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1 Introduction

SeParate: multiway fluorescence-activated droplet
sorting based on integration of serial and parallel
triaging conceptst
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Fluorescence-activated droplet sorting (FADS) has emerged as a versatile high-throughput sorting tool that
is, unlike most fluorescence-activated cell sorting (FACS) platforms, capable of sorting droplet-
compartmentalized cells, cell secretions, entire enzymatic reactions and more. Recently, multiplex FADS
platforms have been developed for the sorting of multi-fluorophore populations towards different outlets
in addition to the standard, more commonly used, 2-way FADS platform. These multiplex FADS platforms
consist of either multiple 2-way junctions one after the other (i.e. serial sorters) or of one junction sorting
droplets in more than 2 outlets (i.e. parallel sorters). In this work, we present SeParate, a novel platform
based on integrating serial and parallel sorting principles for accurate multiplex droplet sorting that is able
to mitigate limitations of current multiplex sorters. We show the SeParate platform and its capability in
highly accurate 4-way sorting of a multi-fluorophore population into four subpopulations with the
potential to expand to more. More specifically, the SeParate platform was thoroughly validated using mixed
populations of fluorescent beads and picoinjected droplets, yielding sorting accuracies up to 100% and
99.9%, respectively. Finally, transfected HEK-293T cells were sorted employing two different optical setups,
resulting in an accuracy up to 99.5%. SeParate's high accuracy for a diverse set of samples, including highly
variable biological specimens, together with its scalability beyond the demonstrated 4-way sorting,
warrants a broad applicability for multi-fluorophore studies in life sciences, environmental sciences and
others.

activation of stress pathways and/or cell death®® and hence
the loss of original biological information. To address these

Fluorescence-activated cell sorting (FACS) has become an
indispensable tool for high-throughput fluorescence-based
cell studies in various fields including, but not limited to,
cancer research,' immunology,”> stem cell research’® and
environmental research. Despite its widespread use, FACS
has intrinsic limitations as it does not allow the sorting of
cells based on their secretion products,” needs sufficiently
large cell samples (>10°)° and is limited in its applicability
for the enrichment of rare cells.” Furthermore, due to the
stress exerted on the cells, the FACS process might lead to
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limitations, in the last few decades, fluorescence-activated
droplet sorting (FADS) emerged as a technology enabling
high-throughput  sorting  of  microfluidic  droplets
encapsulating (single) entities.>'*'" Because FADS platforms
manipulate and sort intact droplets, they allow for the sorting
of cells based on their secretion products and products of
enzymatic reactions in addition to fluorescent cells.”® Since
every droplet acts as an isolated reaction chamber, FADS
enables sorting in highly parallelized experiments where it
has been employed either as the sole droplet manipulation
technique'®'* or integrated with other complex droplet
manipulation techniques such as picoinjection,"®** droplet
merging,"””> incubation'®'” and droplet dispensing.'®"’
Moreover, in FADS platforms, a high-speed camera enables
the visualization of each droplet sorting event which is only
recently made possible for FACS with the more expensive
FACSDiscover™.>° Due to its versatility, high-throughput and
usability in  parallelized  experiments, = FADS is
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multidisciplinary applicable as shown by its use in the study
of directed evolution,”**  screening of drugs,>**
diagnostics®>*® and more.

FADS platforms are categorized based on droplet
deflection principles: acoustic,””*® magnetic,>**°
pneumatic®™** and electric*®*> control. Electric control, and
more specifically dielectrophoresis (DEP), is the most
commonly used method applicable to a wide range of droplet
sizes (diameters of a few microns up to 337 um'®**%%)
ultimately allowing for 2-way sorting (for instance one
population of interest and one waste population) at
throughputs ranging from 4 Hz'® to 30 kHz,>* depending on
chip design and droplet size.>® While 2-way sorting may be
sufficient for sorting out one population of interest, it does
not provide the versatility of a multiway FACS capable of
sorting cells into parallel tubes (up to six) and well plates (up
to 384 wells).>>*” Currently, most FADS platforms cannot
handle samples with more than one population of interest,
as required in several applications such as multiplexed DNA
detection or multiplexed quantification of pathogens.’*™*" To
address this need, multiplex high-throughput FADS platforms
were developed. These platforms can be subdivided into
serial and parallel sorters based on their microfluidic
designs. More specifically, serial sorters consist of
consecutive 2-way junctions while parallel sorters consist of
one junction splitting into multiple outlets (Fig. 1a and b).
Serial sorters, using four® or five®® consecutive 2-way
junctions have been described, capable of sorting 100 pm
diameter droplets at 3 Hz or 40 pm diameter droplets at a
throughput of 700 Hz, respectively. Typically, serial
approaches are prone to errors due to differences in the
timing of droplet arrival at the sorting junction due to
polydispersity or small inaccuracies of the pump setup.® This
is the consequence of the distance between the point of
detection and the sorting junction of interest. Alternatively,
several parallel sorters have been described, achieving up to
3-way***® or 5-way®*® sorting. In the platform of Caen et al.,’
different DEP forces were implemented to sort droplets (i.e.
45 um diameter at 200 Hz) to the five different outlets. In the
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platform of Isozaki et al,*® a sequentially addressable
dielectrophoretic array consisting of a specialized series of
electrodes was introduced. This platform employed small
DEP forces per electrode, leading to a stepwise displacement.
In doing so, the risk of droplet breakage was reduced,
avoiding lowered sorting accuracies and altered droplet sizes.
Additionally, by allowing multiple sequential droplets to be
attracted simultaneously, the electrode array enabled higher
throughput sorting for 50 um droplets (473 Hz) compared to
more standard electrode systems, where consecutive droplet
attraction is limited due to the previous droplet passing by
the whole electrode. Typically, parallel sorting approaches
either require a more complex experimental setup (i.e. more
complex electronics setup and manual calibration steps),*® or
the number of outlets is limited by the amount of deflection
achievable by an electrode without risking the electrosplitting
of droplets.>***

