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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for
extracting beads from droplets in a microfluidic channel
and a device suitable for carrying out the method. This
method is applicable for performing a single-cell multi-
omics analysis.

TECHNICAL BACKGROUND

[0002] Recentadvances in single-cell sequencing and
droplet microfluidics have allowed molecular modalities
to be analyzed from a large number of individual cells at
a single-cell resolution. The most common method today
is based on compartmentalizing single cells within micro-
droplets forming an emulsion in a microfluidic device, in
which the targeted modality, such as transcriptome, ge-
nome, proteome or epigenome, is associated with a
unique DNA barcode before being subjected to sequenc-
ing.

[0003] For example, Klein AM, et al., Cell
2015;161(5):1187-1201 (2015) proposes a droplet-mi-
crofluidic approach for indexing RNA molecules of indi-
vidual cells with unique DNA barcodes in droplets, fol-
lowed by next-generation sequencing. DNA barcodes
are brought in droplets by polymer beads that are coen-
capsulated with cells. The teaching of this document is
limited to the analysis of a single cellular modality, e.g.,
RNA.

[0004] Over the lastyears, there has been an increas-
ing interest in establishing links between different cellular
modalities at a single-cell resolution. Several methods
for such single-cell multiomics sequencing protocols
have been reviewed in, for example, Macaulay IC, et.al.,
Nat Methods. 2015;12(6):519-22, Matuta, K., Rivello, F.,
Huck, W.T.S., Adv. Biosys. 4, 1900188 (2020), and Lee,
J.,Hyeon, D.Y. & Hwang, D. Exp Mol Med 52, 1428-1442
(2020), such as the G&T-seq method for quantifying the
genome and transcriptome, the SNARE-seq method for
quantifying the transcriptome and epigenome, and the
CITE-seq method for quantifying the transcriptome and
proteome.

[0005] G&T-seq involves bead-based separation of
RNA and DNA, in which the beads on which RNA is cap-
tured can be extracted from a supernatant containing
DNA. In other words, it requires a physical separation
step of the RNA and DNA and it is difficult to be adapted
to a droplet microfluidics platform. In SNARE-seq and
CITE-seq, which are based on microfluidics-based anal-
ysis, barcodes can be released from beads in droplets,
and the multiple analytes are treated simultaneously.
This approach often lacks versatility as the biochemical
reactions and buffers need to be compatible with all the
analytes. To improve this aspect, it can be necessary to
add a step of physically separating the different cellular
modalities or a step of splitting the product including the
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different cellular modalities into two fractions to treatthem
separately.

[0006] None ofthe above-mentioned methods disclos-
es extracting the beads from the droplets in a microflu-
idics platform while keeping the emulsion integrity. Thus,
there is a need for an upgraded approach to extract a
bead from a droplet while keeping the emulsion integrity.

SUMMARY OF THE INVENTION

[0007] It is a first object of the invention to provide a
method of extracting a bead from a droplet, comprising
the steps of:

- providingadroplet of afirst fluid within a second fluid,
the first fluid being immiscible with the second fluid,
the droplet containing a bead;

- passing the droplet through a constriction in a main
channel and supplying a third fluid immiscible with
the first fluid in a downstream channel downstream
of the constriction so as to extract the bead from the
droplet.

[0008] Insome embodiments, the third fluid is supplied
to the downstream channel via two side channels, down-
stream of the constriction, which are preferably arranged
in a symmetrical way with respect to a longitudinal direc-
tion of the main channel.

[0009] Insomeembodiments, the method further com-
prises a step of positioning the bead at the rear of the
droplet before reaching the constriction, preferably by
passing the droplet through a narrowed portion of the
main channel upstream of the constriction, the narrowed
portion having a transverse dimension which is equal to
or smaller than the diameter of the bead in a non-con-
stricted state.

[0010] In some embodiments, the constriction has at
least one transverse dimension which is equal to or less
than the diameter of the bead in a non-constricted state.
[0011] In some embodiments, the constriction has a
transverse dimension which is at least 10%, or at least
20%, or at least 30%, or at least 40%, or at least 50%
smaller than the diameter of the bead in a non-constricted
state.

[0012] In some embodiments, the constriction has a
transverse dimension which is at most 90%, or at most
80%, or at most 70%, or at most 65% smaller than the
diameter of the bead in a non-constricted state.

[0013] In some embodiments, the narrowed portion
has a transverse dimension which is up to 10 pum smaller
than the diameter of the bead in a non-constricted state,
preferably up to 5 um smaller than the diameter of the
bead in a non-constricted state.

[0014] Insomeembodiments,the narrowed portion ex-
tends from an inlet of the main channel to the constriction.
[0015] In some embodiments, the main channel com-
prises a non-narrowed portion in addition to the narrowed
portion, wherein the non-narrowed portion extends from
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an inlet of the main channel to a transition area, and the
narrowed portion extends from the transition area to the
constriction.

[0016] In some embodiments, all transverse dimen-
sions of the non-narrowed portion are larger than the
diameter of the bead in a non-constricted state.

[0017] Insome embodiments, the method further com-
prises a step of separately collecting the bead from the
droplet downstream of the constriction.

[0018] In some embodiments, the bead comprises a
magnetic material, and the step of separately collecting
is performed using a magnetic field.

[0019] In some embodiments, the method comprises
a step of encapsulating the bead in the droplet prior to
passing the droplet through the constriction.

[0020] In some embodiments, a first binding assembly
and a second binding assembly are tethered to the bead,
and the droplet contains at least a first analyte which
binds to the first binding assembly and a second analyte
which binds to the second binding assembly.

[0021] Insome embodiments, the method further com-
prises, before extracting the bead from the droplet, a step
of releasing the second binding assembly from the bead
in the droplet, while the first analyte bound to the first
binding assembly remains tethered to the bead.

[0022] In some embodiments, the ratio of the flow rate
of the third fluid supplied in the downstream channel to
the flow rate of the second fluid flowing through the con-
striction in the main channel ranges from 1 to 30, prefer-
ably from 1 to 20, more preferably 2 to 10, still more pref-
erably from 3 to 6and particularly preferably from 3.5to 5.
[0023] In some embodiments, the flow rate of the sec-
ond fluid flowing through the constriction in the main
channel is from 50 to 1000 p.L/h and the flow rate of the
third fluid supplied in the downstream channel is from 50
to 2000 p.L/h, preferably the flow rate of the second fluid
flowing through the constriction in the main channel is
from 50 to 450 pL/h and the flow rate of the third fluid is
from 200 to 2000 pL/h, more preferably the flow rate of
the second fluid flowing through the constriction in the
main channel is from 100 to 450 nL/h and the flow rate
of the third fluid is from 500 to 1600 pL/h.

[0024] In some embodiments, the first fluid is aqueous
and the second fluid and third fluid are non-aqueous,
such as fluorocarbon-based or oil-based.

[0025] In some embodiments, the third fluid supplied
in the downstream channel is the same as the second
fluid.

[0026] In some embodiments, the third fluid supplied
in the downstream channel is different from the second
fluid but is miscible with the second fluid.

[0027] In some embodiments, the method comprises
a step of introducing a biological sample into the droplet
prior to passing the droplet through the constriction,
wherein the biological sample is preferably a single cell.
[0028] It is a second object of the invention to provide
a microfluidic device for bead extraction, comprising:
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- a main channel for passing a droplet of a first fluid
within a second fluid, the first fluid being immiscible
with the second fluid, the droplet comprising a bead,
wherein the main channel includes a constriction;
and

- adownstream channel for flowing a third fluid immis-
cible with the first fluid, fluidically connected to the
main channel downstream of the constriction;

- wherein the device is configured for extracting the
bead from the droplet at the constriction.

[0029] In some embodiments, the main channel of the
microfluidic device comprises a narrowed portion up-
stream of the constriction, wherein the narrowed portion
is configured for positioning the bead at the rear of the
droplet before reaching the constriction and has a trans-
verse dimension which is equal to or smaller than the
diameter of the bead in a non-constricted state.

[0030] In some embodiments, the constriction of the
microfluidic device has atleast one transverse dimension
which is equal to or less than the diameter of the bead
in a non-constricted state.

[0031] In some embodiments, the microfluidic device
may comprise two or more main channels in parallel.
[0032] Itis a third object of the invention to provide an
assembly for bead extraction, comprising:

- the above-mentioned microfluidic device; and
- acollecting reservoir equipped with a magnetic ele-
ment.

[0033] The presentinvention makes it possible to over-
come the limitations of the prior art such as to perform
bead extraction in a single-cell, droplet-based multiomics
platform. In particular, the invention provides a simple
method for extracting a bead from a droplet while keeping
the emulsion integrity, thereby allowing different biolog-
ical modalities to be separated easily.

[0034] This is achieved by providing a constriction in
a main channel and supplying a fluid immiscible with the
first fluid in a downstream channel, downstream of the
constriction. As a droplet passes through the constriction,
it can deform easily while the bead shows more resist-
ance. In other words, the droplet flows faster through the
constriction while the flow of the bead slows down. The
dropletis then broken by the fluid supplied in downstream
channel downstream of the constriction, thus releasing
the bead from the droplet. The bead may be then collect-
ed separately from the droplet, for example, by using a
magnetic field.

[0035] One advantage of the invention is that high-
throughput extraction (approximately 100 Hz) is possible
while keeping the emulsion integrity. This advantage can
be coupled with the concept of the single-cell multiomics
analysis in which multimodal barcoded beads index two
or more different cellular modalities from each cell. For
instance, one cellular modality can be associated with
UV-released barcodes and treated conventionally in the
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droplet, while the second cellular modality is captured on
the bead and extracted out of the droplet to be treated
following a different adapted protocol.

[0036] Another advantage of the invention is that this
method is simple to implement as it is already fully com-
patible with conventional methods such as hydrogel
beads fabrication, barcoding (split-pool) and encapsula-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037]

Figure 1a shows one example of a step of making
beads which may be used in the invention.

Figure 1b shows beads containing a ferrofluid which
may be used in the invention.

Figure 2a to Figure 2c show an example of a step
of encapsulating a bead in a droplet.

Figure 3a to Figure 3c show an example of the
method of extracting a bead from a droplet according
to the present invention.

Figure 4 shows an example of the main channel
comprising a narrowed portion and a non-narrowed
portion.

Figure 5 is a graph showing how the extraction per-
centage of beads from droplets varies depending on
the flow rate of droplets and the flow rate of second
fluid (oil).

Figure 6 shows an example of a collecting reservoir
for collecting beads separately from droplets.
Figure 7a shows an example of the step of introduc-
ing a biological sample and a bead into a droplet.
Figure 7b shows an example of the step of releasing
a second analyte bound to a second binding assem-
bly from a bead into a droplet, while a first analyte
bound to a first binding assembly remains tethered
to the bead.

Figure 7c shows an example of extracting a bead
from a droplet, thereby separating the first analyte
on the bead from the second analyte released in the
droplet.

Figure 8 shows an example of a microfluidic device
having several main channels in parallel.

Figure 9 shows a schematic diagram of a probe
which can be used in the present invention.

Figure 10 shows a schematic diagram of an example
of the probe which can be used in the presentinven-
tion.

Figure 11a and Figure 11b schematically illustrate
one application example of the invention, in which
the second analyte is subjected to amplification after
the extraction.

Figure 12a to Figure 12e schematically illustrate
one application example of the invention, in which
the first analyte bound on the bead is, after the ex-
traction, subjected to reverse transcription and am-
plification.

10

15

20

25

30

35

40

45

50

55

DESCRIPTION OF EMBODIMENTS

[0038] The invention will now be described in more de-
tail without limitation in the following description.

[0039] The term "microfluidic"” herein means a device
or chip in which the minimal channel or chamber dimen-
sions are of the order of 1 to less than 1000 um. The
term "millifluidic” herein means a device or chip in which
the minimal channel or chamber dimensions are of the
order of 1to 10 mm. The term "nanofluidic" herein means
adevice or chip in which the minimal channel or chamber
dimensions are of the order of less than 1 um.

[0040] The term "channel' means an elongated space
such as a tube, duct, pipe, or conduit, along which fluids
can flow. The channel is delimited by at least one inlet
and at least one outlet. Each of the inlet and outlet may
correspond to a connection port or may representa mere
junction with another channel for other upstream/down-
stream microfluidic operations.

[0041] Although the description below makes refer-
ence to microfluidic devices or chips, millifluidic or na-
nofluidic devices or chips may be used equivalently.

