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ARTICLE INFO ABSTRACT

Keywords: Extracellular vesicles (EVs) are rapidly gaining in popularity as biomarkers of various diseases, acting as cargoes
Microfluidics of valuable information from the cell of origin. Despite their important value, their current use in clinical practice
fxtlre@ellular vesicle is still limited. One of the most limiting factors is their isolation. In fact, conventional approaches are charac-
solation

terized by low purity and throughput, or poor reproducibility. Here, we present a droplet microfluidic platform
specifically developed for EV isolation by affinity capture with magnetic beads. This platform is capable of
processing large sample volumes (2 mL) in a relatively short time (4.5 hours), with considerable automation. In
detail, EVs and magnetic beads are co-encapsulated within the same droplet, which acts promoting their mixing
due to the spontaneous recirculation; this continuous agitation prevents any loss usually caused by bead sedi-
mentation and promotes the EV capturing. Our droplet microfluidic protocol is compared to a commercially
available method, showing a shorter required incubation time (about 2.5 times) and a higher capture efficiency
(2.5-folds). The microfluidic approach is therefore positively evaluated in terms of protein content, EV quanti-
fication and microRNA cargo analysis.

Magnetic bead

1. Introduction

Extracellular vesicles (EVs) are double-layered phospholipid vesicles
with a nanometric size that are usually classified as small EVs
(30-200 nm) or medium-large EVs (200-1000 nm) [1]. EVs, secreted by
almost all cells, circulate in body fluids and transport lipids, proteins,
and nucleic acids specific to the parental cells [2]. Originally considered
cell waste, EVs are now well known as cargo-ships that carry, either
inside or on their surfaces, useful genetic information and play an
important role in cell-to-cell communication [3]. Among the possible
cargoes, the preservation of microRNAs is particularly relevant, as these
small noncoding RNAs, considered relevant biomarkers for the diagnosis
of various diseases, are very prone to degradation [4].

Despite their extraordinary value, the use of EVs in clinical practice is
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currently still limited due to the great difficulties related to their isola-
tion. In fact, conventional approaches based on the physical properties
of EVs (size and density), such as ultracentrifugation (UC), size-
exclusion chromatography (SEC), and density-gradient separation
(DGS), suffer from low purity, poor reproducibility, or limited yields [5].
Importantly, reproducibility issues prevent the comparison with results
obtained in different laboratories [6]. More recently, chemical affinity
has been employed for the isolation of EVs by exploiting specific pro-
teins present on their membranes, such as tetraspanins (e.g., CD63,
CD81, CD9, etc.) [7]. To this end, open surfaces or micrometric beads
can be coated with specific antibodies to target specific markers present
on the vesicle membrane [8-10]. Although affinity capture approaches
have already shown a higher purification rate than UC and DGS, they are
less widely applied for isolation due to the long duration of the protocol,
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which is still operator dependent [11]. Microfluidics has been employed
over the past decade to overcome these limitations [12,13]. The first
microfluidic devices, based on microchannels coated with specific an-
tibodies devoted to the capture of EVs, showed promising results [14].
To increase the surface-to-volume ratio and improve the capture rate,
functionalized patterns or nanoparticles were integrated within the
microfluidic channel [15,16]. However, these systems suffer from
clogging problems and complex microfabrication. In addition, being
based on filtering, they are typically disposable. A promising different
strategy requires the use of coated micrometric magnetic beads flowing
within microfluidic channels with the starting sample to capture the
EVs. Although these devices show improvements compared to bench
approaches, they are typically limited to small sample volumes (typi-
cally a few microliters), in a limited working time (tens of minutes) [17,
18]. The latter is mainly due to the sedimentation of the beads within the
microchannels. On the other hand, most clinical studies need to process
samples from hundreds of microliters to a few milliliters to investigate
an appropriate number of EVs [19,20].

To fix these issues, we propose a solution based on droplet micro-
fluidics, in which two (or more) immiscible liquids are combined by
specific junctions to produce controlled emulsions of droplets of one
phase dispersed in the other [21,22]. In our case, magnetic beads and
starting sample containing EVs are co-encapsulated together, i) pre-
venting the precipitation of magnetic beads within the channel regard-
less of the amount of sample to be analyzed or the required incubation
time, and ii) improving the mixing of beads and EVs, leading to a fast EV
isolation protocol. In fact, turbulence is generated spontaneously within
flowing droplets, ensuring complete mixing of liquids in a few milli-
seconds [23,24]. A droplet microfluidic system designed to handle
magnetic beads has recently been adapted for EV isolation [25]: EVs are
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collected and eluted from beads using a co-precipitation approach. In
detail, the protocol is tested in-batch and in droplets, by analyzing 6 uL
of the starting sample, reporting an improved capture efficiency (about
1.6-fold) in the second case, and a throughput of 12 uL/h.