Next to custom-made FADS platforms presented in
literature, a small number of commercial FADS platforms are
available. The Pico-Mine®,*” Cyto-Mine®*® (both from Sphere
Fluidics, UK) and CelliGo™ (Nexcelom, USA)* allow for
droplet sorting at a frequency of respectively 300 Hz, 200 Hz
and 10 kHz but only support 2-way sorting. The Styx (Atrandi
Biosciences, Lithuania)®® and the Modaflow™ (LiveDrop,
Belgium)>' respectively allow sorting up to 30 kHz and 2.5
kHz and may in principle be used in a multiway sorting
configuration, though not yet documented.

In this work, we propose a microfluidic chip-based
multiplex sorting platform by integrating serial and parallel
sorting principles for accurate droplet sorting: SeParate
(Fig. 1c), mitigating some limitations of both parallel and
serial sorters and providing an alternative methodology to
facilitate 4-way sorting to existing platforms (see section 3.5
and Table 1 for an extensive comparison). The SeParate
platform is validated in a 4-way configuration for droplets
with a diameter of 60 um at a throughput of approximately
80 Hz. The sorting performance of the SeParate platform is,
for a first time, characterized thoroughly using three different

model systems with increasing complexity and intra-

I~

Waste

Fig. 1 Different design strategies for multiplex FADS. The microfluidic channels are represented in light-grey, the working electrodes in red and
the ground electrodes in dark-grey. The different sorting outlets used in the respective studies are indicated with numbers. (a) A serial sorting
design, adapted from Vyawahare et al.,** that consists of consecutive 2-way junctions. (b) The design principle of a parallel droplet sorting
platform, consisting of one sorting junction splitting into five channels adapted from Caen et al.® (c) The design of the SeParate platform presented

in this work, consisting of serialized 3-way junctions.
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subpopulation variation in fluorescence intensities; i.e.
encapsulated beads, picoinjected droplets and encapsulated
living cells. Using these model systems, we illustrate the
robustness, flexibility and usability of SeParate for life-science
applications. Apart from showing the sorting performance in
terms of accuracy, the influence of the sorting threshold and
optical system on the performance are evaluated.

2 Material and methods
2.1 Reagents and materials

SU-8 2075 photoresist was purchased from Chimie Tech
Services (France) and 3-inch silicon from
Microchemicals GmbH (Germany). DC Sylgard 184 elastomer
was purchased from Farnell (Belgium) for polydimethylsiloxane
(PDMS) production. From Sigma Aldrich (Belgium), propylene
glycol methyl ether acetate (PGMEA), phosphate-buffered saline
(PBS) and trichloro(1H,1H,2H,2H-perfluorooctyl)silane were
bought. ThermoFisher Scientific (USA) supplied Alexa Fluor
488 (AF 488), Alexa Fluor 568 (AF 568), fetal bovine serum (FBS)
and microfluidic tubing with inner diameters of 0.56 and 0.30
mm with respective outer diameters of 1.07 and 0.75 mm.
HEK-293T (human embryonic kidney; CRL-3216) cells were
obtained from ATCC (USA). Yellow (i.e. green fluorescent) and
Nile Red (i.e. red fluorescent) beads were purchased from
Gentaur (Belgium) and rainbow (i.e. green + red fluorescent)
beads from PolyAn (Germany). HFE-7500 oil from 3M (Belgium)
was used to dilute 008-FluoroSurfactant from RAN
biotechnologies (USA) to 2% (w/w). Fast read cell counting
chambers with counting grids were obtained from VWR
(Belgium). Calcium soda glass slides with a thickness of 1 and
0.13-0.16 mm (thickness no. 1) and Sterican needles with 0.60
mm external diameter were obtained from Carl Roth Gmbh
(Germany). Biopsy punches of 0.75 and 1 mm in diameter were
acquired from BAP Medical B.V. (Netherlands).

wafers

2.2 Microfluidic chip fabrication

The microfluidic chips were fabricated following a standard
soft-lithography protocol.>® In short, a 3 inch wafer was cleaned
using acetone and dried, after which it was spin-coated with
SU-8 2075 for 35 s at 4000 rpm to result in a layer of 60 um
height. Subsequently, the wafer was baked at 65 °C for 3 min
followed by 7 min and 20 s at 95 °C. UV exposure at 180 m]J
em™ was performed while a chromium-on-glass photomask
was positioned on top of the wafer. Finally, the wafer was
baked at 65 °C for 3 min, followed by 6 min and 30 s at 95 °C
and developed for 6 min in PGMEA. For the 40 pm high chips,
the cleaned 3 inch wafer was spin-coated with SU-8 2025 for
35 s at 2000 rpm and baked at 65 °C for 3 min followed by 6
min at 95 °C. The chromium-on-glass photomask was
positioned on top of the wafer and exposed at 160 mJ cm .
The final bake was performed at 65 °C for 1 min, followed by 6
min at 95 °C, followed by 5 min of PGMEA development.