Beads and method of making them

Beads

[0042] The term "beads" herein means three-dimen-
sional particles, preferably made from natural or synthetic
polymers, having preferably a substantially spherical
shape in a non-constricted state. The term "non-con-
stricted state" herein refers to the shape of the beads
freely suspended in a suspension at zero or a low flow
rate. In this state, the beads are not deformed by shear,
by contact with a surface, by a magnetic force or the like.
[0043] The beads may be hydrogel beads. Polyacry-
lamide beads are a preferred example.

[0044] In some embodiments, the beads contain a
magnetic material such as magnetic fluid, a magnetic
nanoparticle or a magnetic core. Examples of the mag-
netic fluid is a ferrofluid. The term "ferrofiuid’ refers to a
suspension comprising magnetic nanopatrticles (i.e. par-
ticles having a maximum dimension of less than 1 pm).
Examples of magnetic nanoparticles include, but are not
limited to, those comprising or consisting of iron, cobalt,
zinc, cadmium, nickel, gadolinium, chromium, copper,
manganese, terbium, europium, gold, silver, platinum,
and alloys thereof. Examples of the magnetic core in-
clude an iron core.

[0045] In some embodiments, the beads contain a fer-
rofluid, as shown in Fig. 1b. The proportion of ferrofluid
in the beads may for example range from 0.5 to 50%,
preferably from 1 to 30 %, more preferably from 2 to 20%
(v/v). The proportion of the magnetic nanoparticles in the
beads may forexample range from 0.01to 1%, preferably
0.05% to 0.7%, more preferably 0.1% to 0.5% (v/v).
[0046] The beads may be magnetic such as paramag-
netic or superparamagnetic, and in particular paramag-
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netic.

[0047] A step of adjusting the particle size distribution
of the bead population may be provided, which may in-
clude for example straining the beads in order to remove
all beads having a diameter above a threshold value.
[0048] Thediameterofeachindividual bead mayrange
for example from 10 nm to 1 mm, preferably from 100
nm to 500 pm, more preferably from 1 pum to 250 pum,
even more preferably from 10 um to 150 wm, most pref-
erably from 25 pm to 100 wm. An example of diameter
is approximately 50 um. As a population, the beads may
be characterized by a median volume diameter Dv50
ranging for example from 10 nm to 1 mm, preferably from
100 nm to 500 wm, more preferably from 1 um to 250
pm, even more preferably from 10 wm to 150 pm, most
preferably from 25 pm to 100 pm. An example of median
volume diameter Dv50 diameter is approximately 50 pm.
[0049] The diameter may be determined by micro-
scope imaging, optionally with fluorescence labeling. For
example, two-dimensional images of the beads may be
captured and the average diameter or median diameter
may be calculated from, for example, 100 beads, based
on such microscopy images. The maximum dimension
measured on each microscopy image corresponds to the
diameter of the bead.

Making beads

[0050] Beads used in the invention may be formed by
any conventional method known to the skilled person, as
described, for example, in Zilionis R et al., Immunity.
2019;50(5):1317-1334.

[0051] The beads may in particular be formed in a mi-
crofluidic chip.

[0052] One example of a method of making beads is
illustrated in Fig. 1a.

[0053] In a microfluidic chip, a gel precursor may be
passed through a main channel 1 and a fluid immiscible
with the gel precursor as a continuous phase may be
passed through atleast one side channel 2, thereby form-
ing droplets of the gel precursor within the immiscible
fluid. The gel precursor may contain the magnetic mate-
rial as described above.

[0054] Fig. 1aillustrates two side channels for the im-
miscible fluid, which are perpendicular to the main chan-
nel (so-called "flow-focusing"”geometry), but the channel
geometry is not limited to this flow-focusing geometry,
and may be a T-junction in which two incoming flows of
fluid are orthogonally joined, or a co-flow geometry in
which one fluid flows in an inner channel and the other
fluid flows in an outer channel in the same direction, the
outlet of the inner channel being disposed in the outer
channel.

[0055] AsshowninFig.1a,a cross-linkinginitiator may
be injected from an additional channel 1’ fluidically con-
nected to the main channel 1, but alternatively the cross-
linking initiator may be premixed in the gel precursor (in
this case, there may be no need for the additional chan-
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nel).

[0056] The flow rates of the gel precursor, the immis-
cible fluid, and possibly the cross-linking initiator may
vary depending on the application, and in particular on
the dimensions of the channel. The throughput may be
approximately from 100 to 6000 droplets/s.

[0057] The formed droplets may then be cross-linked
to form beads dispersed in a surrounding fluid, which is
preferably an aqueous phase. If the immiscible fluid used
for forming the beads is fluorocarbon-based or oil-based,
the beads may be transferred to an aqueous phase as a
surrounding fluid, or said fluid may be removed and re-
placed by an aqueous phase as a surrounding fluid. This
replacement may take place before, or preferably after
cross-linking. The conditions for cross-linking may be se-
lected depending on the composition of the precursor gel
and may include for example heating or electromagnetic
irradiation such as UV irradiation, or chemical crosslink-
ing such as the addition of calcium in the case of alginate
cross-linking.

[0058] Thebeads may be conditionedin a packed con-
figuration, for example owing to a centrifugation or mag-
netic sedimentation step.

Encapsulating a bead in a droplet

[0059] The beads may be encapsulated in droplets ac-
cording to any known method in the art, for example, as
described in the abovementioned article by Zilionis R et
al. and in Abate et al. Lab on a Chip.
2009;9(18):2628-2631, using a commercially available
machine, such as 10X Genomics Chromium and a mi-
crofluidic chip known from, for example, the abovemen-
tioned article by Klein et al.

[0060] Preferably, each droplet contains at most one
single bead.

[0061] Specifically, a first fluid comprising beads may
be passed through a main channel, and a second fluid
immiscible with the first fluid may be passed through at
least one side channel in a microfluidic chip. Then, drop-
lets of the first fluid within the second fluid are formed.
This may be also referred to as an emulsion of droplets
of the first fluid in the second fluid.

[0062] In some embodiments, the volume of the
formed droplets may range from 0.05 nL to 3 nL, prefer-
ably from 0.1 nL to 1 nL. The volume of the formed drop-
lets may be, for example, 0.8 nL.

[0063] The term "emulsion” as used herein refers to a
mixture of two or more fluids that are normally immiscible.
In an emulsion, one fluid (dispersed phase) is dispersed
in another fluid (continuous phase). The emulsion used
in the present invention may be directed to "water-in-oif’
emulsions, in which an aqueous fluid (e.g., droplets of
the firstfluid) is dispersed in an oil-based or fluorocarbon-
based fluid (e.g., second fluid). The phrase "keeping the
emulsion integrity" means that the aqueous fluid remains
dispersed in the oil-based or fluorocarbon-based fluid
without destruction of the emulsion, i.e., without any
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merging of droplets or any breaking of droplets in several
parts.

[0064] In some embodiments, the first fluid is aqueous
and the second fluid is non-aqueous, such as fluorocar-
bon-based or oil-based. The second fluid preferably com-
prises a fluorinated oil, such as a fluoroether. It may also
comprise an emulsion stabilizer and/or a surfactant.
When it is simply referred to as "oil", the oil may refer to
a fluorocarbon-based fluid or an oil-based fluid.

[0065] Fig. 2a to Fig. 2c show an example of a step
of encapsulating a bead in a droplet, at three successive
time points.

[0066] As shown in Fig. 2a, the first fluid is passed
through a main channel 1. Beads 3 are fed to the main
channel 1 via an upstream side channel. The beads 3
within the first side channel may be contained in a fluid
which can be the first fluid, or at least is miscible with the
first fluid. In particular, both the first fluid and the fluid in
the first side channel may be aqueous. A second fluid
immiscible with the first fluid (preferably fluorocarbon-
based or oil-based) may be passed through at least one
downstream side channel 2, e.g., two downstream side
channels 2 on either side of the main channel.

[0067] Fig. 2b corresponds to the end of the encapsu-
lation shown in Fig. 2a, where the bead 3 and some first
fluid are about to be encapsulated to form a droplet. Fig.
2c corresponds to the beginning of the next encapsula-
tion, where the droplet 4, which is formed in Fig. 2a and
Fig. 2b and which contains the bead 3, flows further
downstream while a new droplet 4’ is being formed.
[0068] Fig. 2a to Fig. 2c illustrate two side channels
for the second fluid, but the channel geometry is not lim-
ited to this flow-focusing geometry, and may be a T-junc-
tion or a co-flow geometry, as described above in con-
nection with the step of making the beads.

[0069] In this example, the beads 3 may be packed in
the first fluid or in the fluid at least miscible with the first
fluid. This may be achieved by centrifugation, for exam-
ple. One advantage of packed beads is that the beads
can be encapsulated into the droplets in a deterministic
way because the bead release can be easily synchro-
nized with the droplet generation by tuning the flow rates.
This way, the Poisson distribution resulting from random
loading techniques can be avoided, as described more
in detail in the above-mentioned article by Abate et al.
[0070] The first fluid may further comprise a buffer for
avoiding sedimentation in tubes and syringes, and the
like.

[0071] The flow rates of the first fluid, the beads in the
first fluid or in the fluid miscible with the first fluid, and the
second fluid may vary depending on the application, and
in particular on the dimensions of the main channel. The
throughput may be generally between 70 and 200 Hz,
depending on the flow rates and droplet composition.

Collecting bead-containing droplets

[0072] The droplets of the first fluid within the second
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fluid thus obtained may be collected in a reservoir, such
as a test tube, equipped with a plug and inlet and outlet
conduits connected to the test tube through the plug. The
plug may be a polydimethylsiloxane (PDMS) plug.
[0073] The configuration of such a reservoir may be
similar to that shown in Fig. 6, which will be explained
later in detail.

[0074] The emulsion (droplets of the first fluid within
the second fluid) may arrive in the test tube via the inlet
conduit, and the droplets may remain packed near the
surface as they are generally lighter than the second fluid.
The reservoir of this emulsion of droplets of the first fluid
in the second fluid may be transported, subjected to dif-
ferent operations such as heat incubation or UV expo-
sure, and reinjected to another microfluidic chip for any
additional treatment, such as the subsequent extraction
of the beads from the droplets. For this purpose, a syringe
filled by a second fluid, e.g., oil, may be plugged to the
outlet conduit and mounted on a syringe pump or a pres-
sure controller. The droplets may be flowed backwards
in a packed way out of the inlet conduit to a microfluidic
chip for bead extraction, for example.

Extracting beads from droplets using a microfluidic de-
vice

Extraction of beads from droplets

[0075] The extraction of a bead from a droplet may be
performed in a microfluidic device which comprises in
particular a main channel.

[0076] The device and in particular the main channel
of the device may be prepared for instance by micro-
lithography, soft lithography, hot embossing, microcon-
tact printing, direct laser writing, additive or subtractive
3D printing, micromachining, removing sacrificial wires
or materials, injection molding or extrusion.

[0077] In other possible embodiments, the main chan-
nel and any additional (e.g. side) channel may be tubes
which are assembled together.

[0078] Typical but non-exhaustive examples of mate-
rials which may be used to make the device and in par-
ticular the channels of the device include elastomers,
thermoplastics, resins, glass, fused silica, silicone or
combinations thereof. Elastomers can be, for instance
and in a non-limiting manner, silicones such as poly-
dimethylsiloxane, polyurethanes, acrylic elastomers,
fluoroelastomers, polyenes, materials marketed under
the brand Tygon® and combinations thereof. Thermo-
plastic polymers can be, forinstance and in a non-limiting
manner, polyolefins, such as polyethylene, polypropyl-
ene, and more generally polyenes and their copolymers,
low or high density, crosslinked or not, cyclic olefin pol-
ymers, cyclic olefin copolymers, acrylates such as
polymethylmethacrylates, polycarbonates, polyesters,
fluorinated polymers, polyamides and combinations
thereof. Resins may notably be epoxy, polyester and/or
polyurethane resins.
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[0079] The method of the invention comprises provid-
ing a bead-containing droplet of a first fluid within a sec-
ond fluid (as defined above), passing the droplet through
a constriction in a main channel, and supplying a third
fluid immiscible with the first fluid in a downstream chan-
nel, downstream of the constriction so as to extract the
bead from the droplet.

[0080] The method of the invention may comprise a
step of making beads and/or a step of encapsulating a
bead in a droplet (as described above), as preliminary
steps.

[0081] Alternatively, the method of the invention may
not comprise these preliminary steps. In this case, afeed-
stock of beads or of bead-containing droplets may be
used.

[0082] In some embodiments, the first fluid is aqueous
and the second fluid is fluorocarbon-based or oil-based,
as described above.