Here, we present a novel droplet microfluidic platform that is espe-
cially designed for EV isolation, allowing higher isolation throughput
(400 pL/h) and larger processable sample volume (up to 2 mL), than
other microfluidics based on droplet affinity capture. The latter is a key
aspect for diagnostic purposes, where between hundreds of microliters
and a few milliliters of sample are analyzed [26]. Additionally, sys-
tematic comparison with a commercially available protocol shows a
higher capture efficiency of about 2.5-folds for a shorter incubation time
of about 4 h instead of 10 h.

This paper is organized as follows: after the description of the plat-
form, results in terms of the microfluidic characterization and biological
validation are reported and discussed. EVs from human breast cancer
and canine mammary tumor cell lines are used as starting samples. A
systematic comparison to the conventional ultracentrifugation approach
and a commercial kit protocol is performed through protein character-
ization, EV quantification and imaging. Finally, isolated EVs are evalu-
ated in terms of microRNA content.

2. Materials and methods
2.1. Droplet microfluidic experimental setup

The experimental setup specifically designed for EV purification is
composed of three parts devoted to the three steps of the protocol: i)

droplet generation, ii) incubation, and iii) magnetic bead extraction.
Each part will be described in the following.

(iii) bead extraction
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Fig. 1. (a) Complete microfluidic workflow consisting of the droplet generator, incubator, and magnetic bead extraction module. (b) Picture of the microfluidic
device for droplet generation corresponding to the dashed rectangle in the upper scheme. Inlets 1, 2, and 3 are used to generate and control the motion of the
droplets, while the horizontal outlet 5 allows the droplets to enter the storage capillary, preventing their break-up. Inlet 4 is connected to the pressure controller. (c)
Snapshot of the droplet generation at the double T-junction: alternate aqueous phase and mineral oil droplets are generated and transported by an immiscible
fluorinated oil. (d) Picture of the module for the bead extraction, with the magnetizable iron tip placed close to the magnet and in contact with the capillary

transporting the droplet.
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2.1.1. Setup for droplet and magnetic bead handling

A microfluidic chip presenting a double T-junction design [27] (see
Fig. 1b and Section S1, Supplementary data) is used to generate alter-
nate droplets of aqueous and mineral oil phases, dispersed in a second
non-mixable carrier oil (Fig. 1c). Three syringe pumps (by Harvard
Apparatus) equipped with 2.5 mL syringes (by SGE) control the flow at
the inlets of the microfluidic chip through PTFE capillaries (0.5/1.0 mm
ID/OD, by Sigma Aldrich). Inlet 1 is used to infuse FC-40 oil with 2%
1 H,1 H,2 H,2 H-perfluoro-1-decanol surfactant (from Sigma Aldrich)
that acts as a carrier liquid, inlet 2 for the starting sample mixed with
magnetic beads (Exosome-Human CD81 isolation kit, by Invitrogen),
and inlet 3 for the mineral oil (by Merck Chemicals) (see Fig. 1c). The
connections between the PTFE capillaries and the syringes are ensured
by silicon tubing (0.5x2.5 mm ID/OD, by Deutsch and Neumann).
Droplet generation is monitored by an inverted microscope (Nikon, Ti2)
equipped with a camera (VEO-E, by Phantom).

Before injection into the microfluidic chip, the starting sample mixed
with the magnetic beads is stored in an Eppendorf tube (0.6 or 2 mL
volume) turned upside-down and coupled to a custom-made shaking
device [28]. This strategy allows the complete infusion of the sample
preventing any loss in the container or capillaries (see Fig. S2 in Sup-
plementary data for more details). Once generated, droplets pass in
correspondence to inlet 4 connected to a pressure controller, through a
customized pinch valve [29]. This valve is used to isolate droplet gen-
eration from the incubation module. The latter consists of a capillary
(0.8/1.58 mm ID/OD, by Sigma Aldrich), having a length between 1 m
and 8 m, depending on the starting sample volume, placed in an ice bath
(see Fig. S3d in the Supplementary data). Here, the droplets are
continuously moved back-and-forth by the two pressure controllers (by
Fluigent, see Fig. 1), to impose a flow rate of 30 uL/min. Two customized
optical sensors are placed at the extremities of the incubation capillary
to monitor the passage of droplets [30] (see Fig. S3e in the Supple-
mentary data).

The third module is devoted to the extraction of the magnetic beads
from the flowing droplets and consists of an iron tip magnetized by a
permanent magnet (S-20-15-N neodymium magnet, height 1.5 cm,
diameter 2 cm, grade N42, by Supermagnete) (see Fig. 1d). The iron tip
has a square section (side of 1.5 mm), an edge radius of 0.12 mm, and is
fixed at the center of the magnet, emerging from its edge for about
2 mm. The capillary is fixed in the vicinity of the tip by a 3D printed
holder (Grey V4 resin, Form 3, by Formlabs). The bead extraction is
monitored with a CMOS camera (Basler acA800-510um) equipped with
a macro zoom lens (LINOS MeVis C 50 mm/f 1.8). Finally, the cluster of
beads is flown out the capillary and transferred to a PCR tube (0.6 mL,
by Eppendorf); then, the beads are washed twice with 500 pL of washing
buffer (1x PBS, with 0.01% of BSA) and resuspended in aqueous solution
for further analysis.