Then, PDMS was mixed with curing agent in a 10:1 ratio
and desiccated for 20 min. After casting the desiccated PDMS
on the mold, the PDMS was baked at 65 °C for at least 3 h.

2110 | Lab Chip, 2024, 24, 2107-2121
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After hardening, the PDMS slab was removed from the mold
and holes were punched at the location of inlets (using a 1
mm puncher) and outlets (using a 0.75 mm puncher).
Finally, the PDMS slab and glass slide were activated in a
plasma oven (Blackhole Lab, France) for 2 min at high power,
followed by application of the PDMS slab on the glass and
baking for at least 2 h at 65 °C. This method was used for all
the microfluidic chip designs in combination with 1 mm
glass slides except for sorting chips used in the cell sorting
experiments where 0.13-0.16 mm glass slides were used to be
compatible with the short working distance objective.

2.3 Generation of different droplet populations

2.3.1 Fluorescent bead encapsulation in droplets. The
flow-focusing design with a channel height of 60 pm (Fig.
S1t) was used for droplet generation of a monodisperse
population with targeted diameters of 60 pm. To encapsulate
beads, a mixture of green fluorescent, red fluorescent and
green + red fluorescent beads was prepared in PBS resulting
in 1.5 x 10° beads per mL (i.e. 0.5 x 10° of each type). The
bead solution was pipetted in a microfluidic loading tool,
presented earlier by Breukers et al.>® and connected to the
chip via a needle. This bead solution was injected at a flow
rate of 5 uL min~" while the oil phase, consisting of 2% (w/w)
008-FluoroSurfactant in HFE-7500, was flown at 20 uL min™"
using a pressure pump setup consisting of four flow EZ 1000
mBar modules and one push-pull 1000 mBar module
connected to three medium and two small flow sensors
(LineUp series, Fluigent, France).

A population of approximately 2 x 10° droplets was
generated and temporarily stored in an oil-filled reinjection
vessel that consisted of an upside-down 1.5 mL Eppendorf
tube (VWR, Belgium) glued to a 1 mm glass slide with two
openings, as previously reported.>> One opening served as
the inlet for droplets during production and outlet during
reinjection, while the other side opening was connected to a
flow sensor for flow control in the storage vessel.

2.3.2 Droplet picoinjection with fluorescent dyes.
Picoinjection with three serial injectors was based on the
work of Breukers et al.>®> The electrode channels were filled
with a 5 M NaCl solution and connected via a needle to
alligator clamps plugged into the voltage amplifier (A600,
FLC Electronics, Sweden) amplifying a 30 kHz square wave
generated by the pulse generator (TGP110, AIM-TTi, United
Kingdom) to 300 peak to peak voltage (Vy,). Each electrode
was turned on or off via an Arduino (Mega)-controlled relay
(Seeed Studio 103020133 SPDT Relay, RS components,
Belgium) and flow rates were controlled by an in-house
developed Matlab script.>®

Droplet production and droplet picoinjection were
performed on the same chip at a channel height of 40 pm
(detailed chip design is represented in Fig. S27), with droplets
produced at 300 Hz using flow rates of 2 and 20 pL min " for
the water and oil phase, respectively, aiming at a droplet
population with a diameter of 60 pm. After production,

This journal is © The Royal Society of Chemistry 2024
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droplets passed 3 injectors which were, from top to bottom,
respectively filled with AF 488 (i.e. green fluorescent dye), AF
568 (i.e. red fluorescent dye) and PBS (Fig. S4af). In one cycle
of 42 minutes, 3 sweeps between 0.6 and 1.4 uL min~" of 2
minutes each were performed to produce droplets with
varying concentrations and combinations of green, red and
green + red fluorescence (Fig. S4bf). To end up with the same
injected volume per droplet, the sum of the injector flow rates
was kept constant at 2 uL min~". More specifically for green or
red droplet generation, the injector containing respectively
green or red fluorescent dye was swept between 0.6 and 1.4 pL
min~" while injector 3, containing PBS, was swept inversely
from 1.4 to 0.6 uL min . For the green + red droplets, one of
the two dyes was swept from 0.6 to 1.4 pL min " while the
other one was swept from 1.4 to 0.6 uL min~". In between
sweeps, only PBS was injected for 12 minutes at a flow rate of
2 uL min". To stop injecting, the equilibrium pressure of the
injector, pre-calibrated as described by Breukers et al.,”* was
set and the corresponding electrode was switched off. A

View Article Online
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population of approximately 2 x 10° picoinjected droplets was
stored in the storage vessel before being reinjected in a
sorting chip, as described in section 2.3.1.

2.3.3 Transfected cell encapsulation in droplets. Similar as
in section 2.3.1, the flow-focusing design with a channel height
of 60 um was used to generate a droplet population of 60 pm
in diameter and encapsulate a HEK-293T cell population,
transiently transfected (TransIT-LT1, Mirus Bio) with a bi-
cistronic expression plasmid PLLAV-YF17D/mCherry_CMV-
eGFP according to Sharma et al,”* which is a derivative of
pShuttle-YF17d/mCherry®>>*® inducing green fluorescence (i.e.
expression of enhanced green fluorescent protein, eGFP;
excitation peak 488 nm, emission peak 509 nm) upon
transfection and red fluorescence (monomeric red fluorescent
protein mCherry; excitation peak 587 nm; emission peak at 610
nm) from an encoded viral expression construct (i.e. YF17D/
mCherry reporter virus). Cell suspensions were prepared at a
concentration of 1.5 x 10° cells per mL in PBS containing 2%
FBS, pipetted in the microfluidic loading tool, and injected at a
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indicated with a black circle, droplets with green fluorescent content are attracted by electrode 1 at sorting junction 1 and attracted again at
junction 2 by electrode 2. Droplets with red fluorescent content are attracted by electrode 1 at junction 1 and droplets with green + red
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flow rate of 5 uL, min™". The oil phase was injected at a flow rate
of 20 pL min'. Approximately 4 x 10° droplets were
temporarily stored in a 1.5 mL oil-filled reinjection vessel
before sorting, as described in section 2.3.1.