[0083] In some embodiments, the third fluid supplied
in a downstream channel downstream of the constriction
is the same as the second fluid.

[0084] Alternatively, the third fluid supplied in a down-
stream channel downstream of the constriction may be
different from the second fluid and miscible with the sec-
ond fluid.

[0085] For the sake of simplicity, it will be considered
below that the second fluid is supplied in the downstream
channel, but the description applies similarly if a third
fluid different from the second fluid is supplied in the
downstream channel.

[0086] In some embodiments, the second fluid is sup-
plied in a downstream channel comprising two side chan-
nels, downstream of the constriction, which are arranged
in a symmetrical way with respect to a longitudinal direc-
tion of the main channel.

[0087] The term "longitudinal direction” herein refers
to the direction of passing the droplet (i.e., direction of
the droplet flow) in the constriction of the main channel.
The term "transverse dimension"refers to a direction per-
pendicular to the longitudinal direction. When the main
channel extends along a length of the microfluidic device,
the width direction and the thickness direction are trans-
verse directions.

[0088] The method of extracting a bead from a droplet
and the microfluidic device suitable forimplementing the
method are explained below by reference to Fig. 3a to
Fig. 3c, in which XYZ axes are shown; the X axis corre-
sponds to the width direction, the Y axis to the longitudinal
direction, and the Z axis perpendicular to the plane of
Fig. 3a-3c to the thickness direction.

[0089] As shown in Fig. 3a, the microfluidic device
comprises a main channel 1 which comprises a constric-
tion 5; and a downstream channel 2’ fluidically connected
to the main channel 1, downstream of the constriction 5.
[0090] By “constriction" is meant an area of the main
channel which has a transverse dimension smaller than
the transverse dimension of the main channel in an area
immediately upstream of the constriction (in other terms,
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a reduced transverse dimension).

[0091] Preferably, the outlet of the main channel is po-
sitioned in the constriction, at the junction with the down-
stream channel.

[0092] The downstream channel may be aligned, i.e.
in the same orientation as the main channel, as shown
in Fig. 3a (i.e., the direction of flow in the downstream
channel may be the same as the direction of flow in the
main channel). Alternatively, the downstream channel
can have a different orientation from the main channel,
such as a perpendicular orientation.

[0093] The downstream channel 2’ may further com-
prise atleast one side channel, preferably two side chan-
nels. In Fig. 3a, for example, the downstream channel
2’ further comprises two side channels 2 which are con-
nected to the main channel at an acute angle (with re-
spect to the portion of the main channel upstream of the
junction). In this example, the second fluid may be sup-
plied via the two side channels, and the flow direction of
the second fluid may be aligned with the flow direction
of the main channel 1 (from top to down in Fig. 3a). Al-
ternatively, the two side channels 2 may be arranged in
a flow-focusing geometry (arranged perpendicularly to
the main channel) or a co-flow geometry.

[0094] Inreference to Fig. 3a, the droplet 4 flows along
the main channel 1 and passes through the constriction
5, and second fluid is supplied in the downstream channel
via two side channels 2 downstream of the constriction.
[0095] Asthedroplet4passesthroughthe constriction,
the droplet 4 may deform easily while the bead 3 may
show more resistance. As a result, the droplet 4 may flow
through the constriction faster than the bead 3 (Fig. 3b).
The droplet 4 may be then broken by the shearing force
exerted by the second fluid supplied in the downstream
channel (supplied via the at least one side channel, if
present) downstream of the constriction, releasing the
bead 3 from the droplet 4 (Fig. 3c). Thus, the bead can
be extracted from the droplet while keeping the emulsion
integrity.

[0096] After the extraction, the bead may be surround-
ed by a small amount of the first fluid, and therefore may
be provided in a reduced droplet of first fluid within the
flow of second fluid. The volume of first fluid in this re-
duced dropletmay be less than 10%, preferably less than
5%, or less than 2%, or less than 1%, or less than 0.5%,
or less than 0.1%, relative to the volume of first fluid in
the (initial) droplet before extraction.

[0097] In some embodiments, the constriction has a
transverse dimension which is equal to or less than the
diameter of the bead in a non-constricted state (or the
Dv50 of the beads in a non-constricted state). Preferably,
the constriction has a transverse dimension which is at
least 10% smaller than the diameter of the bead in a non-
constricted state (or the Dv50 of the beads in a non-con-
stricted state). The transverse dimension of the constric-
tion (as measured at the longitudinal position wherein
the transverse dimension is minimal) may be for example
from 10 to 90%, or from 20 to 80%, or from 30 to 75%,
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or from 40 to 70%, or from 50 to 65% smaller than the
diameter of the bead in a non-constricted state (or the
Dv50 of the beads in a non-constricted state).

[0098] As shown in Fig. 3a-3c, the constriction may
have atapered shape, wherein the transverse dimension
gradually decreases from upstream to downstream (to-
wards the junction with the downstream channel). The
transverse dimension may be minimal at the junction with
the downstream channel. Alternatively, other shapes are
possible. For example, the constriction may have a
stepped portion, wherein the transverse dimension is re-
duced in one or more discrete increments from upstream
to downstream.

[0099] Onlyonetransverse dimension may bereduced
in the constriction. For instance, as shown in Fig. 3a-3c,
the width of the channel is reduced along the constriction,
while the thickness of the channel may remain constant.
The opposite is also possible, i.e. the thickness of the
channel is reduced along the constriction, while the width
of the channel may remain constant. Alternatively, two
transverse dimensions may be reduced, e.g. both the
thickness and the width of the channel are reduced along
the constriction.

[0100] Immediately downstream of the constriction,
the transverse dimension of the downstream channel (in
which the supplied second fluid, the extracted bead and
the remaining droplet continue to flow) is larger than the
transverse dimension of the constriction. Preferably, the
transverse dimension of the downstream channel imme-
diately downstream of the constriction is equal to or, as
illustrated in Fig. 3a-3c, larger than the transverse di-
mension of the main channel upstream of the constric-
tion.

[0101] As shown in Fig. 3a-3c, when the downstream
channel comprises a side channel, each side channel 2
may be connected to the downstream channel atan acute
angle (with respect to the main channel upstream of the
junction), which may be between 10 and 85°, preferably
between 20 and 75°, more preferably between 30 and
60°, such as between 40 and 50°. Alternatively, each
side channel 2 may be connected perpendicularly to the
downstream channel. Alternatively, each side channel 2
may be connected to the downstream channel at an ob-
tuse angle (with respect to the portion of the main channel
upstream of the junction), which may be between 100
and 175°, preferably between 110 and 165°, more pref-
erably between 120 and 150°, such as between 130 and
140°.

Plurality of main channels

[0102] Although the method of the invention is mostly
described above by making reference to one main chan-
nel, the microfluidic device of the invention advanta-
geously comprises two or more main channelsin parallel.
[0103] Each main channel may be independently con-
nected to a different downstream channel. In this case,
each downstream channel may be provided with respec-
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tive side channels, as described above. Alternatively,
several main channels, for example all main channels,
may be connected to the same downstream channel.
[0104] Fig. 8 shows an example of such a microfluidic
device, in which XYZ axes are shown; the X axis corre-
sponds to the width direction, the Y axis to the longitudinal
direction, and the Z axis perpendicular to the plane of
Fig. 8 to the thickness direction.

[0105] AsshowninFig.8, the microfluidic device com-
prises eight main channels 1 each of which comprises a
constriction 5, and a single common downstream chan-
nel 2’ downstream of the constrictions. Preferably all the
main channels have inlets connected to the same source
of fluid.

[0106] The second fluid flows within the downstream
channel in one direction from left to right of Fig. 8.
[0107] The dimension of each main channel/constric-
tion may be as discussed above. The dimension of each
main channel/constriction may be different or preferably
the same in the microfluidic device.

[0108] The microfluidic device having two or more main
channels makes it possible to parallelize the above-de-
scribed extraction process, increasing the extraction ef-
ficiency. Moreover, even if some of the main channels
are blocked or clogged, e.g., at the constrictions, other
channels are not affected and keep extracting the beads
from the droplets.

[0109] As shown in Fig. 8, the common downstream
channel 2’ may be oriented perpendicularly to the main
channels. ltmay have, on the side connecting to the main
channels, one or more portions which protrude in the
longitudinal (Y) direction (hereinafter referred to as "pro-
truded portions"). The protruded portions may be located
on either side of each main channel.

[0110] The protruded portions may also protrude in the
thickness (Z) direction. Alternatively, the downstream
channel may be a straight channel, without containing
any protruded portion.

[0111] The downstream channel may have a thickness
(Z) equal to or preferably larger than the thickness of the
main channel (including upstream of the constric-
tion).This may assist in droplet breakup.

[0112] For the sake of simplicity, the method of the
invention will be described below mostly by referring to
one main channel, but the description applies similarly if
the microfluidic device comprises several main channels.

Positioning of beads

[0113] The method of the invention may further com-
prise a step of positioning the bead at the rear of the
droplet before the droplet reaches the constriction. The
rear end of the droplet is the upstream end of the droplet
relative to the direction of flow. By "positioning the bead
at the rear of the droplet" is meant that the bead is dis-
placed within the droplet from any position in the droplet
to a position which is at the rear end of the droplet along
the longitudinal direction (i.e., upstream end along the
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direction of the droplet flow), and which is preferably sub-
stantially centered along the transverse directions.
[0114] The positioning step facilitates and improves
the quality of the later extraction of the bead from the
droplet.

[0115] This positioning step is preferably carried out
by passing the droplet through a narrowed portion of the
main channel upstream of the constriction, which has a
transverse dimension equal to or smaller than the diam-
eter of the bead in a non-constricted state (or the Dv50
of the beads in a non-constricted state).

[0116] The narrowed portion may have a transverse
dimension which is for example from 0 to 30%, or from
1 to 20%, or from 2 to 15%, or from 5 to 10% smaller
than the diameter of the bead in a non-constricted state
(or the Dv50 of the beads in a non-constricted state). The
narrowed portion may have a transverse dimension
which is from 0 to 20 pwm smaller, or from 1 to 15 um, or
from 2 to 10 wm or from 3 to 8 uwm smaller than the di-
ameter of the bead in a non-constricted state (or the Dv50
of the beads in a non-constricted state).

[0117] Owing to the narrowed portion, the beads may
be slightly compressed in the transverse direction up-
stream of the constriction, so that a friction force directs
the bead to the rear of the droplet and maintains it in this
position before the bead is extracted from the droplet.
[0118] The narrowed portion may extend from an inlet
of the main channel (by which the droplets are supplied)
down to (and possibly including) the constriction.
[0119] Alternatively, the main channel may comprise
a non-narrowed portion in addition to the narrowed por-
tion, wherein the non-narrowed portion may extend from
an inlet of the main channel (by which the droplets are
supplied) to a transition area, and the narrowed portion
may extend from the transition area down to (and possibly
including) the constriction.

[0120] The non-narrowed portion has at least one
transverse dimension which is larger than the narrowed
portion. In some embodiments, all transverse dimen-
sions of the non-narrowed portion are larger than the
diameter of the bead in a non-constricted state (or the
Dv50 of the beads in a non-constricted state).

[0121] The transverse dimension of the narrowed por-
tion equal to or smaller than the diameter of the bead in
a non-constricted state (or the Dv50 of the beads in a
non-constricted state) may be in particular the width di-
rection or the thickness direction. In some embodiments,
both the width dimension and the thickness dimension
are equal to or smaller than the diameter of the bead (or
the Dv50 of the beads in a non-constricted state) in a
non-constricted state as described above.

[0122] When a non-narrowed portion and a narrowed
portion are present, the transition between both portions
may be a step or a series of steps (along the width and/or
thickness). Alternatively, the main channel may be ta-
pered, the width and/or thickness decreasing gradually
in the transition area.

[0123] The narrowed portion may extend down to and
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encompass the constriction.

[0124] The transverse dimension in the narrowed por-
tion which is equal to or smaller than the diameter or
Dv50 as defined above may be in the same direction as
the reduced transverse dimension in the constriction (in
which case the transverse dimension in the constriction
is even smaller than the transverse dimension in the nar-
rowed portion upstream of the constriction), or it may be
in a different direction.

[0125] For example, the transverse dimension in the
narrowed portion which is equal to or smaller than the
diameter or Dv50 as defined above may be the width,
while the reduced transverse dimension in the constric-
tion may be the thickness.

[0126] Alternatively, the transverse dimension in the
narrowed portion which is equal to or smaller than the
diameter or Dv50 as defined above may be the thickness,
while the reduced transverse dimension in the constric-
tion may be the width.

