogen cavitation and
purified from cellular debris through several steps of centrifugation. DLS was used to
measure the size distribution of each type of CDVs. Sizes ranged from 190 nm to 310 nm

in diameter as shown in Figure 3. The DLS analysis clearly shows a difference in the size
distributions across cell type used to generate the vesicles. Vesicles derived from HEK293
exhibited the largest diameter (269 nm) while those generated from Raw 264.7 had the
smallest average diameter (196 nm).

We next used FCS as a comparison measurement of relative vesicle size based on the
observed diffusion time. We used the lipophilic fluorophore Dil to densely label the vesicle
membrane. We recorded fluorescence intensity time traces and fit the resulting ACFs for
vesicles derived from A549, HEK293, N2A, and Raw 264.7 cells which yielded diffusion
times (tp) of 31 £2 ms, 38 £ 1 ms, 29 + 2 ms, 19 + 4 ms, respectively (Figure 3 b

and c). This shift and the magnitude of the observed diffusion times agree with the DLS
measurements we performed.
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In addition to diffusion time, the average number of molecules within the focal volume can
also be extracted. The FCS focal volume was calibrated using commercial 0.1um tetraspeck
beads with a known diffusion constant. This allowed us to determine the concentration of
vesicles in solution. Based on the original dilution and the number of molecules in the

focal volume we determined that 20 million A549 cells yielded ~0.7 x 1011 vesicles per

mL (0.5mL), 20 million HEK293 cells yielded ~1.3 x 101 vesicles per mL (0.5mL), 20
million N2A cells yielded of ~1.4 x 101 vesicles per mL, and 20 million RAW 264.7 cells
generated 0.5 mL of ~1.1 x 101 vesicles per mL.

Establishing the high-throughput FCS measurements

To establish the ht-FCS workflow, we designed and extended a custom FCS capable
confocal microscope to enable automatic screening and data collection of multiple wells
(Fig. 4a). Two laser pathways were aligned to provide pulsed laser and continuous wave
(CW) laser as excitation sources. Laser light is directed through an objective to the sample
and emitted fluorescence light is collected through the same objective and directed to two
avalanche photodiodes (APD) after it passed through the confocal pinhole. The output from
the APDs were directed to a TCSPC module (PicoHarp 300). The experimental workflow
of high-throughput screening is shown in figure 4b. The custom designed program consisted
of different modalities to perform programmed stage movements, time trace collection,

and data storage. Each well of the plate were sequentially exposed to 532 nm CW laser
excitation during data acquisition for a duration of 40 sec. Each collected time trace was
assigned a unique identifier based on the well location in the plate for each sample.

Having developed the pipeline for ht-FCS, we next demonstrated the utility of this technique
by screening surface protein compositions of CDVs. Based on the exosome-like properties
of cell derived vesicles, we screened for the presence of 5 established exosomal markers,
including three transmembrane proteins from the tetraspanin family (CD9, CD63, and
CD81), heat shock protein (HSP70), and cytosolic protein (Alix). These proteins are
well-known in HEK cells, N2A cells, A549 cells and Raw 264.7 cell released exosomes.
Antibodies for these surface proteins were labeled with the fluorescent dye CF-543. Al
antibodies were measured independently before being added to vesicles. The measured
diffusion times from different antibodies give similar results (the diffusion time observed for
the CF-543 labeled Anti-CD63 antibody was shown in the figure 2). Vesicle samples were
aliquoted and immunolabeled with 500ng/ml for each fluorescently labeled antibody. A
5000 molecular weight cutoff size exclusion column was applied to purify the label vesicles
from residual unconjugated fluorophores.

FCS autocorrelation curves from HEK cell-derived vesicles in response to each of the panel
of antibodies are shown in figure 5a. The amplitude of the autocorrelation function (G(<))

is inversely proportional to the number of molecules in the detection volume. The decays
are determined by molecular size and diffusion rate. Thus, the variance in diffusion time
and average molecular number shown in Figure 5a provides evidence of the capacity of FCS
to detect the immunobinding of surface protein. The longer the diffusion time the better

the binding efficiency of antibodies to vesicles. The exosomal markers from tetraspanin
protein family, anti-CD 9 and anti-CD 63, exhibited similar binding level to vesicle surface
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components, whereas the expression level of CD 81 and cytosolic protein (Alix) were
much lower. Interestingly, in contrast to exosomes shed by HEK 293 cells, there is totally
inefficient binding of anti-HSP70 antibody to vesicles.