2.4 Droplet sorting

After positioning the sorting chip on the stage of an inverted
Olympus IX-73 microscope (Japan), 0.75 mm tubing was
connected to each sorting outlet and put in a separate 1.5 mL
Eppendorf for droplet capture after sorting. The earlier
prepared droplet population (see section 2.3) was reinjected
from the storage vessel into the sorting chip at a flow rate of
0.5 uL min*. During reinjection, droplets were equally spaced
by an oil phase flown at 15 uL min~'. The region of LED
excitation (CoolLED, pE-300white, UK) was tailored by an
adjustable field-stop towards the size of one droplet (i.e. the
interrogation zone), eliminating crosstalk between droplets
(Fig. 2a). Fig. 2b presents an overview of the optical setup. LED
excitation and emitted fluorescence from droplets passing by
were guided through a triple bandpass filter (380/55-470/30-
557/35 nm, Chroma Technology, USA). The emitted
fluorescence was then separated by a dichroic mirror (590 nm,
Chroma Technology) towards the 2 photon multiplier tubes
(PMTs) (PMMO02, Thorlabs, USA), equipped with emission
filters for detection of green (525/50 nm, Chroma Technology)
and red (590 nm long pass (LP) or 638 nm LP, Chroma
Technology) fluorescence for PMT 1 and PMT 2, respectively.
During the bead and picoinjected droplet sorting experiments,
a 20x (numerical aperture (NA) 0.45, working distance (WD)
6.60-7.80 mm, Olympus) objective was used in combination
with the 638 nm LP filter in front of PMT 2. During cell sorting,
a 40x (NA 0.95, WD 0.18 mm, Olympus) objective was used,
and either the 638 nm or 590 nm LP filter was used.

During sorting, the output signal of both PMTs was fed to
an Arduino (UNO Wifi) which ran a custom-made program to
compare the incoming voltage with a user-set threshold
(Fig. 2¢). In case the signal exceeded the threshold, the Arduino
triggered the pulse generator (TGP110, AIM-TTi, UK) after which
the pulse was amplified by a voltage amplifier (TREK 2220-ce,
Acal bfi, Belgium). This resulted in a 30 kHz squared pulse of 5
ms at 700 V.. The pulse was passed on to the on-chip electrode
channels (filled with 5 M NaCl) via alligator clamps connected
to a needle and syringe for DEP-based attraction. Apart from
generating the triggers, the Arduino was programmed to open
and close 3 relays (PLA 171, RS components, Belgium) which
were positioned in the path between the high-voltage amplifier
and their respective on-chip electrodes (electrodes 1-3,
Fig. 2a and c) to separately control electrode actuation, resulting
in the ability to perform 4-way sorting. This way, a high-voltage
pulse was directed to electrode 1 in the case of a droplet with
green fluorescent content, followed by a delayed pulse of
electrode 2, guiding these droplets to the green channel
(Fig. 2a). This time delay was determined once for every chip
before the start of an experiment by visual confirmation of
droplet arrival at sorting junction 2 using a high-speed camera
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(Phantom Micro C110, Vision Research, USA). For sorting of
droplets with red fluorescent content to the red channel, only
electrode 1 was triggered and for droplets with green + red
fluorescent content, electrode 3 was triggered. The detailed
design of the sorting chip is depicted in Fig. S3 of ESLf PMT
output data was recorded using a data acquisition system (DAQ,
NI USB-6002), running an in-house developed LabVIEW
(National Instruments, USA) script and analyzed in Matlab
(Mathworks, USA).

2.5 Droplet imaging and statistical analysis

The analysis of droplets from the population before sorting
was performed by imaging the content of the reinjection vessel
and the post-sorting analysis of droplets by imaging droplets
from the tubing connected to the outlet as droplets
accumulated there instead of going into the Eppendorf.
Droplets were loaded on the counting chamber and imaged on
an inverted microscope (Nikon Ti-Eclipse, Japan) using a 10x
(NA 0.25, WD 10.5 mm, Nikon) objective with 1x or 1.5x
internal magnification. Imaging was performed using a
CoolLED (pE-300white) and FITC and TRITC filter cubes. To
accurately determine the fluorescence intensity, the shading
correction tool of NIS elements software was used (considering
as reference a sample with uniform fluorescence at a similar
intensity of the sample). The fluorescence intensity was
measured using Image] 2.9.0 (National Institutes of Health,
USA), and processed in Matlab and Excel (Microsoft, USA).
Droplet diameters were determined by analysis of bright
field images in Matlab after filtering out droplets deviating
10% from the average diameter due to droplet merging and/
or breaking in the post-processing. Sorting performance was
assessed based on the sorting accuracy, defined as the
fraction of correctly sorted droplets over the total amount of
droplets. For the accuracy assessment, doublets (i.e. droplets
containing two beads or cells), were classified as droplets
containing one bead or cell with a fluorescent signal of both
beads or cells combined. For the determination of the sorting
accuracy of the picoinjected droplets, droplets deviating 10%
from the average droplet area were filtered out to ensure
potential picoinjection inconsistencies would not influence
the sorting performance. Significant differences between
conditions were determined using JMP Pro 16 (UK) by
running a generalized linear model with logit link function
on the weighted average of the repeated measures as the
categorical response variable is binomially distributed.’”