[0127] Alternatively, the transverse dimension in the
narrowed portion which is equal to or smaller than the
diameter or Dv50 as defined above may be the thickness,
while the reduced transverse dimension in the constric-
tion may be the thickness.

[0128] Alternatively, the transverse dimension in the
narrowed portion which is equal to or smaller than the
diameter or Dv50 as defined above may be the width,
while the reduced transverse dimension in the constric-
tion may be the width.

[0129] Alternatively, the transverse dimensions in the
narrowed portion which are equal to or smaller than the
diameter or Dv50 as defined above may be the width and
thickness, while the reduced transverse dimension in the
constriction may be the width only, or the thickness only,
or both the width and the thickness.

[0130] Alternatively, the transverse dimension(s)in the
narrowed portion which is(are) equal to or smaller than
the diameter or Dv50 as defined above may be the width
only, or the thickness only, or both the width and the
thickness, while the reduced transverse dimensions in
the constriction may be both the width and the thickness.
[0131] Fig. 4 shows an example of the main channel
comprising a narrowed portion 6 and a non-narrowed
portion 7 upstream of the narrowed portion 6, and a tran-
sition area 8 between the narrowed and non-narrowed
portions. In Fig. 4, the narrowed portion 6 has a dimen-
sion in the thickness direction which is smaller than the
diameter of the bead in a non-constricted state (or the
Dv50 of the beads in a non-constricted state), and thus
the transition area 8 forms a stepped portion in the thick-
ness direction. This way, the bead upstream of the tran-
sition area 8 (bead in the non-narrowed portion 7) is not
compressed while the bead downstream of the transition
area 8 (in the narrowed portion 6) may be slightly com-
pressed in the thickness direction. Thus, the bead may
be positioned at the rear of the droplet and then kept at
the rear of the droplet due to the friction force until the
droplet reaches the constriction (constriction not shown
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in Fig. 4).

[0132] In some embodiments, the main channel may
have a width immediately upstream of the constriction
from 10 to 500 pwm, preferably from 20 to 200 wm, more
preferably from 50 to 150 um, even more preferably from
70 to 120 pm.

[0133] In some embodiments, the main channel may
have a thickness immediately upstream of the constric-
tion from 5 to 300 wm, preferably from 10 to 150 pum,
more preferably from 20 to 100 wm, even more preferably
from 30 to 80 pum.

[0134] In some embodiments, the thickness of the
main channel immediately upstream of the constriction
is less than the width of the main channel immediately
upstream of the constriction.

[0135] In some embodiments, the constriction has a
minimum thickness from 5 to 300 pwm, preferably from 10
to 150 wm, more preferably from 20 to 100 um, even
more preferably from 30 to 80 um.

[0136] Alternatively, the constriction may have a min-
imum thickness from 1 to 100 wm, preferably from 5 to
80 pwm, more preferably from 10 to 50 wm, even more
preferably from 15 to 40 wm.In some embodiments, the
constriction has a minimum width from 1 to 100 wm, pref-
erably from 5 to 80 um, more preferably from 10 to 50
pm, even more preferably from 15 to 40 pm.

[0137] Alternatively, the constriction may have a min-
imum width from 5 to 300 pwm, preferably from 10 to 150
pm, more preferably from 20 to 100 um, even more pref-
erably from 30 to 80 pm.In some embodiments, the (min-
imum) width of the constriction is less than the (minimum)
thickness of the constriction.

[0138] Alternatively, the (minimum) thickness of the
constriction is less than the (minimum) width of the con-
striction.

[0139] Alternatively, the positioning of the bead at the
rear of the droplet may be achieved differently, such as
by applying a magnetic field having a suitable magnitude
and orientation to the main channel upstream of the con-
striction.

Plurality of droplets

[0140] Although the method of the invention is mostly
described herein by making reference to one bead-con-
taining droplet, it advantageously comprises providing a
plurality of droplets (as described above) and succes-
sively passing the droplets through the constriction so as
to the extract the beads from their respective droplets.
[0141] The method may thus be continuous and in-
volve the processing of a stream of droplets. The entirety
of the present description must be interpreted in this con-
text.

Adjustment of flow rates

[0142] The flow rate of the droplets and the flow rate
of the second fluid supplied in the downstream channel
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may vary depending on the application, and in particular
on the dimensions of the channel. They may be selected
so that most of the beads (e.g., all the beads) are extract-
ed from the droplets, and so that a low volume of first
fluid remains around the extracted beads.

[0143] The term "flow rate of the droplet(s)" herein
means the flow rate of the second fluid (e.g., oil) carrying
the droplets.

[0144] Fig.5isatable obtainedfromexperimental data
showing how the extraction percentage of beads from
droplets varies depending on the flow rate of droplets
upstream of the constriction and the flow of the second
fluid (oil) supplied in the downstream channel down-
stream of the constriction (e.g. via one or more side chan-
nels), using beads having a volume median diameter (in
the non-constricted state) of 47 wm and the arrangement
shown in Fig. 3a-3c. Qdrops represents the flow rate of
the droplets and Qoil represents the total flow rate of oil
(second fluid) supplied in the downstream channel via
the side channels. The extraction percentage is meas-
ured using a fast camera, which will be explained in detail
in the Examples.

[0145] The numbers in the table of Fig. 5 correspond
to the proportion of beads which are extracted from the
droplets. Ideally, the extraction rate should be 100% or
close to 100% (such as from 95 to 100%, or from 98 to
100%, or from 99 to 100%). The color in the table relates
to the amount of first fluid remaining around the beads
after extraction. When the cells are colored in white, the
amount of first fluid remaining around the beads is higher
than when the cells are colored in gray. This higher
amount of the remaining first fluid is due to the droplets
breaking prematurely because of high shearing due to
the supply of second fluid via the side channels. This may
result in reduced purity of the extraction process.
[0146] The flow rates of the droplets and the flow rate
of the second fluid may thus be selected so that a satis-
factory extraction rate is achieved with little retention of
first fluid around the beads.

[0147] Specifically, the ratio of the flow rate of the sec-
ond fluid (supplied in the downstream channel) to the
flow rate of the droplets flowing through the main channel
(upstream of the constriction) may range from 1 to 30,
preferably from 1 to 20, more preferably 2 to 10, still more
preferably from 3to 6, particularly preferably from 3.5t0 5.
[0148] The flow rate of the droplets flowing through the
main channel (upstream of the constriction) may range
from 50 to 1000 pL/h and the flow rate of the second fluid
supplied in the downstream channel may be from 50 to
2000 pL/h, preferably the flow rate of the droplets flowing
through the main channel (upstream of the constriction)
is from 50 to 450 uL/h and the flow rate of the second
fluid supplied in the downstream channel is from 200 to
2000 plL/h, more preferably the flow rate of the droplets
flowing through the constriction in the main channel is
from 100 to 450 pL/h and the flow rate of the second fluid
supplied in the downstream channel is from 500 to 1600
pL/h.
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[0149] The flow rate of fluid entering the downstream
channel from the main channel through the constriction
is not taken into account in the flow rate of the second
fluid supplied in the downstream channel, in the above.

Collecting beads and droplets

[0150] Afterthe beads are extracted, the method of the
invention may further comprise a step of separately col-
lecting the bead from the droplet downstream of the con-
striction.

[0151] In some embodiments, the bead comprises a
magnetic material, and the step of separately collecting
the bead is performed using a magnetic field.

[0152] As shown in Fig. 6, for example, the droplets 4
and extracted beads 3 may be collected (from an outlet
of the downstream channel) in a collecting reservoir 9.
[0153] The collecting reservoir 9 may be a test tube for
example, which may have a volume ranging from 100 pL
to 100 mL, in particular from 500 pL to 50 mL, such as
from 1 to 5 mL. The collecting reservoir 9 may be
equipped with a plug 11 and inlet conduit 12 and outlet
conduit 13 inserted into the collecting reservoir 9 through
the plug 11. The plugmay be a PDMS plug. The collecting
reservoir 9 may be also equipped or associated with a
magnetic element 10, such as a magnet. The magnetic
element 10 may optionally be fixed to the collecting res-
ervoir 9.

[0154] Preferably, both the inlet conduit 12 and outlet
conduit 13 may have an open end within the collecting
reservoir 9. The inlet conduit 12 may extend deeper in
the collecting reservoir 9 than the outlet conduit 13, so
that the open end of the inlet conduit 12 is below the open
end of the outlet conduit 13 as shown in the figure. The
stream containing the droplets and extracted beads may
be introduced into the collecting reservoir 9 via the inlet
conduit 12.

[0155] The extracted beads 3 may be collected using
a magnetic element 10 to the collecting reservoir 9 while
the droplets 4 may gather at or near the surface of the
second fluid, as the first fluid is generally less dense than
the second fluid.

[0156] Optionally, the droplets may be withdrawn from
the collecting reservoir 9 via the outlet conduit 13 (for
example using a syringe or a peristaltic pump or the like),
while the beads remain in the collecting reservoir 9 owing
to the magnetic element 10.

[0157] The emulsion of droplets may be further trans-
ported to another reservoir, such as another test tube.
The beads 3 and droplets 4, thus collected separately,
may be then subjected to different downstream analyses.

Separating different analytes of a biological sample

[0158] The method of extracting a bead from a droplet
may be advantageously applied to perform a biological
multiomics analysis, for example a single-cell multiomics
analysis, by allowing different analytes of a biological
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sample to be separated easily.
Biological sample

[0159] The term "biological sample" means any sam-
ple obtained from a biological source. Examples thereof
include whole blood, serum, plasma, saliva, urine, spu-
tum, lymph, a cell, an organelle, an organoid, cellular
assembly, an aggregate of cells, an island of cells, an
embryo, a dendrimer, a tissue slice, a unicellular or mul-
ticellular organism, a virus, or any combination of these.
Preferably, the biological sample is a single cell or a lysed
single cell, or a fraction extracted from a single cell (such
as a nucleus from a single cell).

[0160] The cells may include, as an exemplary and
non-exhaustive list, eukaryotic cells, including animal
cells (such as mammal cells and more specifically human
cells), yeast cells, fungal cells, plant cells, protozoa,
prokaryotic cells, such as bacteria. Any combination of
the above may also be used. The cells may be of any
cell type, including circulating tumor cells, hematopoietic
cells, red blood cells, circulating endothelial cells, para-
sites, circulating fetal cells and the like.

[0161] A biological sample may also be obtained from
a multicellular organism, which may include animals, no-
tably but not exclusively, laboratory model animals such
as nematodes, embryos, notably non-human embryos
(such as fish embryos), flies, eggs, plants, fungi, genet-
ically modified organisms (GMOs).

Introducing a biological sample

[0162] In some embodiments, the first fluid may com-
prise a biological sample.

[0163] Insomeembodiments, the method ofthe inven-
tion comprises a step of introducing a biological sample
into the droplet.

[0164] Alternatively, the method of the invention may
not comprise any step of introducing a biological sample.
In this case, a feedstock of droplets containing a biolog-
ical sample and a bead may be used.

[0165] The step of introducing a biological sample into
the droplet may be carried out simultaneously with the
step of encapsulating the bead in the droplet as described
above.

[0166] Fig. 7a shows an example of the step of intro-
ducing a biological sample and a bead into a droplet.
[0167] As shown in Fig. 7a, a flow of a first fluid may
be passed through a main channel 1. Biological samples
(e.g., nuclei, cells and the like) 14 may be fed to the main
channel 1 via a first side channel, and beads 3 are fed
to the main channel 1 via a second side channel. The
beads 3 may be packed in afluid so thatthe bead release
can be easily synchronized with the droplet generation
by tuning the flow rates. The configuration in Fig. 7a is
thus similar to the configuration in Fig. 2a-2c, except that
an additional side channel is provided in order to supply
biological samples.
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[0168] The biological samples 14 and beads 3 within
the first and second side channels may be contained in
a fluid which can be the first fluid, or at least is miscible
with the first fluid flowing through the main channel. The
fluid containing the beads 3 and the fluid containing the
biological sample 14 may be the same or different. In
particular, both the first fluid and the fluid in the first and
second side channels may be aqueous.

[0169] A second fluid immiscible with the first fluid
(preferably fluorocarbon-based or oil-based) may be
passed through at least one side channel 2, e.g., two
side channels on either side of the main channel.
[0170] The first fluid passed through the main channel
1 may further comprise a buffer as necessary. The buffer
may be for example a lysis buffer, a PCR buffer, a buffer
for avoiding sedimentation in tubes and syringes, etc.,
and may be selected suitably depending on the applica-
tion. When the first fluid further comprises a lysis buffer,
the lysis buffer may be introduced through a channel dif-
ferent from the channel forintroducing biological samples
14 to avoid the lysis of the biological samples before en-
capsulation.