2.1.2. Microfluidic device production

The microfluidic chip is made of polydimethylsiloxane (PDMS, Syl-
gard 184, by Dow Corning) by the double replica molding technique,
starting from a brass master engraved by micro-milling (by Minitech
Machinery Corp.). Channel dimensions are reported in Fig. S1 of the
Supplementary data. The microfluidic device is sealed by oxygen plasma
and the microchannels are functionalized by flowing FC-40 with tri-
chloro(1 H,1 H,2 H,2 H-perfluorooctyl)silane (by Alfa Aesar) 2.5% V/V
for 30 minutes and then rinsed with pure FC-40.

2.2. Bead preparation for EV capturing

EV capture is provided by magnetic beads from the Exosome-Human
CD81 isolation kit (by Invitrogen). Before use, beads are washed with
1 mL of phosphate buffer saline (1x PBS, by Thermo Fisher Scientific)
and 0.01% of bovine serum albumin (BSA, by Sigma Aldrich). For
magnetic extraction tests, beads are dispersed in double-filtered PBS
solution (dfPBS) in the appropriate volume to obtain the desired

Sensors and Actuators: B. Chemical 409 (2024) 135583

concentrations. For the validation of the EV isolation of the microfluidic
platform, 5x10° beads per 100 pL of the starting sample are used.

2.3. EV starting sample preparation

A metastatic human breast cancer cell line MDA-MB-231 and a
canine primary carcinoma cell line CIPp (kindly provided by Prof. R. De
Maria, University of Turin) are used. MDA-MB-231 is cultured in Dul-
becco’s Modified Eagle Medium 1X (by Thermo Fisher Scientific) and
palm td-Tomato CIPp, generated as previously described in [31,32], and
cultured in Rosewell Park Memorial Institute 1X (RPMI 1640) (by
Thermo Fisher Scientific). Both culture media are supplemented with
10% Fetal Bovine Serum (FBS, by PANTM BIOTECH) and 1% pen-
icillin/streptomycin (by Corning). Cell lines are regularly tested and
confirmed to be mycoplasma-free with the Mycoalert Mycoplasma
Detection kit (by Lonza). To isolate EVs, two 150 mm Petri dishes are
seeded with 2.2x10° cells each. Cell culture medium (CCM) is replaced
24 hours before EV isolation with 25 mL of FBS-free medium.

EVs are isolated by ultracentrifugation (UC) from the cell culture
medium of two plates with semi-confluent cells. The medium is first
centrifuged at 300 g for 10 min at 4°C to remove any cell debris and
apoptotic bodies. The supernatant is then centrifuged at 2000 g for
10 min at 4°C to remove additional debris. For the EV isolation through
UC, the supernatant is transferred to a clean ultracentrifuge tube (Op-
tima L-90 K, by Beckman Coulter) and ultracentrifuged at 100 000 g for
90 min at 4°C. The supernatant is discarded and the EV-enriched pellet
is resuspended in 100 pL of double-filtered (0.2 pm) PBS (dfPBS).

For the test of the EV isolation efficacy by the droplet microfluidic
platform directly from cell culture medium, the EV pellet collected after
UC is spiked in 200 pL of the UC supernatant itself. Therefore, the
sample results pre-concentrated but in the same starting medium.

2.4. In-batch EV isolation protocol

In-batch EV isolation is performed following the protocol suggested
by the bead manufacturer (Exosome-Human CD81 isolation kit, Thermo
Fisher Scientific). 80 uL of bead solution (correspondent to 107 beads)
are transferred from the storage vial to a PCR tube and washed twice
with a freshly prepared washing buffer (1 mL of 1x PBS and 0.01% of
BSA). Then, 200 pL of the starting sample are added to the beads. After
10 hours of incubation in ice with end-over-end mixing, magnetic beads
are extracted by the magnet. The latter is placed near the tube for
1 minute and then the supernatant is removed. The remaining beads are
washed twice with 500 pL. of washing buffer (1x PBS, with 0.01% of
BSA) and resuspended in aqueous solution for further analysis. For the
protein assay, after washing, beads are resuspended in 30 pL of radio-
immunoprecipitation assay (RIPA) for the EV lysis. Differently, in the
case of the Nanoparticle Tracking Analysis (NTA), the supernatant after
the bead incubation is considered, before the washing steps.

2.5. EV quantification and analysis

2.5.1. Nanoparticle tracking analysis (NTA)

Samples of EVs isolated from UC and after the in-batch and micro-
fluidic protocols are quantified in terms of particle concentration and
size distribution using NanoSight NS300 (by Malvern). Aliquotes are
diluted in a solution of dfPBS to obtain particles concentration between
10”7 and 10° particles/mL. For each sample, three 60 s movies are
recorded and analyzed by 3.4 NTA software with camera level set at 12.