3 Results and discussion

3.1 Sorting chip features and operation

We developed the SeParate platform, a chip-based FADS
platform that allows the sorting of droplets encapsulating
particles or dyes based on two fluorescent labels into four
subpopulations (green only, red only, green + red and no
fluorescence). Our approach employs a design that is based
on serially splitting one channel into three (Fig. 3a). The

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Bright field snapshots of different bead sorting events, droplets flow from left to right. (a) When no electrode is activated, the droplet flows
straight to the waste channel. The black circle indicates the interrogation zone. (b) A droplet is attracted by electrode 1 at junction 1 and flows to
junction 2. (c) Droplet attraction by electrode 3. (d) A droplet after encountering sequential attraction from electrode 1 and electrode 2 at their

respective junctions. Scale bar = 100 um.

design was made as such that when a droplet reaches a
junction and is not attracted by the electrodes, it will flow
towards the centered channel (i.e. waste channel at junction
1, and the red or green + red channel at junction 2) due to
the lower resistance in that channel as a consequence of the
larger dimensions. By splitting into three channels, we aimed
to: (1) balance the pressures, ensuring there is no preference
for non-attracted droplets to deviate from the centered
channel, and (2) sort the droplets in either off-centered
channel (i.e. towards junction 2 and the green channel at
junction 2) using similar pulse amplitudes. As shown in Caen
et al.,® sorting with one pulse amplitude is not possible with
more than three parallel channels as a higher pulse
amplitude is required to deviate droplets further from the
channel center.

Droplet spacing by the spacer oil (Fig. 2a) ensured the
arrival of one droplet at a time at the interrogation zone
(indicated with a black circle in Fig. 3a-c) at a throughput of
approximately 80 Hz. As the delay between droplet detection
and attraction at junction 1 was observed to be negligible
(<1 ms), the interrogation zone was positioned in
correspondence with the tip of electrodes 1 and 3, aiming for
efficient attraction from the beginning of the sorting junction
onwards. Once attracted at junction 1 (Fig. 3b and ¢, Movie
S1 and S2f), droplets can be attracted again at sorting
junction 2 towards the green channel by electrode 2 (Fig. 3d,
Movie S3 and S4t1). Due to the distance between the
interrogation zone and junction 2 (ie. 1024 pm), the time

This journal is © The Royal Society of Chemistry 2024

delay (40.4 + 2.7 ms, average of 5 different chips) was
measured and adjusted in the Arduino software for every
chip at the start of the experiment. While this chip design
theoretically allows up to 5-way sorting by using electrode 4,
the following experiments were performed using 4-way
sorting as the samples consisted of four distinct
subpopulations (i.e. showing green, red, green + red of no
fluorescence).

3.2 Sorting of a mixed bead population

For the first characterization of the SeParate platform, three
types of fluorescent beads (green, red and green + red) were
encapsulated to produce a droplet population showing highly
intense fluorescent signals with little intra-subpopulation
variation in fluorescence intensity (see Section S3 of ESIf).
Droplets with an average diameter of 56.9 + 1.2 um were
generated and subsequently reinjected and sorted. The
population consisted of 4.1% loaded droplets with one of the
three bead types, a lower loading efficiency than the
estimated 13.5% using Poisson statistics.®® This is a likely
consequence of diluting the beads in the microfluidic
loading reservoir over time by constant delivery of fresh PBS.

Sorting of this mixed bead population was performed
using thresholds of 2 and 1.6 V for green and red signals,
respectively, which was well above background fluorescence
(for details see Fig. S7at). Fig. 4a illustrates a typical outcome
of such a sorting experiment and Fig. 4b the weighted

Lab Chip, 2024, 24, 2107-2121 | 2113
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Fig. 4 Outcome of sorting of a droplet population with 3
encapsulated bead types. (a) Overlays of bright- and widefield images
of droplets retrieved from the indicated microfluidic channels (i.e.
whereto they were sorted). Green + red fluorescent beads appear as
yellow due to the overlaying. Scale bar = 100 um. (b) Droplet sorting
accuracy obtained from imaging droplets retrieved from their
respective microfluidic channels. For every channel more than 355
droplets were analyzed (Table S1}). The error bars indicate one
standard error of the mean (n = 3).