[0171] Fig. 7aillustrates two side channels for the sec-
ond fluid, but the channel geometry is not limited to this
geometry, and may be a T-junction or a co-flow geometry.
[0172] The biological samples may be encapsulated
in the droplets, following for example a Poisson distribu-
tion, by adjusting the flow rate of biological samples rel-
ative to the flow rate of the first fluid in the main channel
and the concentration (or dilution) of the biological sam-
ples within their fluid.

[0173] Preferably, these conditions are selected so
that most of the formed droplets (such as at least 80%,
oratleast90% or atleast 95%) do not contain a biological
sample. For example, approximately 10% of the formed
droplets contain a biological sample. Preferably, the pro-
portion of formed droplets containing more than one bi-
ological sample is less than 5%, preferably less than 1%,
more preferably less than 0.5% or less than 0.1%.
[0174] On the other hand, as mentioned above, sub-
stantially all droplets may contain a bead.

[0175] Fig. 7aillustrates feeding separately the biolog-
ical samples 14 and packed beads 3, but alternatively
the biological samples and beads may be supplied to-
gether (for example via a single side channel).

Binding assemblies for first and second analytes

[0176] In the method of the invention, a first binding
assembly and a second binding assembly may be teth-
ered to the bead, and the droplet may contain at least a
first analyte which binds to the first binding assembly and
a second analyte (different from the first analyte) which
binds to the second binding assembly. More than two
binding assemblies may be present and bind to respec-
tive analytes.

[0177] The first analyte and second analyte may be
contained in the biological sample added to the droplet.
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[0178] Theterm "analyte"as used herein (also referred
to as "cellular modality") refers to a variety of biological
and chemical molecules including, but not limited to, nu-
cleic acids, polypeptides, amino acids, polysaccharides
and lipids. Specific examples thereof include DNA such
as genomic and mitochondrial DNA, RNA such as mRNA
and microRNA, modified or artificial nucleic acids such
as block nucleic acids, peptide nucleic acids, thiolated
nucleic acids, epigenetic information such as chromatin
and DNA methylation, cell surface, intracellular, or extra-
cellular proteins, lipid messengers involved in cell sign-
aling, steroid hormones, sphingolipids, prostaglandins,
phosphatidylserine lipids, oxysterol and cholesterol de-
rivatives.

[0179] The term "binding assembly" as used herein re-
fers to a supramolecular assembly, which is attached to
the bead and capable of binding to an analyte. The term
"supramolecular assembly" used herein refers to a struc-
ture comprising several bound molecules.

[0180] The first binding assembly may comprise a first
bead-binding portion and a first probe portion, and the
second binding assembly may comprise a second bead-
binding portion, a second probe portion and a cleavable
portion between the second bead-binding portion and
the second probe portion.

[0181] Below, the term "probe" may be used as an as-
sembly comprising a bead, a first binding assembly and
a second binding assembly.

[0182] Fig. 9 schematically shows an example of the
probe 15. The first binding assembly 17 and the second
binding assembly 18 may be attached to the bead 16 via
the first bead-binding portion 17a and the second bead-
binding portion 18a, respectively.

[0183] Insome embodiments, the first binding assem-
bly 17 and the second binding assembly 18 may be a
single-stranded or double-stranded polynucleotide se-
quence. Alternatively, the first binding assembly 17 and
the second binding assembly 18 may be partially single-
stranded and partially double-stranded polynucleotide
sequence.

[0184] The term "bead-binding portion" refers to a por-
tion which is attached to the bead. The bead-binding por-
tion may be a single-stranded or double-stranded poly-
nucleotide sequence.

[0185] The term "polynucleotide" as used herein refers
to a nucleic acid sequence. The nucleic acid sequence
may be a DNA or a RNA sequence, preferably the nucleic
acid sequence is a DNA sequence. This term also en-
compasses what is sometimes referred to as oligonucle-
otides. The polynucleotide sequences used in the
present invention may be designed and purchased com-
mercially from any DNA synthesis facilities/companies,
or synthesized by standard techniques.

[0186] The bead-binding portion may be a single-
stranded sequence having a length of 5 to 100 nucle-
otides (nt), 5to 90 nt, 5to 80 nt, 5 to 70 nt, 5to 60 nt, 5
to 50 nt, 5to 40 nt, 5to 30 nt, 5to 20 nt, 10 to 100 nt, 10
to 90 nt, 10 to 80 nt, 10 to 70 nt, 10 to 60 nt, 10 to 50 nt,
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10 to 40 nt, 10 to 30 nt or 10 to 20 nt, for example, 5, 6,
7,8,9,10,11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 60, 70, 80,
90, or 100 nt. Alternatively, the bead-binding portion may
be a double-stranded sequence having a length of 5 to
100 base pairs (bp), 5 to 90 bp, 5 to 80 bp, 5 to 70 bp, 5
to 60 bp, 5 to 50 bp, 5 to 40 bp, 5 to 30 bp, 5 to 20 bp,
10 to 100 bp, 10 to 90 bp, 10 to 80 bp, 10 to 70 bp, 10
to 60 bp, 10 to 50 bp, 10 to 40 bp, 10 to 30 bp or 10 to
20 bp, for example, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,
35, 40, 45, 50, 60, 70, 80, 90, or 100 bp.

[0187] Preferably, the bead-binding portion is a dou-
ble-stranded sequence.

[0188] The bead-binding portion may vary depending
on the composition of the bead; for example, in the case
of polyacrylamide beads, the bead-binding portion may
be an Acrydite-modified nucleotide sequence or a nucle-
otide sequence having an acrylic phosphoroamidite moi-
ety.

[0189] In an alternative case, the beads may comprise
streptavidin on their surface, and the binding portion may
be a biotin-modified nucleotide sequence.

[0190] More generally, the bead-binding portion com-
prises a chemical moiety which adapted to specifically,
covalently or non-covalently, binding to a corresponding
chemical moiety on the bead surface.

[0191] The bead-binding portion may be the same or
different between the first and second binding assem-
blies. The bead-binding portion of the first binding as-
sembly and the bead-binding portion of second binding
assembly are preferably the same.

[0192] Referring again to Fig. 9, the first binding as-
sembly 17 and the second binding assembly 18 may
comprise a first probe portion 17b and a second probe
portion 18b, respectively.

[0193] The term "probe portion" refers to a portion
which may bind to an analyte in a specific manner. In the
present invention, the first probe portion is a portion ca-
pable of (specifically) binding to a first analyte and the
second probe portion is a portion capable of (specifically)
binding to a second analyte.

[0194] For example, the binding between the probe
portion and the analyte may occur through the hybridi-
zation of the probe portion with the analyte, or through
ligation (either by blunt ligation or "sticky end" ligation).
[0195] The term "hybridization" refers to the process
in which two single-stranded polynucleotide sequences
bind via hydrogen bonding between the bases of the nu-
cleotide residues (i.e., base pairing) to form a stable dou-
ble-stranded complex. The hydrogen bonding may occur
by Watson Crick base pairing, Hoogstein binding, or in
any other sequence specific manner. The complex may
also comprise three or more strands forming a multi
stranded complex.

[0196] The term "ligation" as used herein refers to the
covalent binding or joining of two polynucleotides to pro-
duce a single larger polynucleotide. Ligation can include
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chemical as well as enzymatic ligation. In general, the
ligation methods discussed herein utilize enzymatic liga-
tion by a ligase. The ligation may be bluntend ligation or
sticky-end ligation.

[0197] The probe portions 17b, 18b may be located at
a distal position with respect to the bead 16. More spe-
cifically, each of the probe portions 17b and 18b may be
located at the distal end of the binding assembly 17 and
18, respectively.

[0198] The term "distal" as used herein refers to a rel-
ative position in a binding assembly, the position being
farther from the bead. The term "proximal" as used herein
refers to a relative position in a binding assembly, the
position being closer to the bead.

[0199] When the binding occurs through the hybridiza-
tion, the probe portion may be a single-stranded or dou-
ble-stranded polynucleotide sequence having a sufficient
length to allow for the hybridization to the analyte.
[0200] The probe portion may be 5’-phosophoryated
on the strand(s).

[0201] The probe portion may be a single-stranded se-
quence having a length of 10 to 100 nt, 10 to 90 nt, 10
to 80 nt, 10 to 70 nt, 10 to 60 nt, 10 to 50 nt, 10 to 40 nt,
10 to 30 nt or 10 to 20 nt, for example, a length of 10, 11,
12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 35, 40, 45, 50, 55, 60, 70, 80, 90, or 100
nt. Alternatively, the probe portion may be a double-
stranded sequence having a length of 10 to 100 bp, 10
to 90 bp, 10 to 80 bp, 10 to 70 bp, 10 to 60 bp, 10 to 50
bp, 10 to 40 bp, 10 to 30 bp or 10 to 20 bp, for example,
alength of 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55, 60,
70, 80, 90, or 100 bp.

[0202] When the probe portion is double-stranded, the
portion may be subjected to a suitable denaturation treat-
ment (i.e., separation of a double-stranded sequence into
single, complementary strands by heating or a reagent
such as NaOH) prior to the hybridization to the analyte,
allowing the resulting single-stranded sequence to bind
to the target analyte.

[0203] By way of example, the firstanalyte may be mR-
NA and the second analyte may be chromatin - or con-
versely. In other examples, the first analyte may be mR-
NA and the second analyte may be membrane proteins
- or conversely.

[0204] The probe portions may be designed to have a
complementary sequence of a part of the analyte of in-
terest.

[0205] The term "complementary" as used herein re-
fers to the hybridization or base pairing between nucle-
otides or nucleic acids, such as, for instance, between
the two strands of a DNA molecule or between an poly-
nucleotide primer and a primer-binding site on a single-
stranded nucleic acid to be sequenced or amplified. Com-
plementary nucleotides are, generally, Aand T (or Aand
U), or C and G. Two single-stranded RNA or DNA mol-
ecules are said to be complementary when the nucle-
otides of one strand pair with at least about 80% of the
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nucleotides of the other strand, usually at least about
90% to 95%, and more preferably from about 98 to 100%.
Alternatively, complementarity exists when an RNA or
DNA strand will hybridize under selective hybridization
conditions to its complement. Typically, selective hybrid-
ization will occur when there is at least about 65% com-
plementarity over a stretch of at least 14 to 25 nucle-
otides, preferably at least about 75%, more preferably at
least about 90% complementary.

[0206] When the analyte is mRNA, the probe portion
may comprise a poly(T) tail (a stretch of thymine nucle-
otides) which has a sufficient length to allow po-
ly(A)-tailed RNAs to be captured by hybridization.
[0207] Theterm "poly(A) taif means a chain of adenine
nucleotides, and can refer to a poly (A) tail that is to be
added to an RNA transcript at the end of transcription,
or can refer to the poly (A) tail that already exists at the
3’ end of an RNA transcript. A poly (A) tail is typically 5
to 300 nucleotides in length.

[0208] Whentheanalyteis DNA, the probe portion may
comprise polynucleotides which are complementary to a
specific target sequence, coding or non-coding, con-
tained in the genome. For example, the probe portion
may comprise a polynucleotide sequence complemen-
tary to repetitive sequences.

[0209] When the analyte is a protein, the protein may
be labeled beforehand with a barcoded antibody (an an-
tibody comprising an antibody barcode and a polynucle-
otide capture sequence, e.g., poly(A) tail), and the probe
portion may comprise a sequence complementary to the
capture sequence, e.g., poly(T) tail.

[0210] Insome embodiments, the analyte may be sub-
jected to a pretreatment (e.g., "tagmentation” of chroma-
tin, which will be further described later) to add sequenc-
ing adapters. In this case, the probe portion may be de-
signed to contain the same sequencing adapters to hy-
bridize with the analyte.

[0211] The term "sequencing adapter" as used herein
refers to a molecule (e.g., polynucleotide sequence)
which is adapted to allow a sequencing instrument to
sequence a target polynucleotide.

[0212] Referring back to Fig. 9, the second binding as-
sembly may further comprise a cleavable portion 18¢ be-
tween the second binding portion and the second probe
portion. Fig. 9 illustrates for convenience a photocleav-
able portion which is already cleaved, but the photocleav-
able portion 18c is not cleaved priorto a suitable cleavage
treatment.