2.5.2. Protein content analysis by Western Blotting (WB) and Bicinchoninic
Acid Assay (BCA)

Cell proteins, used as control in Western Blots, are extracted from
90% confluent cells on a 15-cm plate using 2 mL of RIPA buffer (by
Thermo Fisher Scientific) supplemented with protease inhibitor ac-
cording to the manufacturer’s protocol.
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The proteins of isolated EVs are extracted resuspending the pellet in
30 pL of RIPA buffer, supplemented with protease inhibitor. For EVs
isolated from beads, the supernatant is removed from the beads by using
a magnet, before EV resuspension in RIPA buffer. Samples are then
sonicated for 10 seconds, incubated in ice for 15 minutes and denatu-
rated at 70°C for 10 min on a block incubator (Dry Bath/Block Heater,
by Fisherbrand).

Protein concentrations are calculated using the microBCA protein
Assay Kit (by Thermo Fisher Scientific), according to the manufacturer’s
protocol.

For Western Blot, 20 pL of proteins are first denaturated at 70 °C for
10 min or at 95 °C for 5 min, then resolved by using Polyacrylamide Gel
Electrophoresis at Neutral pH (NuPAGE) 4%-12% Bis-Tris gel (by
Thermo Fisher Scientific) and transferred to a nitrocellulose membrane.
Non-specific binding sites are blocked for 90 min in 5% non-fat dry milk
in Tris-buffered saline containing 0.05% Tween-20 (TBS-T) at room
temperature. The blots are then incubated at 4°C overnight with rabbit
or mouse primary antibodies against human CD9 (1:200; by Bio-Rad
MCA469GT), CD81 (1:200, by Genetex GTX101766), integrin-beta/
CD29 (1:5000, by GeneTex, GTX128839) and Calnexin (1:1000; by
Cell Signalling #2679). The membranes are incubated with a
peroxidase-conjugate secondary antibody (1:3000; anti-Rabbit IgG
#32260 or anti-Mouse IgG #32230, by Thermo Fisher Scientific) for
1 hour at room temperature. All antibodies are diluted in TBS-T con-
taining 1% non-fat dry milk. Reactive bands are visualized using a
chemiluminescent detection kit (SuperSignal West Pico PLUS Chemilu-
minescent Substrate, by Thermo Fisher Scientific) with the iBright in-
strument (by Thermo Fisher Scientific).

2.5.3. Flow cytometry analysis

Flow cytometry is performed to identify the vesicles attached to the
beads using BD FACSCalibur (by BD Biosciences). At least 300 pL of the
opportunely diluted sample are processed. Two different fluorescent
channels are used: phycoerythrin (PE; Aexc max = 566 NM, Aem max =
576 nm) and fluorescein (FITC; Aexc max = 494 n0m, Aep max =
518 nm). At least 50,000 events are acquired for each analysis.

2.5.4. Confocal microscopy

Images of EVs attached to magnetic beads are acquired by a confocal
module (FV300, by Olympus) coupled to an upright microscope
(BX51WI, by Olympus). The laser excitation is provided by the C-flex
module with 100 mW laser head at 488 nm (by Cobolt-Hubner
Photonics).

2.5.5. Quantitative Reverse Transcription Polymerase Chain reaction (qRT-
PCR)

EVs isolated by the microfluidic and in-batch protocol are eluted in
700 pL of Qiazol (by Qiagen) for RNA extraction as previously reported
[33]. RNA is extracted with the exoRNeasy Midi kit (by Qiagen)
following the manufacturer’s instructions. MiRNA retrotranscription is
performed using the TagMan™ Advanced miRNA cDNA Synthesis Kit
(by Thermofisher Scientific), following the manufacturer’s protocol. A
fixed volume of 2 pL of RNA per reaction is used to obtain an equal load
of samples, as recommended by the TagMan™ Advanced miRNA cDNA
Synthesis Kit protocol. MiRNA expression levels are evaluated by
qRT-PCR with TagMan™ Advanced miRNA assays (hsa-miR-26a-5p
ID_477995_mir, hsa-miR-16a-5p ID 477860 _mir, hsa-miR-21a-5p ID
477975_mir, hsa-let7a-5p ID 478575; hsa-miR-146a-5p ID 478399_mir;
by Thermo Fisher Scientific). The RT reaction products are used in 5 pL
PCR reactions at a final dilution of 1:10. qRT-PCR reactions are run, with
3 replicates, on a ViiA™ 7 Real-Time PCR System using these cycling
conditions: hold stage for 20 sec at 95 °C; PCR stage for 1 sec at 95 °C,
and 20 sec at 60 °C (for 40 cycles).
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3. Results and discussion

The main results regarding the isolation of extracellular vesicles by
the droplet microfluidic device will be presented and discussed below.
The platform exploits the spontaneous mixing occurring within the
droplets to enhance the probability of EV capture onto magnetic beads.
The beads are coated with a specific antibody (anti-CD81) that acts as an
anchor point for complementary proteins (CD81) typically expressed on
the vesicle membrane.