average sorting accuracy with correctly sorted droplets
indicated as ‘success’ while any other droplet was indicated
as ‘fail’. In general, sorting resulted in subpopulations with
high accuracies of 96.5 + 0.4% for the green channel, 96.4 +
0.4% for the red channel, 100% for the green + red channel
and 99.8 + 0.1% for the waste channel (more details in Table
S1t), which is more accurate than reported before in for
instance Frenzel et al.** (84.5-97.4%) and Vyawahare et al.™®
(91.3-98.1%) for 3-way fluorescently-dyed droplet sorting and
5-way mixed bead sorting, respectively. This comparison
considers only studies with similar methods of determining
sorting accuracy (ie. by studying the sorted droplet
populations after sorting) in contrast to Caen et al® and
Isozaki et al.,'® where accuracies were determined by the
sorting actuation accuracy (ie. comparing the droplet's
fluorescent signal to the generated on-chip pulse), which
could result in an overestimation of the sorting performance
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Fig. 5 The droplet population created by three time-variant
picoinjectors before and after sorting. (a) Wide- and brightfield images of
a sample of the picoinjected droplet population before sorting,
visualizing differences in intensity between droplets. In the overlay
image, green + red fluorescent droplets appear as yellow. (b) The
fluorescence intensities of every imaged droplet which shows the effect
of time-variant picoinjection as there are four distinct populations
present: a green, a red and a green + red subpopulation and one non-
fluorescent population, of which the first three are spread between low
and high fluorescence intensities. Dot colors represent the channel from
which a droplet was retrieved after sorting with a threshold of 1 V. The
dotted lines correspond to the fluorescence intensity value below which
99% of the droplets from the green and waste channel (for the horizontal
line) or the red and waste channel (for the vertical line) are located. (c)
Sorting accuracy for all 4 channels a threshold of 1 V. For every channel,
at least 2682 droplets were analyzed (Table S3t). Error bars represent
one standard error of the mean (n = 3).
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as long-term effects affecting the sorting (e.g. dirt on-chip,
inconsistency  with  droplet reinjection) might be
overlooked."”

3.3 Sorting of a population of picoinjected droplets with
time-variant settings

To show the versatility of the SeParate platform and the
capability to sort samples with higher intra-subpopulation
variation in fluorescence intensity (see Section S3 of ESIY),
droplets with varying contents of fluorescent dye(s) were
generated. For this purpose, we used a recently described
serial picoinjector technology® that enables the generation
of highly monodisperse droplets with various fluorescent dye
combinations and concentrations using a single chip in a
semi-automated way.

After picoinjection, the resulting droplet population had
an average diameter of 61.1 + 1.5 pm and consisted of
droplets showing varying green fluorescence (5.4%), droplets
showing varying red fluorescence (4.4%), droplets showing
varying green + red fluorescence (4.1%) and 86.1% non-
fluorescent droplets (Fig. 5a). This was in line with the
targeted populations (see section 2.3.2). Fig. 5b shows the
green and red fluorescence intensities of such a sample of
the population where every dot represents one droplet. Four
subpopulations can be distinguished: a non-fluorescent
subpopulation consisting of droplets injected with only PBS,
a green subpopulation, a red subpopulation and a
subpopulation of droplets containing both green and red
dye. The latter shows a linear relationship between green and
red fluorescence intensity, which is to be expected as the
injection flow rate of the two dyes were inversely proportional
related. The picoinjected droplet population was sorted at
different thresholds to show the effect of the threshold on
the sorting performance for a sample with increased intra-
subpopulation variation in fluorescence intensity. Three
different thresholds were evaluated: 4, 2.5 and 1 V for both
the green and red PMT signals as is shown in Fig. S5, S6t
and 5. From these experiments, it was clear that lowering the
threshold improved the accuracy significantly with 1 V being
the best condition at sorting accuracies of 99.1 + 0.2% for the
green channel, 98.6 + 0.2% for the red channel, 99.9 + 0.1%
for the green + red channel and 99.9 + 0.1% for the waste
channel (Fig. 5¢).

The inverse correlation between an increased accuracy
and a decreasing threshold is clear from Fig. S5a, bt and
5. A too high threshold results in a lack of detection of
droplets of lower fluorescence intensity and thus their
wrong identification, whereas a too low threshold (below 1
V) would result in every droplet being sorted towards the
green + red channel. The accuracies for a threshold of 1 V
are similar (or even slightly better) to the ones presented in
section 3.2 indicating that an increasing intra-
subpopulation  variation in  fluorescence intensity,
introduced by time-variant injection of fluorescent dyes,
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does not influence the performance of the sorter when an
optimized threshold is used.

3.4 Sorting of transfected cells

Finally, the SeParate platform was used to sort encapsulated
plasmid-transfected HEK-293T cells. The thus studied cell
population showed a high heterogeneity. Successfully
transfected cells, expressing the viral construct, displayed
both green and red fluorescence. Cells showing only green
fluorescence resulted from the uptake of plasmid, but no
expression of the viral construct. Cells with only red
fluorescence are the result of an infection by viral particles
produced and released in the culture medium by other cells.
Whereas the majority of cells appeared colorless, i.e. neither
transfected nor infected, respective fluorescence intensities
depend on multiple factors such as (1) plasmid uptake in the
cells, (2) permissiveness of individual cells in expressing the
viral construct, or (3) timing and susceptibility of individual
cells in the sample to be infected. This resulted, on top of
the four possible combinations of fluorescent signals, in a
high intra-subpopulation variation in fluorescence intensities
(see Section S3 of ESIt) with the corresponding PMT signals
ranging from just above the background until PMT
saturation.

Cell encapsulation resulted in a population of 57.9 + 1.0
pum droplets of which 0.4% were loaded with green fluorescent
cells, 2.1% with red fluorescent cells and 0.4% with green +
red fluorescent cells. This is in line with what was observed in
a cell sample before encapsulation, where red fluorescent cells
were 4.3 times more present than green fluorescent cells and
3.5 times more than green + red cells (Fig. S97).