To further quantify binding efficiency, the number of bound antibodies each vesicle was
determined by calculating the mean fluorescence intensity burst height of free antibodies
(see ESM and figure 5b) and then comparing to the value for antibody labeled vesicles.

The height of fluorescence bursts scales linearly with the number of antibodies bound

to the vesicles. Figure 5b shows a histogram of the number of antibodies observed for

each fluorescence intensity burst during the data acquisition for four antibodies with HEK
vesicles. These data demonstrate the ability to detect surface proteins present on vesicles and
to determine the relative copy number of the surface proteins.

We validate these results by western blot analysis, which agree with the FCS studies
showing that HEK cell-derived vesicles express tetraspanin proteins and cytosolic protein
(Alix) but not HSP70. We further verified the presence of the selected proteins (CD9,

CD 63, CD81, HSP70, and Alix) in the different vesicle population. CDVs from A549
cells were responsive to anti-CD9, anti-CD63, and anti-Alix antibodies, but not anti-CD 81
and anti-HSP70 antibodies. CDVs from N2A and Raw264.7 cells showed no response to
anti-tetraspanin and heat shock antibodies. They only responded to anti-alix antibodies. The
western blots show the presence of the same surface proteins for each vesicle as determined
via FCS (Figure 5c). Lastly, we generated a graphical color-coded table to represent the
variant responses between cell-derived vesicles and exosomal marker antibodies (Figure
5d) as determined by ht-FCS. A table containing the details is shown in the ESM (Table
S2). The yield expression profile and protein abundance in vesicle membrane were based
on the assumption that all antibodies have similar binding affinities to membrane proteins.
The calculated diffusion coefficient, average number of bound antibodies per vesicle, and
diffusion time are shown in Figure 5d. Lung cancer cells (A549 cells) derived vesicles
were enriched with CD9 and CD63 proteins but not CD81 and HSP 70. Vesicles from

both N2A cells and Raw264.7 cells did not respond to anti-tetraspanin protein antibodies
or heat shock protein antibodies. In addition, antibody against Alix protein presented a
limited binding capacity to most types of vesicles except Raw 264.7 cell-derived vesicles.
In general, therefore, it seemed that CDVs showed notable difference in membrane protein
expression on their surface with exosomes from the same origin.

Conclusion

We developed a high throughput method to screen for vesicle surface proteins using high-
throughput FCS technique. This approach enables the fast and accurate characterization of
surface protein profiles. The combination of high throughput screening and FCS diminished
the limitation of most traditional techniques and provided more detailed information to
characterize vesicles. This approach can be used to identify vesicles based on surface
proteins and to identify the number of each surface protein on the vesicle. Identification

of surface components on vesicles can be used to characterize vesicles and potentially to
identify the cell of origin.
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Figure 2.

Demonstration of the ability of FCS to measure fluorescent molecules over a different size
range. The recorded fluorescence fluctuations over time from immunofluorescently labeled
A549 cell-derived vesicles (a), fluorescent antibody (b), and unconjugated dye(c). d is the

corresponding measured normalized ACF curves from a, b, and c.
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Figure 4.
Schematic representation of the ht-FCS experiment setup and program workflow. a, The

alignment of ht-FCS is based on a confocal microscopy and modified to fit several excitation
sources. The single photon counter and high throughput screening devices are mounted

on the instrument. b is the customized program workflow for high throughput screening
process.
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Figure 5.
ht-FCS studies of immunofluorescently labelled vesicles. a and b are results from 5 different

antibodies labeled HEK cell derived vesicles. a, the experimental and fitted autocorrelation
functions clearly show a difference in the diffusion time and thus show the expression
level of different proteins in the vesicle surface. b, Histogram of the calculated number of
bound antibodies per HEK cell derived vesicles. c, validation of selected exosomal marker
proteins by immunoblotting. d, color table of antibody binding analysis among 4 different
cell-derived vesicles.
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