The working principle of the automated protocol will first be
detailed; then, the description will focus on the magnetic bead extrac-
tion and on the optimization of the overall throughput. Finally, valida-
tion of the protocol with a biological sample containing EVs will be
provided in terms of particle counting, protein quantification, and
miRNA content analysis.

3.1. Droplet microfluidic platform

As reported in Fig. 1, the droplet microfluidic platform developed for
the isolation of EVs consists of three sequential automated modules: i)
droplet generator, ii) droplet incubator and iii) magnetic beads
extractor. Modules are controlled either by syringes or by pressure
controllers. Before starting, the sample containing beads and EVs is
initially stored in a shaking device preventing the sedimentation of
beads (see Section S2 in the Supplementary data for more details).
During the droplet generation through a double T-junction, the syringes
are activated and the pressure difference (AP) of the controllers is set at
zero, while the valve is kept closed to allow the droplets to move out of
the PDMS chip from the outlet 5 (see Fig. 1).

The flow rates of dispersed and continuous phases can be adjusted to
obtain droplets of the desired size. After proper optimization (see Sec-
tion S4 in the Supplementary data), the set flow rates are 30 pL/min,
250 pL/min and 60 pL/min for carrier oil, aqueous sample and mineral
oil, respectively, leading to a generation of droplets with a volume of
980£60 nL. Once the whole starting sample is divided into separated
droplets, syringes are stopped, the valve is opened and the pressure
controllers are activated to command the droplet motion. In detail, they
are move back-and-forth during a tunable incubation time within the
capillary, by alternately applying positive and negative AP (between 50
and 200 mbar). In particular, the generation of droplets of mineral oil in
between the sample train is particularly relevant during the incubation
step to prevent their merging in the case of contact [34]. Importantly,
the back-and-forth motion of the droplets during incubation promotes
the mixing of their content [35,36] (see Video S3 in the Supplementary
data) and, consequently, is expected to foster the meeting and increase
the probability of binding between EVs and beads. After incubation, the
valve is closed again and the syringe connected to the inlet 1 is used to
guide the droplets to the third module for the extraction of beads. Here,
a magnetized metallic tip placed in proximity to the capillary allows for
the extraction of beads from the parental droplets while they are flow-
ing. Once all of the droplets are passed in front of the tip and the beads
are completely captured, the generated cluster is confined to a tiny
aqueous droplet. The volume of the final droplet containing the beads
depends on their quantity, varying between 5 nL and 50 nL for a bead
quantity between 10* and 107. The magnet is then removed and the
cluster is flown out of the capillary and collected in a conventional PCR
tube, prefilled with aqueous solution for subsequent EV analysis. This
can be easily achieved by moving the magnetized tip away a few mil-
limeters from the extraction region, so that magnetic beads no longer
experience the magnetic force.

Above all, the entire protocol is completely automated, since all the
components of the experimental platform are connected to the computer
and controlled by a dedicated LabVIEW software (see Section S3 in the
Supplementary data). Additionally, the microscope and cameras used to
characterize microfluidic and magnetic performances of the platform
are not necessary for the EV isolation itself; in fact, the customized and
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low-cost optical sensors are capable of monitoring the droplet position
and motion.

3.1.1. Magnetic capture efficiency characterization

The beads extraction from a parental droplet can be achieved if the
magnetic force F), acting on the beads is greater than the capillary force
F, that prevents the droplet break-up [37]. The latter can be approxi-
mated as F, = yL, where y is the surface tension between the carrier and
the droplet liquids, and L is the radius of the droplet interface to be
broken. In the presented microfluidic configuration F, can be estimated
of about 6 pN (see Section S5 in Supplementary data). The magnetic
force F), experienced by magnetic beads can be approximated as:

FyxQ M VB, (€D)]

where Q and M are the number of beads inside a droplet and their
magnetization vector, while VB is the gradient of the applied magnetic
field [37], which is affected by the shape of the magnet, in addition to its
distance from the beads [38]. Given these considerations, the geometric
configuration of the extraction module has been designed as shown in
Fig. 2a. At first, in order to maximize VB, an iron-pointed tip (edge
radius 0.12 mm) mounted on a permanent magnet is used. Compared to
a flat tip with the same cross section, the pointed tip allows one to
enhance the field lines near the edge of the tip, inducing a strong
magnetic force that has been quantified in tens of uN by numerical
simulation (see Section S5 in the Supplementary data). In fact, a flat tip
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would lead to a force that is one order of magnitude smaller in proximity
to the edge (see Figs. S6 and S7, Supplementary data). Additionally, to
minimize the distance d between the flowing droplet containing the
magnetic beads and the tip, the capillary transporting the droplets is
micro-engraved (see Fig. 2a,b). The wall thickness has been reduced
from 390 um to 100 um, increasing the achievable magnetic force by
five times (see Fig. S7 of the Supplementary data).