As in general the fluorescence intensity of the cells was
low, cell sorting was performed using the 40x short working
distance objective allowing for more sensitive detection.
Further, the threshold for these experiments was set right
above the background signal of the PMT, aiming for the
detection of as many cells as possible. Cell sorting was
performed with a 638 nm LP filter in front of PMT 2 (Fig. 2b)
using thresholds between 3.6 and 4 V (adjusted if needed
due to small changes in background fluorescence) for green
fluorescent and 2 V for red fluorescent signal. Sorting results
are illustrated in Fig. 6a, showing accuracies of 69.9 = 1.2%
for the green channel, 99.1 + 0.2% for the red channel, 97.1 +
0.4% for the green + red channel and 98.4 + 0.2% for the
waste channel. The lower accuracy in the green channel
compared to the others is explained by the strict filtering at
PMT 2, resulting in only the more intense red fluorescent
cells reaching above the background and thus the sorting
threshold (Fig. S1071). This ultimately resulted in a fraction of
green + red cells, namely those with low red fluorescence
intensity, getting sorted to the green channel (Fig. 6b-d), and
some low intense red cells ending up in the waste channel.
Moreover, in general, a higher number of empty droplets
were wrongly sorted (Table S41) compared to the sorting
experiments presented in sections 3.2 and 3.3. This is
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Fig. 6 Sorting performance of the encapsulated cell population using the 638 nm LP setup. (a) Sorting accuracy for the 4 channels determined by
analyzing at least 1446 droplets per channel (Table S4+). Error bars indicate one standard error of the mean (n = 3). (b and c) Widefield images of
droplets retrieved from the green channel, white arrows indicate green + red fluorescent cells that were sorted wrongly due to the more strict
filtering of PMT 2, resulting in weak fluorescent red signal not to be picked up. (d) Overlay of the widefield images and the brightfield image where

green + red cells appear as yellow. Scale bar = 100 pm.

explained by the thresholding strategy, as setting the
threshold just above the background might lead to wrong
sort events due to small disturbances (e.g. electrical noise on
the Arduino).

To reduce the sorting errors in the green and waste
channels, the optical setup was adjusted by placing a 590 nm
LP filter in front of PMT 2, allowing for more red fluorescent
signal to pass to PMT 2. Thresholds between 2.8 V and 3.8 V
for green and between 3 V and 5.6 V for red fluorescent
signals were used. This setup resulted in an increased
accuracy for the green (92.8 + 0.7%) and waste channels (99.5
+ 0.1%), while the red channel showed a similar accuracy as
before, as high as 96.6 + 0.3% (Fig. 7a). However, the green +
red channel showed a decreased sorting accuracy of 84.8 +
0.8%, a consequence of wrongly sorted green fluorescent cells
with high intensities (Fig. 7b-d). Their presence is explained
by the bleed-through of the fluorescent signal of highly
intense green cells in PMT 2 due to overlapping emission
spectra® in combination with the low thresholds used,
allowing for this signal to be picked up in PMT 2 (details in
Fig. S10 and S11f). Similar to the sorting experiment with
638 nm LP, there were in general more empty droplets sorted
due to the threshold being close to the background of the
PMTs. Note that cell viability, although crucial for certain

2116 | Lab Chip, 2024, 24, 2107-2121

types of downstream processing, was not measured as the
focus of these the performance
characterization of the sorting platform.

experiments  was

As a consequence of the challenging characteristics of this
cell population in terms of optical detection (i.e. overlap of
emission spectra of fluorophores), both tested optical setups
(590 nm and 638 nm LP) did not result in high accuracies for
respectively the green + red and green channels. As this is an
issue linked to the model system and setup optics, yet not to
the SeParate platform itself, potential solutions entail: (1)
using different fluorophores with more separated emission
9 (3) applying
spectral compensation to correct for this®®®" or (4) by
implementing modulated excitation sources, synchronized
with the acquisition setup.®® Another solution, that does not

spectra, (2) using sequential excitation,

require a change in model system nor optical setup, is (5)
running the sample on both 590 nm and 638 nm LP setups,
which would result in proper separation as well since three
out of four channels showed high accuracy.

3.5 Positioning in the field of multiplex sorting

In this section, we compare the SeParate platform to other
multiplex droplet sorting platforms. An overview of multiple

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Sorting performance of the encapsulated cell population for the setup using 590 nm LP. (a) Sorting accuracy for the 4 channels, where
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bar = 100 pm.

key parameters can be found in Table 1. We want to note
that, while sorting throughput and accuracy are major
characteristics of a sorting platform, comparing platforms on
only these parameters can be misleading due to a number of
reasons. First, the droplet size, which is different between the
presented studies, has a major impact on the throughput
that can be achieved.*® Larger droplets namely require
stronger DEP forces to allow enough displacement from their
original path and since stronger DEP forces potentially lead
to electrosplitting of droplets, lower throughputs (and thus
longer droplet actuation) are often implemented to avoid
this. Second, the readout system and the accompanying
characteristics might influence throughputs and accurate
signal capture (e.g. microprocessors with higher sample rates
allow faster and more accurate capture
processing). Third, in some studies the sorting accuracy is
calculated based on the on-chip droplet actuation after signal
detection, instead of capturing all droplets and characterizing
the sorted populations (e.g. via imaging). We believe that the
latter approach, which was used in this work, is most
suitable to characterize the actual sorter's performance, and
that the former approach might lead to overestimation of
droplet sorting accuracies as long-term effects affecting the
sorting (e.g. dirt on-chip,

signal and

inconsistency with droplet

This journal is © The Royal Society of Chemistry 2024

reinjection) are overlooked. Finally, the used sample might
influence the performance (e.g. dyed droplets compared to
encapsulated cells or beads are generally easier to detect due
to a more uniform and wider signal).