[0213] Theterm “cleavable portion" as used herein re-
fers to a portion which can be cleaved under certain con-
ditions, by a specific mechanism. The cleavable portion
may be electromagnetically (e.g. by UV light of a specific
wavelength), enzymatically, chemically, or thermally
cleavable. The conditions applied to cleave the cleavable
portions are such that the rest of the binding assembly
is not damaged or cleaved.

[0214] Examples of the cleavable portion include a
photocleavable spacer (for example, available from In-
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tegrated DNA Technologies among other suppliers), a
thermally-cleavable linker, a linker containing a disulfide
bond which is broken by reduction, a linker containing an
azo group which is broken by reduction, and a linker con-
taining a uracil residue which can be excised by Uracil
Glycosylase or USER® enzyme (NEB).

[0215] The cleavable portion may be a polynucleotide
sequence, single-stranded or double-stranded, which
comprises a cleavable molecular moiety.

[0216] As used herein, the term "cleavable molecular
moiety" refers to any chemical bond that can be cleaved
by a cleavage mechanism as explained above. Suitable
cleavable chemical bonds are well known in the art and
include, but are not limited to, acid labile bonds, pro-
tease/peptidase labile bonds, photolabile bonds, di-
sulfide bonds, and esterase labile bonds.

[0217] The cleavable portion may be a single-stranded
sequence having a length of 5 to 100 nt, 5to 90 nt, 5 to
80 nt, 5to 70 nt, 5 to 60 nt, 5 to 50 nt, 5 to 40 nt, 5 to 30
nt, 5to 20 nt, 10 to 100 nt, 10 to 90 nt, 10 to 80 nt, 10 to
70 nt, 10 to 60 nt, 10 to 50 nt, 10 to 40 nt, 10 to 30 nt or
10 to 20 nt, for example, a length of 5, 6, 7, 8, 9, 10, 11,
12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 35, 40, 45, 50, 60, 70, 80, 90, or 100 nt.
Alternatively, the cleavable portion may be a double-
stranded sequence having a length of 5 to 100 bp, 5 to
90 bp, 5 to 80 bp, 5to 70 bp, 5 to 60 bp, 5to 50 bp, 5 to
40 bp, 5to 30 bp, 5 to 20 bp, 10 to 100 bp, 10 to 90 bp,
10 to 80 bp, 10 to 70 bp, 10 to 60 bp, 10 to 50 bp, 10 to
40 bp, 10 to 30 bp or 10 to 20 bp, for example, a length
of5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 60,
70, 80, 90, or 100 bp.

[0218] The cleavable portion is preferably a double-
stranded sequence.

[0219] The cleavable portion may be 5’-phosophory-
ated on the strand(s).

[0220] The cleavable portion may also comprise an ad-
ditional moiety, such as 3SpC3 (three-carbon group),
which prevents the backward extension during amplifi-
cation (e.g., PCR).

[0221] In some embodiments, the first binding assem-
bly of the probe of the present invention does not com-
prise a cleavable portion which is cleavable by the same
mechanism as the cleavable portion of the second bind-
ing assembly.

[0222] In some embodiments, the first binding assem-
bly comprises a cleavable portion different from the
cleavable portion of the second binding assembly, the
cleavable portion of the first binding assembly is cleav-
able by a different mechanism from the cleavable portion
of the second binding assembly. For example, the first
binding assembly may comprise a cleavable portion
which is chemically cleavable while the second binding
assembly may comprise a cleavable portion which is
electromagnetically, e.g. UV-cleavable.

[0223] In other embodiments, the first binding assem-
bly does not comprise any cleavable portion as defined
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above. In this case, preferably, the first bead-binding por-
tion 17a is directly connected to the first probe portion
17b or at least one barcode portion 17d, which is de-
scribed below.

[0224] Referring back to Fig. 9, the first and second
binding assemblies may further comprise at least one
barcode portion 17d, 18d. Fig. 9 illustrates three barcode
portions 17d, 18d in each binding assembly, but the bind-
ing assembly may comprise one barcode portion, two
barcode portions, four barcode portions, and so on.
[0225] The term "barcode portion" generally refers to
a polynucleotide sequence that can be used as an iden-
tifier for an associated analyte, or as an identifier of the
source of an associated analyte, such as a cell-of-origin
(cell barcode).

[0226] The barcode portion(s) of the first binding as-
sembly is/are preferably located between the first bead-
binding portion and the first probe portion. The barcode
portion(s) of the second binding assembly is/are prefer-
ably located between the cleavable portion and the sec-
ond probe portion.

[0227] The barcode portion(s) are preferably the same
between the first binding assembly and the second bind-
ing assembly.

[0228] The barcode portion may be a single-stranded
or double-stranded polynucleotide sequence. The bar-
code portion may be a single-stranded having a length
of 5t0 100 nt, 5to 90 nt, 5to 80 nt, 5 to 70 nt, 5 to 60 nt,
5to 50 nt, 5to 40 nt, 5to 30 nt, 5to 20 nt, 10 to 100 nt,
10to 90 nt, 10 to 80 nt, 10 to 70 nt, 10 to 60 nt, 10 to 50
nt, 10 to 40 nt, 10 to 30 nt or 10 to 20 nt, for example, a
length of 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45,
50, 60, 70, 80, 90, or 100 nt. Alternatively, the barcode
portion may be a double-stranded sequence having a
length of 5 to 100 bp, 5 to 90 bp, 5 to 80 bp, 5 to 70 bp,
510 60 bp, 5 to 50 bp, 5 to 40 bp, 5 to 30 bp, 5 to 20 bp,
10 to 100 bp, 10 to 90 bp, 10 to 80 bp, 10 to 70 bp, 10
to 60 bp, 10 to 50 bp, 10 to 40 bp, 10 to 30 bp or 10 to
20 bp, for example, a length of 5, 6, 7, 8, 9, 10, 11, 12,
13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, 30, 35, 40, 45, 50, 60, 70, 80, 90, or 100 bp.
[0229] Each barcode portion is preferably a double-
stranded polynucleotide sequence.

[0230] Each barcode portion may be 5’-phosphorylat-
ed on the strand(s).

[0231] In some embodiments, the first binding assem-
bly and/or the second binding assembly further compris-
es at least one additional portion selected from a primer-
binding site capable of hybridizing a primer, a sequencing
adapter, a spacer, a tag, a sample barcode, a unique
molecular identifier (UMI), or any combination thereof.
[0232] Examples of the primer include a polymerase
chain reaction (PCR) primer, reverse transcription
(RT)-PCR primer, library preparation primer, or a se-
quencing primer.

[0233] Example of the sequencing adapter include a
library preparation primer (such as lllumina PEI, PE2 or
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PE2-NG6), library reading sequences (Read1 (R1), Read2
(R2), Read1N (R1N), Read2N (R2N)) a flow cell binding
site (such as lllumina P5 and P7), or an index sequence.
The flow cell binding site, as used herein, refers to an
polynucleotide sequence which binds to a complemen-
tary sequence immobilized at the surface of a flow cell
which is a part of a sequencing instrument.

[0234] Theterm "tag"as used herein refers to a moiety
or part of a molecule that enables or enhances the ability
to detect and/or identify, either directly or indirectly, a
molecule or molecular complex (e.g., binding assembly).
[0235] The term "sample barcode" (also referred to as
"sample identifier") is a known polynucleotide sequence
that can be used to identify a sample.

[0236] The term "unique molecular identifier" or "UMI"
as used herein refers to a sequencing linker or a subtype
of nucleic acid barcode for detecting and quantifying
unique amplified products. In theory, no two original frag-
ments should have the same UMI sequence. As such,
UMIs can be used to determine if two similar sequence
reads are derived from different original fragments or if
they are simply duplicates created during amplification
(such as by PCR).

[0237] The at least one additional portion may be lo-
cated at the distal end of the bead-binding portion, or of
the cleavable portion if present. Specifically, when the
barcode portion(s) is/are present, the additional por-
tion(s) may be located between the bead-binding portion
and the barcode portion(s), or between the cleavable por-
tion and the barcode portion(s). Alternatively, the addi-
tional portion(s) may be located between the barcode
portion(s) and the probe portion.

[0238] In the probe of the present invention, the first
binding assembly may further comprise connectors for
the first binding assembly, and the second binding as-
sembly may further comprise connectors for the second
binding assembly. The connectors for the first binding
assembly are preferably different from the connectors for
the second binding assembly.

[0239] The term "connector” as used herein refers to
a molecule or segment of a molecule (e.g., polynucle-
otide sequence) which is capable of binding to another
corresponding (e.g., complementary) connector. In the
probe of the invention., at least one connector may be
present at one or both ends of each portion. One con-
nector at an end of a portion can bind to a corresponding
connector at an end of another portion, thereby allowing
the connection of the two portions via the connectors.
[0240] The connectors for the first binding assembly
may be the same with each other or different from each
other. The connectors for the first binding assembly are
preferably different from each other.

[0241] The connectors for the second binding assem-
bly may be the same with each other or different from
each other. The connectors for the second binding as-
sembly are preferably different from each other.

[0242] In cases where two or more barcode portion(s)
are present, the barcode portions may be attached to
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each other via the connectors. In other words, the bar-
code portions of the first binding assembly may be at-
tached via the connectors for the first binding assembly
while the barcode portions of the second binding assem-
bly may be attached via the connectors for the second
binding assembly.

[0243] The other portions as explained above may be
also attached to each other via connectors. In other
words, the portions of the first binding assembly may be
attached via the connectors for the first binding assembly
while the portions of the second binding assembly may
be attached via the connectors for the second binding
assembly.

[0244] For example, the barcode portion(s) of the first
binding assembly may be attached to each other, to the
first bead-binding portion, and/or to the first probe portion
via the connectors for the first binding assembly, and the
barcode portion(s) of the second binding assembly may
be attached to each other, to the cleavable portion, and/or
to the second probe portion via the connectors for the
second binding assembly.

[0245] The connectors for the first and second binding
assemblies may be a single-stranded polynucleotide se-
quence having a length of 2 to 50 nt, 2 to 40 nt, 2 to 30
nt, 3 to 20 nt, 4 to 10 nt, for example, a length of 3, 4, 5,
6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50 nt.
[0246] The connectors are preferably single-stranded
polynucleotide sequences located at an end of a portion
(e.g., 3 overhang or 5’ overhang). A single-stranded con-
nector at one end of a portion may bind to a complemen-
tary single-stranded connector at one end of another por-
tion to form a double-stranded sequence, thereby allow-
ing the two portions to be connected to each other via
the connectors.

[0247] The bead-binding portions may be attached to
the bead after the bead formation or during the bead for-
mation (the binding portions may be pre-mixed in the gel
precursor for beads, or the gel precursor and the binding
portions may be co-injected to the microfluidic chip).
[0248] The first binding assembly may be assembled
by successive ligation of the above-described portions
for the first binding assembly.

[0249] The second binding assembly may be assem-
bled by successive ligation of the above-described por-
tions for the second binding assembly.

[0250] Alternatively, the first binding assembly and the
second binding assembly may be assembled by hybrid-
ization and primer extension.

[0251] The term "primer extension” as used herein re-
fers to the extension (polymerization) of a nucleic acid
sequence from a free 3’-hydroxy group, thereby creating
a strand of nucleic acid complementary to an opposing
strand.

[0252] As explained above, the first and second bind-
ing assemblies may be single-stranded or double-strand-
ed. However, this does not mean that binding assemblies
have to be one or another. For example, the binding as-
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semblies may be partially single-stranded and partially
double-stranded (e.g., the probe portion is single-strand-
ed and the rest is double-stranded). They may be also
subjected to denaturation or hybridization treatment de-
pending on the application. For example, if binding as-
semblies are double-stranded at the time of fabrication,
the binding assemblies may be subjected to a suitable
denaturation treatment prior to the hybridization to the
analytes, allowing the resulting single-stranded se-
quence to bind to the target analyte.

[0253] Although the above description relates to a
probe comprising a first binding assembly and a second
binding assembly, it is also possible to have more than
two binding assemblies. Each additional (third, fourth,
etc.) binding assembly may be similar to the first binding
assembly or to the second binding assembly described
above. Each binding assembly comprises a probe portion
which binds to a different analyte. For example, in one
variation, the probe comprises a first binding assembly
which does not comprise any cleavable portion, a second
binding assembly which comprises a cleavable portion
which may be cleaved by a first mechanism, and a third
binding assembly which comprises a cleavable portion
which may be cleaved by a second mechanism different
from the first mechanism. More generally, it is preferred
that at most one binding assembly is devoid of a cleav-
able portion, and that all binding assemblies which com-
prise a cleavable portion have different cleavable por-
tions, which are cleaved by different mechanisms.