Fig. 2b shows an image sequence of the bead extraction: once the
beads contained in a droplet arrive in proximity to the iron tip, they
experience the magnetic force and are retained in this region, forming a
cluster that is extracted from the moving droplet, which instead keeps
flowing (see also Supplementary Video S1, for a droplet containing Q =
4x10* beads). The extraction efficiency of the magnetic beads from the
droplet has been evaluated as a function of the beads quantity (Q = 10°-
107 beads/droplet) and the flow rate ¢ driving the droplet (¢ =
5-200 pL/min) (see Sections S5 and S6 of the Supplementary data for
details of the bead quantification method). The results are reported in
Fig. 2¢, in which the extraction is considered efficient when it is greater
than 90% (green star), while it is not efficient when it is between 60%
and 90% (yellow diamond) or less than 60% (red cross). As expected
from Eq. 1, the higher the number of beads inside the droplet, the more
efficient the extraction. For the lowest rates (¢ < 20 uL/min), the lowest
number of beads per droplet that can be extracted is about Q = 2x10*
(green area), in agreement with the numerical simulation (see Fig. S7,
Supplementary data). Then, the extraction efficiency drops between
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Fig. 2. (a) Schematic of the module for the extraction of magnetic beads, with the magnetizable tip in correspondence with the engraved capillary (d=100 um) for a
droplet approaching the tip; beads within the droplet experience the magnetic force Fy. (b) Image sequence of a droplet approaching (top photogram), flowing above
(middle photogram) and leaving (bottom photogram) the magnetic tip; beads are extracted from the parental droplet, forming a cluster highlighted by the red arrow.
(c) Experimental phase diagram of the extraction efficiency at different flow rates ¢ and magnetic bead concentrations Q. The green, yellow, and red regions
correspond to extraction efficiency greater than 90%, between 60% and 90%, and lower than 60%, respectively. (d) Graph of the n-th droplet (blue dots) passing
close to the tip (left vertical axis) and the number of beads extracted (right vertical axis), as a function of the applied flow rate ¢.
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60% and 90%, for ¢ > 20 uL/min, due to the recirculation within the
droplet [23]. However, for Q > 2x10°, the extraction efficiency is al-
ways greater than 90% for all flow rates investigated (up to
200 pL/min).

Given these results, to improve the extraction throughput of
sequentially flowing droplets containing Q = 5x10% beads, the applied
flow rate is kept fixed at 10 pL/min for the first 15 droplets and
increased up to 100 pL/min from the 16th (see also the Supplementary
Video S2). In fact, the accumulation of the extracted beads forming a
gradually increasing cluster allows the flow rate to increase without
affecting the extraction efficiency (> 90%), as shown in Fig. 2d, where
the droplet number (left vertical axis) and the related accumulated
beads (right vertical axis) are plotted as functions of the applied flow
rate. Importantly, this method allows handling a wide range of sample
volumes from few pL up to mL in less than half an hour.

3.1.2. Throughput quantification of the droplet platform

To assess the throughput of the droplet microfluidic platform for
different starting sample volumes (V = 50-2000 pL), the purification
experiment is carried out measuring the time contribution of each
module (see Fig. 3): droplet generation (orange), incubation (white) and
beads extraction (grey). The generation of droplets is obtained by
keeping constant the applied flow rates for the oils and bead suspension
phase, and thus, its time contribution increases linearly with V, taking
about 10 minutes for 2 mL. Similarly, apart from the first 15 droplets
flown at 10 uL/min (processed in appoximately 2 minutes), the extrac-
tion time also increases linearly with the sample volume, taking
approximately 25 minutes for 2 mL (see Section S7 of the Supplemen-
tary data for more details). A fixed incubation time of 4 hours is used for
all volumes; this time is shorter than that required by the conventional
EV purification protocol but sufficiently long to allow the formation of
the chemical antibody-antigen bond (see Section 3.2).

Therefore, Fig. 3 proves that the microfluidic platform can handle
large sample volumes (tested up to 2 mL) and lead to high-throughput
analysis (4.5 hours for 2 mL, corresponding to approximately 450 pL/
h). This could be achieved by exploiting droplets that allow decoupling
the handling of the EVs and beads from their incubation. Additionally,
compared to the previously reported droplet device, throughput im-
proves about 40 times [25].

3.2. Validation of the EV isolation

To validate the microfluidic platform, EVs obtained from a breast
cancer cell line (MDA-MB-231) resuspended in 200 pL of phosphate
buffer saline (PBS) are considered. This starting sample is then loaded
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Fig. 3. Stacked bar chart of the percentage time intervals required for droplet
generation (orange), incubation (white) and magnetic bead extraction (grey),
considering the entire microfluidic protocol. In the bars, each contribution of
the time interval is also reported in minutes; while the incubation time is
constant (240 minutes), the generation and extraction times depend on the
amount of starting sample.
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with about 10”7 magnetic beads coated with CD81 antibody and pro-
cessed using two distinct protocols: one based on the microfluidic
platform and the other set by the manufacturer of the beads (in-batch).
In the latter case, the sample protocol requires an overnight incubation
on a mixer at 4°C. After their magnetic extraction, the beads and the
remaining supernatant are collected for subsequent analysis. Since the
designed microfluidic platform aims to be a general tool for EV purifi-
cation, its performance is evaluated considering: i) protein quantifica-
tion and recognition, ii) EV capture efficiency, defined as the ratio
between the isolated EVs and their initial quantity, and iii) microRNA
cargo availability for further diagnostic applications.