Separating the first analyte and the second analyte

[0254] Referring again to Fig. 7a, when a droplet ad-
ditionally contains a biological sample, at least the first
analyte may bind to the first binding assembly and the
second analyte may bind to the second binding assem-
bly. The first analyte and the second analytes may be
initially dispersed in the droplet for example due to a lysis
buffer which may be comprised in or may constitute the
first fluid.

[0255] The method of the invention may further com-
prise, before extracting the bead from the droplet, a step
of releasing the second binding assembly from the bead
in the droplet, while the first analyte bound to the first
binding assembly remains tethered to the bead.

[0256] Preferably, the first analyte binds to the first
binding assembly before the release of the second bind-
ing assembly from the probe. Preferably, the second an-
alyte binds to the second binding assembly before the
release of the second binding assembly from the probe;
in this case, during the release step, the second analyte
is released from the probe together with the second bind-
ing assembly. In other variations, the second analyte may
bind to the second binding assembly after it has been
released from the probe.

[0257] The second binding assembly may be released
from the bead via the cleavage of the cleavable portion
in a treatment step. This treatment step may comprise
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subjecting the droplets to specific conditions conducive
to cleavage, such as exposure to a certain temperature,
exposure to electromagnetic radiation (such as UV light),
addition of an enzyme and/or of a reactant into the drop-
lets.

[0258] Forconvenience, the separation of two analytes
is explained below, but the separation of two or more
analytes is also possible. Specifically, two or more bind-
ing assemblies can be tethered to the bead, as described
above, allowing for the separation of two or more ana-
lytes. Use may be made in particular of different cleavable
portions in different binding assemblies, so that that re-
lease of binding assemblies for different analytes from
the bead may be performed in different treatment steps.
[0259] After the second binding assembly has been
released, the beads are extracted from the droplets, as
described above. Thus, the first analyte may be recov-
ered with the beads, while the second analyte may be
recovered with the droplets.

[0260] Fig. 7b illustrates that the free second binding
assembly (notbound with the second analyte)is released
and dispersed in the droplet. In this case, the free second
binding assembly may then bind to the second analyte.
Alternatively, the second binding assembly may capture
(bind to) the second analyte before the release in the
droplet, and then the second analyte bound to the second
binding assembly may be released and dispersed in the
droplet.

Biological application for a multiomics analysis

[0261] The method of the present invention can be
used for performing multiomics analysis (e.g., transcrip-
tomic, genomic, epigenetic, proteomic; metabolomic,
and/or lipidomic analyses). Particularly, the method of
the presentinvention can be used for performing asingle-
cell multiomics analysis. As an example, the use of the
probe for studying chromatinand mRNA will be explained
below.

[0262] Fig. 10 schematically illustrates the probe used
in this example..

[0263] The probe 15 contains a bead 16, a first binding
assembly 17 and a second binding assembly 18. The
bead may contain a magnetic material such as magnetic
fluid, a magnetic nanoparticle or a magnetic core.
[0264] Thefirstbinding assembly 17 may contain, from
proximal to distal, a first bead-binding portion BB1, bar-
code portions BC1 to BC3, additional portions R2 (prim-
er-binding site) and UMI (unique molecular identifier),
and afirstprobe portion polyT. Thefirstbinding assembly
17 may be double stranded, except for the single-strand-
ed UMI and polyT.

[0265] The second binding assembly 18 may contain,
from proximal to distal, a second bead-binding portion
BB2, a cleavable portion PC, an additional portion P5
(ilumina flow cell adapter), barcode portions BC1to BC3,
and a second probe portion R1N. The cleavable portion
may be photocleavable. The second binding assembly
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18 may be double stranded.

[0266] In this example, the first probe portion polyT
(poly(T) tail) may capture poly (A)-tailed mRNA, and the
second probe portion R1N captures DNA tagged with
R1N.

[0267] Fig. 10 illustrates for convenience a photo-
cleavable portion which is already cleaved, but the photo-
cleavable portion is not cleaved prior to a suitable cleav-
age treatment.

[0268] Connectors are not shown in Fig. 5, but all the
portions of the first binding assembly 17 and the second
binding assembly 18 may be attached to each other via
connectors for the first binding assembly and via connec-
tors for the second binding assembly, respectively.
[0269] For chromatin profiling, nuclei may be isolated
from cells by a conventional method, and subjected to
tagmentation by CUT&Tag, as described in, for example,
Kaya-Okur et al. Nat. Comm. 10, 1930 (2019).

[0270] The tagmentation is a process in which unfrag-
mented DNA is cleaved and tagged for analysis.
CUT&Tag is a cleavage and tagmentation method in
which a complex of protein A and a Tn5 transposase
which is conjugated to sequencing adapters, performs
antibody-targeted cleavage of chromatin and simultane-
ous addition of the adapters.

[0271] In this example, when the isolated nuclei are
subjected to CUT&Tag, DNA sequences corresponding
to the binding sites of the target protein or histone mod-
ification of interest may be modified at 5’ and 3’ ends with
sequencing adapters, suchas R1N and R2N. In this case,
as shown in Fig. 10, the probe portion of the second
binding assembly may comprise the sequencing adapter
(for example, R1N).

[0272] Below, theterm"bead" may be used as the bead
to which the first binding assembly and second binding
assembly are attached. In other words, the "bead" may
be used interchangeably with the "probe.”

[0273] By reference to Fig. 7a, the beads 3 in a fluid,
preferably an aqueous fluid, may be fed to the main chan-
nel 1 of a microfluidic chip through an upstream side
channel. In this example, the beads 3 may be packed in
the fluid so that the bead release can be easily synchro-
nized with the droplet generation by tuning the flow rates.
[0274] The tagmented nuclei 14 in a nuclei buffer may
be fed to the main channel 1 via another upstream side
channel. The nuclei buffer may contain a primer for down-
stream analysis, such as Reverse i7 primer (5’-P7-i7-
R2N-3’; P7 is an illumina flow cell adapter, i7 is a sample
barcode, and R2N is an sequencing primer site). A
lysis/PCR buffer may be passed through the main chan-
nel 1. Thefluid containing the beads (probes) 3, the nuclei
buffer, and the lysis/PCR buffer may be the same or mis-
cible with each other. A fluid which is immiscible with the
fluid(s) passing through/fed to the main channel 1 (pref-
erably fluorocarbon-based or oil-based) may be passed
through at least one downstream side channel 2 to form
a bead-containing droplet (which may also contain a tag-
mented nucleus 14).
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[0275] In the droplet, MRNA may bind to the first bind-
ing assembly at the first probe portion via the hybridiza-
tion between the poly(A) tail of the mRNA and the poly(T)
tail (polyT) of the first probe portion. The tagmented nu-
clei (DNA) of target may bind to the second binding as-
sembly at the second probe portion via the hybridization
between the R1N of the tagmented DNA and the R1N of
the second probe portion. This hybridization between the
R1N of the tagmented DNA and the R1N of the second
probe portion may occur after the cleavage treatment,
such as during the downstream amplification process
(e.g., PCR).

[0276] As shown in Fig. 7b, the droplets may be then
collected in a reservoir. The second binding assembly
may be released from the bead via the cleavage of the
cleavable portion by a treatment step. This treatment step
may comprise subjecting the droplets to specific condi-
tions conducive to cleavage, such as exposure to a cer-
tain temperature, exposure to electromagnetic radiation
(such as UV light), addition of an enzyme and/or of a
reactant into the droplets. The droplet illustrated in Fig.
7b shows that the free second binding assembly is re-
leased in the droplet (the second binding assembly and
the tagmented DNA fragments are dispersed in the drop-
let) while the first binding assembly remains on the bead,
capturing mRNA molecules via the first probe portion.
However, the tagmented DNA fragments may be cap-
tured by the second binding assembly prior to the treat-
ment step of cleavage, and then after the treatment step,
the second analyte bound to the second binding assem-
bly may be released in the droplet.

[0277] Subsequently, the droplets may be reinjected
to the microfluidic device of the invention, and beads are
extracted from droplets, as explained above.. Specifical-
ly, as shown in Fig. 7c, the droplets in a fluid are rein-
jected to the microfluidic device of the invention through
the main channel, and a fluid which is immiscible with
the fluid containing the droplets is supplied to the micro-
fluidic device in a downstream (in this example, via two
side channels), and the beads and the droplets are ex-
tracted at a constriction 5 of the microfluidic device.
[0278] As shown in Fig. 6, for example, the droplets 4
and extracted beads 3 may be collected (from an outlet
of the main channel), as explained above, in a collecting
reservoir 9. The collecting reservoir is as described
above.

[0279] The extracted beads 3 may be separately col-
lected using a magnetic element 10 to the collecting res-
ervoir 9 while the droplets 4 may gather at or near the
surface of the immiscible fluid the as the droplets are
generally less dense than the fluid.

[0280] Optionally, the emulsion of the droplets may be
withdrawn from the collecting reservoir 9 via the outlet
conduit 13 (for example using a syringe or a peristaltic
pump or the like), while the beads remain in the collecting
reservoir 9 owing to the magnetic element 10.

[0281] The emulsion of droplets may be further trans-
ported to another reservoir, such as another test tube.
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The beads 3 and droplets 4, thus collected separately,
may be subjected to different downstream analyses.
[0282] Fig. 11aillustrates schematically the content of
an extracted droplet. In the droplet, the released second
binding assembly 18 (excluding the binding portion and
the cleavable portion), DNA fragment 19 tagmented with
R1N and R2N at 5’ and 3’ ends, and a Reverse i7 primer
(R2N-i7-P7) contained in the nuclei buffer may be dis-
persedly present. The droplets are then subjected to
droplet PCR of the DNA fragments 19, using the released
partial second binding assembly 18 and Reverse i7 as
primers (in other words, the second prove portion binds
to the DNA fragment after the release of the binding as-
sembly from the bead).

[0283] The PCR conditions may be optimized to in-
crease the yield of the target sequence of DNA fragments
19.

[0284] The resulting PCR products 20 (Fig. 11b) may
be then purified by a conventional cleanup kit, such as
Qiagen Minelute or Macherey-Nagel Nucleospin, and/or
tby size selection with SPRI (Solid-phase reversible im-
mobilization) beads to remove primers. The sample may
be also verified for the quality control. The sample may
be sequenced by next generation sequencing or high-
throughput sequencing.

[0285] The term "sequencing” or "(fo) sequence” as
used herein refers to a method by which the identity of
at least 10 consecutive nucleotides (e.g., the identity of
at least 20, at least 50, at least 100 or at least 200 or
more consecutive nucleotides) of a polynucleotide se-
quence is obtained.

[0286] The terms "next-generation sequencing” or
"high-throughput sequencing”, as used herein, refer to
the so-called parallelized sequencing-by-synthesis or se-
quencing-by-ligation platforms currently employed by II-
lumina, Life Technologies, and Roche, etc. Next-gener-
ation sequencing methods may also include nanopore
sequencing methods such as that commercialized by Ox-
ford Nanopore Technologies, electronic-detection based
methods such as lon Torrent technology commercialized
by Life Technologies, or single-molecule fluorescence-
based methods such as that commercialized by Pacific
Biosciences.

[0287] The extracted beads maybe used forRNA anal-
ysis, based on conventional approaches such as drop-
seq, smart-seq2 and smart-seq3. Specifically, the beads
may be subjected to reverse transcription and template
switching.

[0288] The term "reverse transcription (RT)" as used
herein means a method wherein a complementary DNA
(cDNA) copy of an RNA molecule is synthesized. The
cDNA product can be used as a template for PCR.
[0289] The term "template switching” as used herein
refers to an activity of a polymerase that is capable of
switching template strands in a homology dependent
manner during DNA synthesis. An example of a polymer-
ase with template switching activity is M-MLV reverse
transcriptase.
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[0290] As shown in Fig. 12a, during the reverse tran-
scription, cDNA 22 may be synthesized by areverse tran-
scriptase (e.g., M-MLV type reverse transcriptase) using
the captured mRNA 21 as a template. A few additional
nucleotides may be added by the reverse transcriptase
at the 3’ end of the newly synthesized cDNA strand (for
example, CCC as illustrated in Fig. 12a), which can then
anneal to the matching 3’-end riboguanosines (GGG as
illustrated in Fig. 12a) of a template switching oligo
(TSO), which is complementary to R1. Thus, the reverse
transcriptase may switch the template strands from 21
to TSO to continue the polymerization. The TSO may be
contained in a reverse transcription buffer. The beads
may be treated with exonuclease | (Fig. 12b).

[0291] Subsequently, the cDNA bound on the bead
may be amplified, using R1 primer and R2 primer, which
results in dispersed double-stranded cDNA in a solution,
no longer bound on the bead (Fig. 12c). The cDNA may
be then fragmented and tagmented with sequencing
adapters suchas R1N primers on 3’ end and R2N primers
on 5’ end (Fig. 12d). For the tagmentation of cDNA, a
conventional kit such as NEBNext Ultra Il may be used.
As shown in Fig. 12d, at the end of the fragmentation
and tagmentation, fragments of various lengths may be
obtained: fragments containing R2, barcode portions
(BC), UMI, cDNA and R1N, fragments containing R2N,
cDNA and R1N, and fragments containing R2N, cDNA
and R1.

[0292] Only the fragments containing R2, barcode por-
tions (BC), UMI, cDNA and R1N may be further amplified
by PCR using primers containing sequencing adapters
(e.g., primers P7-i7-R2 and R1N-P5). Thus, the resulting
PCR products may be added with sequencing adapters
P7 and P5 at their both ends. The final PCR products
may be purified by size selection, using SPRI beads, for
example, to remove primers, and subjected to be quality
control such as Qubit, Tapestation, Bioanalyzer and a
conventional gel electrophoresis. The sample may be
then sequenced by next generation sequencing or high-
throughput sequencing, for example.

[0293] Separation of MRNA and chromatin has been
discussed above, but handling two or more analytes is
also possible. For example, DNA/RNA-barcoded anti-
bodies containing a polyA tail may be used in addition.
In this case, three binding assemblies, one with C&T and
the photocleavable portion (for chromatin) and two with
oligoT sequences (for mRNA and protein) may be teth-
ered to each bead. This way, three analytes may be an-
alyzed.

EXAMPLES

[0294] The following examples illustrate the invention
without limiting it.

Example 1 - Polyacrylamide beads synthesis

[0295] Polyacrylamide beads were prepared by gen-
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erating droplets on a conventional microfluidic chip.
[0296] Specifically, as shownin Fig.1a,agel precursor
(58% viv H,O, 2.3% viv Ferrofluid (Ferrotec®
EMG700SP), 11.3% v/v TBEST buffer (10 mM Tris-HCI
[pH 8.0], 137 mM NacCl, 2.7 mM KCI, 10 mM EDTA and
0.1% (v/v) Triton X-100), 28.4% 4X AB solution (36% v/v
Acrylamide/Bis solution 40% (w/w) molar ratio 19:1,
25.8% v/v Acrylamide solution 40% (w/w), 38.2% viv
H,0)) was injected through amain channel 1 at 320 pL/h,
2.5% w/v APS (ammonium persulfate) as a cross-liking
initiator was injected through a side channel at 34.5 u.L/h,
and oil (HFE-7500 with 1.5% Fluosurf (Emulseo) and
0.4% v/v TEMED) as a continuous phase was injected
through two side channels 2 at 550 pL/h.

[0297] The median diameter Dv50 of the obtained
droplets was approximately 40 um, and the droplet gen-
eration throughput was between 3000 and 4000 drop-
lets/s.

[0298] The resulting droplets were kept at 60°C over-
night for cross-linking to form beads. The emulsion of
beads in the oil was broken with perfluoro-octan-1-ol and
the remaining oil was dissolved in hexane. The beads
were suspended in TBEST to let them swell in TBEST,
thereby having a final median diameter Dv50 of 50 um.
The beads were passed through a cell strainer to remove
any dust and large beads.

Example 2 - Encapsulation of beads and biological sam-
ples in droplets

[0299] Thebeadsfrom Example 1 were packed by cen-
trifugation at 4000 g for 1 min, and the supernatant was
removed.

[0300] In a microfluidic chip (similar to the one used in
Klein et al. Cell. 2015) equipped with syringe pumps, a
buffer containing 0.1% Tween® 20 surfactant was inject-
ed at 200 pL/h and co-flowed with a diluted suspension
of cell nuclei in phosphate buffer saline and 15% Opti-
prep™ medium at 200 pL/h and the packed beads at 35
wL/h through a main channel. Oil (HFE-7500 supplied by
3M™ supplemented by 1.5% of stabilizer Fluosurf®
(Emulseo) or 0.75% of surfactant supplied by Ran Bio-
tech) was injected at 300 p.L/h through two side channels
to form bead-containing droplets.

[0301] The beads were released at the same frequen-
cy as the droplet generation so that the bead loading
(proportion of bead-containing droplets) was approxi-
mately 90%.

[0302] The generated bead-containing droplets were
collected in a reservoir made of an 1.5-mL Eppendorf
tube with a PDMS plug and inlet and outlet conduits in-
serted in the tube through the plug as shown in Fig. 6.
The droplets were collected in the reservoir through the
inlet conduit and remained packed near the surface as
they were lighter in density than the oil.

[0303] The packed bead-containing droplets (the vol-
ume of the droplets ranging between 0.5 nL to 1 nL, the
bead diameter of 50 um) were taken out of the reservoir
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using an oil-filled syringe connected to the outlet and
mounted on a syringe pump, then reinjected to a micro-
fluidic chip for bead extraction by pushing the droplets
backward.

Example 3 - Bead extraction using a microfluidic chip

[0304] A microfluidic chip was fabricated by a standard
photolithography process. Specifically, a SU8-2050 pho-
toresist mold was spun on a 4-inch (approximately 100
mm) silicon wafer having a thickness of approximately
60 pum, then exposed through a chromium mask and de-
veloped according to the manufacturer’'s instructions.
The mold was then silanized with fluorinated silane, and
PDMS (curing agent at a ratio 1:10) was poured and
baked 2h at 70°C. This process was repeated twice to
prepare a chip having two different thicknesses.

[0305] As shown in Fig. 3a to Fig. 3c and Fig. 4, the
microfluidic chip had a main channel 1 having an inlet
(width: 80 wm, thickness: 60-70) for reinjecting the bead-
containing droplet phase and an outlet (width: 110 pum,
thickness: 45-50 um) for recovering beads and droplets,
and a downstream channel comprising two side channels
2 (width: 80 wm, thickness: 45-50 wm) for introducing oil
to break the droplets. The main channel also comprised
a constriction 5 with a gradually reduced width, the min-
imum width being 20 um wide and the thickness being
45-50 pm.

[0306] Asshownin Fig. 3a, the bead-containing drop-
lets in the oil were passed through the main channel 1
from the inlet at a flow rate of 150 pL/h. The droplets
were then passed through the constriction 5, and oil
(same composition as in Example 2) was supplied
through the two side channels 2 downstream of the con-
striction 5 at a flow rate of 600 p.L/h.

[0307] Themainchannel1hadanon-narrowed portion
extending from the inlet of the main channelto a transition
area, and a narrowed portion extending from the transi-
tion area to the constriction 5, i.e., the thickness of the
main channel was equal to or slightly smaller than the
bead diameter (approximately 50 um) after the transition
area, so that the beads were slightly compressed in the
thickness direction, and the friction force kept the beads
attherear of the droplets. The beads were then extracted
fromthe droplets upon passing through the constriction 5.
[0308] Thedroplets and the extracted beads were col-
lected in a collecting reservoir equipped with a plug and
inlet and outlet conduits inserted in the reservoir through
the plug, as shown in Fig. 6. The extracted beads were
separately collected using a magnet while the droplets
were packed near the surface as they were lighter than
the oil and were withdrawn from the test tube via the
outlet conduit.

Example 4 - Characterization of flow rates

[0309] The flow rates of droplets and oil were charac-
terized. As shown in Fig. 5, various flow rates of droplets
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ranging from 50 to 450 pL/h and flow rates of oil ranging
from 50 to 2000 wL/h were tested and the extraction suc-
cess rate was reported. In Fig. 5, Qdrops represents the
flow rate of the droplets and Qoil represents the flow rate
of the oil (second fluid) supplied via the side channels.
[0310] The beads were prepared as described in Ex-
ample 1, except that the median diameter Dv50 of the
beads was 47 pum and the compositions were changed
as follows: droplets composed of 100mM Tris HCI pH8
and 0.1% v/v Tween® 20, with a volume of approximately
0.8 nL; oil composed of HFE-7500 by 3M®+ 1.5% Fluo-
surf®,

[0311] Using a fast camera, footage of extracting the
beads form the droplets was recorded. In each video (40
to 200 droplets), the ratio of the number of extracted
beads to the total number of droplets was determined as
a percentage.

[0312] There was a sharp transition in the extraction
rate from 0% to 100%, showing that the process is highly
stable, and there is almost no region of instability (i.e.
where approximately half of the beads were extracted).
When the flow rates were properly adjusted, a 100% ex-
traction rate could be kept on extended periods of time.
[0313] It is also noted that Qdrops varied between 50
to 450 pL/h, showing a very large operating range of the
flow rate. The throughput was high (from approximately
20 droplets/s at 50 pL/h to approximately 150 droplets/s
at 450 plL/h).

[0314] If the droplet size, bead size, constriction size,
surfactant concentration, or stabilizer concentration are
changed, slightly different results can be expected as the
surface tension and shear force will be modified; howev-
er, the trend is expected to remain the same.

Claims

1. A method of extracting a bead from a droplet, com-
prising the steps of:

- providing adroplet of afirst fluid within a second
fluid, the first fluid being immiscible with the sec-
ond fluid, the droplet containing a bead;

- passing the droplet through a constriction in a
main channel, and supplying a third fluid immis-
cible with the first fluid in a downstream channel,
downstream of the constriction, so as to extract
the bead from the droplet.

2. The method of claim 1, comprising a step of posi-
tioning the bead at the rear of the droplet before
reaching the constriction, preferably by passing the
droplet through a narrowed portion of the main chan-
nel upstream of the constriction, the narrowed por-
tion having a transverse dimension which is equal
to or smaller than the diameter of the bead in a non-
constricted state.
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The method of claim 1 or 2, wherein the constriction
has atleast one transverse dimension which is equal
to or less than the diameter of the bead in a non-
constricted state.

The method of any one of claims 1 to 3, further com-
prising a step of separately collecting the bead from
the droplet downstream of the constriction.

The method of claim 4, wherein the bead comprises
a magnetic material, and the step of separately col-
lecting is performed using a magnetic field.

The method of any one of claims 1 to 5, comprising
a step of encapsulating the bead in the droplet prior
to passing the droplet through the constriction.

The method of any one of claims 1 to 6, wherein a
first binding assembly and a second binding assem-
bly are tethered to the bead, and the droplet contains
at least a first analyte which binds to the first binding
assembly and a second analyte which binds to the
second binding assembly.

The method of claim 7, further comprising, before
extracting the bead from the droplet, a step of re-
leasing the second binding assembly from the bead
in the droplet, while the first analyte bound to the first
binding assembly remains tethered to the bead.

The method of any one of claims 1 to 8, wherein the
ratio of the flow rate of the third fluid to the flow rate
of second fluid flowing through the constriction in the
main channel ranges from 2 to 10, preferably from
3 to 6, more preferably from 3.5 to 5.

The method of any one of claims 1 to 9, wherein the
first fluid is aqueous and the second fluid and third
fluid are non-aqueous, such as fluorocarbon-based
oroil-based; and/or wherein the third fluid is the same
as the second fluid.

The method of any one of claims 1 to 10, comprising
a step of introducing a biological sample into the
droplet prior to passing the droplet through the con-
striction, wherein the biological sample is preferably
a single cell.

Amicrofluidic device for bead extraction, comprising:

- a main channel for passing a droplet of a first
fluid within a second fluid, the first fluid being
immiscible with the second fluid, the droplet
comprising a bead, wherein the main channel
includes a constriction; and

- a downstream channel for flowing a third fluid
immiscible with the first fluid fluidically connect-
ed to the main channel downstream of the con-
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13.

14.

15.

40

striction;
- wherein the device is configured for extracting
the bead from the droplet at the constriction.

The microfluidic device of claim 12, wherein the main
channel comprises a narrowed portion upstream of
the constriction, the narrowed portion configured for
positioning the bead at the rear of the droplet before
reaching the constriction and having a transverse
dimension which is equal to or smaller than the di-
ameter of the bead in a non-constricted state.

The microfluidic device of claim 12 or 13, wherein
the constriction has at least one transverse dimen-
sion which is equal to or less than the diameter of
the bead in a non-constricted state.

An assembly for bead extraction, comprising:

- the microfluidic device of any one of claims 12
to 14; and

- acollecting reservoir equipped with a magnetic
element.
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