To assess the influence of the incubation time during the microfluidic
protocol, the protein concentration of the isolated EVs is quantified by
the bicinchoninic acid (BCA) assay. Different incubation times (1, 4 and
8 hours) are tested by the microfluidic approach and compared with the
bead manufacturer’s protocol (in-batch). Fig. 4a shows that the protein
concentration after 1 hour of incubation is lower than that obtained
from the in-batch protocol (overnight incubation, 10 hours). In contrast,
4-hour and 8-hour incubations show similar protein amounts, and, more
surprisingly, higher than after in-batch incubation. Therefore, 4 hours
represent a sufficient incubation time for the EVs to be captured by
magnetic beads within droplets and, based on the protein quantitation,
the capture efficiency results improved by approximately 2.4-folds
compared to the in-batch protocol.

To characterize the protein from the isolated EVs, western blot (WB)
analyses are performed (see Fig. 4b and Fig. S10 in the Supplementary
data). The most representative proteins for EV characterization are
analyzed (transmembrane proteins: CD9, CD81, integrin-p) [39,40],
while calnexin is used as a negative control [41]. The first column re-
ports the protein expression in the cell line from which the EVs are
isolated and, as expected, all proteins are well represented. Samples
from both in-batch and microfluidic protocols exhibit the same bands
from transmembrane proteins as those from the starting sample, which
means that part of the EVs expressing these membrane markers are
captured. The fact that the signals after purification are weaker
compared to the starting sample may suggest the loss of some vesicles. In
any case, the WB signals from the microfluidic protocol are slightly
stronger than those from the in-batch protocol, in agreement with the
results from the BCA analysis. This is probably due to the more efficient
mixing occurring within the droplets than within the conventional tube,
where beads typically tend to sediment at the bottom of the tube during
the incubation. Differently, within the droplets both beads and EVs are
continuously agitated, increasing their binding probability (see Video S3
in the Supplementary data).

To further quantify the capture efficiency of EVs, Nanoparticle
Tracking Analysis (NTA) is performed on the starting sample and on the
supernatant after isolation, both in-batch and in droplets (see Fig. 5, and
Fig. S11 in the Supplementary data). As already used in [42], quantifi-
cation from the supernatant is required, as EVs cannot be detached from
the magnetic beads after capture. In detail, for the in-batch protocol, the
supernatant after the EV-bead incubation is considered. In the case of
the microfluidic experiment, the supernatant is collected by gathering
all droplets at the outlet of the capillary after bead extraction. In this
way, the two supernatants can be directly compared. The capture effi-
ciency is calculated as: capture efficiency(%) = 1-
(conc.supernatant) /(conc.sample)] X 100.

As shown in Fig. 5 and by the data reported below, the comparison
between the mean values of three NTA recordings shows an EV capture
efficiency of 22% for the in-batch protocol, and of 56% for the micro-
fluidic platform. Thus, an improvement of a factor of 2.5 is observed,
which confirms the BCA results.

Qualitative evaluation of EV presence onto magnetic beads is pro-
vided by flow cytometry (see Fig. 6a). For this analysis, EVs isolated
from the CIPp canine cell line fluorescently tagged with td-Tomato [32]
are used as the starting sample. As typically performed [32], two
different fluorescent channels are recorded: phycoerythrin (PE), which
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matches the emission band of the EV, and fluorescein (FITC) as a control
to filter the noisy background from bead scattering. Thus, the upper left
region of the flow cytometry scatterplot identifies the PE-positive beads,
covered by the tdTomato-positive EVs. Fig. 6a compares the data of the
beads isolated from the in-batch protocol with those obtained from the
microfluidic platform (4-hour incubation). As a negative control, data
from the sample containing only beads are also reported. Similar results
are found using the two purification methods. The small counting rate,
typically observed for this type of measurements [43], is probably due to
the presence of dark micrometric beads that can shield both excitation
and emission light, decreasing the optical signal. Therefore, not all the
EVs attached to the beads are expected to be detectable. Finally,
confocal images confirm the presence of EVs attached to the magnetic
beads: the bright field image (Fig. 6b,left) reports the magnetic beads
and the fluorescent image (Fig. 6b,right) shows the EVs on their surface.

The integrity of isolated EVs is further investigated by analyzing

their genomic content. In fact, unlike proteins that are present in the EV
membrane, miRNAs are usually collected within the vesicle matrix.
Thus, non-intact EVs are expected to lose their miRNAs cargo in the
supernatant, being not capturable by the beads; differently, EVs that
maintain their integrity still carry the miRNAs. The miRNA is obtained
from both in-batch and microfluidic samples and then retrotranscribed
for quantitative RT-PCR analysis. The presence of some commonly
expressed miRNAs in the MDA-MB-231 breast cancer cell line (miR-26a-
5p, miR-16-5p, miR-21-5p, miR-let7a-5p, and miR-146a-5p) is inves-
tigated [44-46]. The mean Cr values obtained by PCR analysis are be-
tween 23 and 28 (see Table S1 in the Supplementary data), which shows
a significant presence of miRNA in the sample and thus demonstrates the
integrity of the isolated EVs [47]. Additionally, similar Cr values are
obtained from both microfluidic and in-batch isolations, indicating that
the mixing within the droplets does not damage the EVs.
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Fig. 6. (a) Flow cytometric evaluation of the bare magnetic beads (left), and of beads having attached EVs after in-batch (center) or microfluidic isolation (right)
protocols, showing comparable capture efficiencies, respectively, of 2.04% and 2.58%. b) Images of EV-bead complexes acquired by confocal microscopy in the
bright field (left) and in fluorescence (right), where continuous white lines corresponding to the boundaries of the beads are drawn as an eye guide. The red signals

within the boundaries are the fluorescence provided by the EVs.

3.3. EV isolation from cell culture medium

Finally, to increase the level of complexity of the purification assay
performed by the microfluidic platform and verify its capability, EVs are
also isolated directly from the cell culture medium of the MDA-MB-231
cell lines, after removing cell debris. Importantly, this test allows un-
derstanding whether the ultracentrifugation step is required to isolate
the EVs by droplet microfluidics. In fact, unlike the previously reported
results in which EVs are dispersed in PBS after ultracentrifugation, cell
culture medium can contain free proteins or small agglomerations that
may affect droplet handling and the capture on the beads. Western Blot
analysis shows that all investigated transmembrane proteins are present
with a signal intensity similar to that of the starting sample (see Fig. S12
in the Supplementary data). Therefore, EV isolation from the droplet
microfluidic platform is also possible from more complex samples, such
as cell culture medium.

4. Conclusion

In this study, we present and validate a novel platform based on
droplet microfluidics and magnetic beads handling to isolate extracel-
lular vesicles. Notably, the use of droplet microfluidics allows for an
improvement in the capture efficiency of 2.5-fold within a shorter in-
cubation time than for the same protocol performed in batch. Addi-
tionally, remarkable improvements in terms of sample volume (up to
2 mL of starting sample) and analysis throughput (more than 400 pL/h),
with respect to monophasic microfluidic devices are achieved. In fact,
the latter are strongly limited by bead sedimentation. Because of their
size (1-3 um) and higher density (1.4-1.8 g/cm3 [48]) compared to the
carrier liquid (~1.0 g/cm®), beads sediment approximately two orders
of magnitude faster than EVs, which are 100 times smaller and almost
density matched with the surrounding aqueous phase [13]. As a
consequence, in monophasic microfluidics, specific flow rates are
required: the flow rates must be high enough to make the bead sedi-
mentation negligible while slow enough to promote the EV capture on
the bead surface. For that, in monophasic microfluidics, typical
throughputs are between 0.1 and 0.5 pL/min [17,18], and especially,

the highest processable volume is of hundreds of uL, while, the presented
droplet microfluidic platform has been validated up to 7 of uL/min and
2 mL of starting sample. This improvement is due to the decoupling of
magnetic bead handling from the incubation required for EV capturing.
The encapsulation of beads and EVs in droplets is performed quickly
(between 20 sec and 10 min), making the sedimentation of beads
negligible. Differently, the incubation time can be tuned independently
of the previous step, since beads cannot escape the droplet interface and
are, in fact, continuously agitated. The only other existing droplet
microfluidic system tested for EV isolation reports a better capture ef-
ficiency than the same protocol performed in-batch, analyzing 6 pL of
sample with a throughput of about 12 pL/h [25]. It should be noted that
the throughput of our droplet platform (400 uL/h) is currently limited
by the incubation step (currently 4 hours), representing 90% of the
overall protocol time. However, since this duration is related to the
antigen-antibody reaction, optimization of the bead coating could allow
further increase in total throughput [49,50]. In the present study,
commercially available beads have been used to perform a systematic
comparison with an existing and diffuse protocol. However, customized
beads can also be considered to reduce the cost of the required reagents
[51], or other affinity capture approaches to promote EV elution after
isolation [25,52], currently limited by the employed antigen-antibody
reaction.

Based on these achievements, we believe that the use of droplet
microfluidics for EV isolation shows great potential for both funda-
mental studies and clinical applications, where hundreds of pL to a few
mL of starting sample must be considered [26]. However, for clinical
sample handling (e.g. plasma or serum) devoted optimization might be
required in terms of surfactants to assure droplets stability, as well as on
the magnetic bead coating for immunocapturing [53].
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