The SeParate platform, presented in this work, enabled
droplet than
presented in other works) and in a 4-way configuration,
which is a degree of multiway sorting that is in line with
earlier presented platforms, for three different samples

highly accurate sorting (slightly higher

ranging from low to high intra-subpopulation variation and
from a low to a high biological relevance. This in-depth study
of the sorting performance using model systems with, well-
studied, different properties shows SeParate's reliability,
reproducibility (experiments were performed in triplicate)
and broad applicability. In the presented work, the sorting
platform was characterized more thoroughly than most
earlier presented works which were shown for the sorting of

just one®42:44,45 43,46

or maximally two samples.

Typically, serial sorters allow scaling beyond the presented
degree of multiway sorting by adding additional 2-way
junctions.” As a result, the manual calibration will be more
extensive and the susceptibility to differences in droplet
arrival timing (e.g. due to polydispersity, inaccuracies of the

pump setup...) might increase, resulting in lower sorting

Lab Chip, 2024, 24, 2107-2121 | 217
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accuracies. Parallel sorters, on the other hand, are expected
to have limited scalability. To allow upscaling of the
platforms of Girault et al,** Blaha et al.*® and Caen et al.,’
stronger DEP forces would be required to attract droplets,
introducing the risk of droplet electrosplitting. The dSADA*®
potentially allows for upscaling without electrosplitting,
however this will require significant changes to the chip
design and/or the electrode design which are yet to be shown.
An additional downside of the latter is the required complex
setup (handling) which might prove difficult to implement in
environments less-specialized in electronics.

The SeParate platform consists of serialized 3-way
junctions and is as such able to combine some advantages of
both serial and parallel platforms. SeParate is scalable
beyond the presented degree of multiway sorting by adding
additional 3-way junctions. Similar to serial sorters, this will
result in a more extensive calibration and potentially more
issues with differences in droplet arrival timing. However, as
every junction is a 3-way junction, this will be less
pronounced compared to conventional serial sorters since
the amount of junctions will be significantly lower for the
same amount of outlets (e.g. SeParate would require 3
sequential junctions for 19 outlets, while other serial sorters
would require 18 junctions to get to 19 outlets). This scaling
can be done, in contrast to most parallel systems, without
introducing electrosplitting as no stronger DEP forces are
required to add outlets, and without complexifying the setup
and/or chip design drastically.

To summarize, while the presented platform is able to
mitigate some limitations of serial and parallel sorters, it is
not resolving all of them (e.g. susceptibility to differences in
droplet arrival). Therefore we believe that depending on the
characteristics of the sample and the setup, researchers
should choose a platform based on the relevant
characteristics  (scalability, number of outlets, setup
complexity...) as presented in Table 1.

4 Conclusions

To show the robustness of the SeParate platform, it was, for a
first time, extensively characterized using three model (bio)
systems of increasing complexity due to an increasing intra-
subpopulation variation within the to be sorted specimen.
Initial characterization of the SeParate platform was
performed using a population consisting of three types of
bead with well-defined high and homogenous fluorescence
intensities. Here, we reached sorting accuracies of above
96.4%. In the next step, the platform was challenged using a
sample with a higher level of intra-subpopulation variation
regarding fluorescence intensities as droplets were created
using picoinjection of varying amounts and combinations of
fluorescent dyes while sweeping. Different sorting thresholds
(4, 2.5 and 1 V) were tested, leading to accuracies above
98.6% for all channels for the optimal threshold of 1 V.
Finally, the SeParate platform was characterized for
plasmid-transfected HEK-293T cells characterized by an
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overall relatively low fluorescence and high biological
heterogeneity requiring the use of a more sensitive 40x
objective and low sorting thresholds. Particularly challenging
was the fact that the population showed a high variation in
fluorescence intensity ranging from just above the
background until PMT saturation. Two optical setups were
tested, resulting in accuracies ranging from 92.8% to 99.5%
for the channels not affected by the optical limitations this
setup and model system posed. As for these fluorophores,
none of the tested optical setups resulted in high accuracies
for all channels, different strategies to improve the sorting
accuracy even further were discussed, such as using different
fluorophores, using sequential excitation sources, applying
spectral compensation or by implementing modulated
excitation sources, synchronized with the acquisition setup.
The main requirement for a strategy to be viable is that the
operation and/or calculation speed is fast enough to detect,
process and sort every droplet of interest. With this detailed
study, showing highly accurate sorting capabilities for
different sample types, we hope to inspire other researchers
in the field to thoroughly characterize novel droplet sorters,
which will facilitate more objective comparisons between
different sorting platforms in the future.

Apart from allowing single-cell studies in a multiplexed
configuration,®®®® we anticipate broad applicability in other
fields such as directed evolution and enzymatic reaction
studies.®* Further, we show flexibility in the thresholding,
allowing sorting based on the level of intensity in addition to
sorting based on a fixed fluorescent signal, a potentially
interesting additional feature in multiplex sorting studies e.g.
for fluorescence intensity-based enzyme studies.’® Finally,
the capacity of droplet microfluidics to integrate with other
modules was exploited by coupling droplet sorting with
reagent addition via picoinjection. While in this study we
used different chips per manipulation, their integration on
one chip, reducing the amount of handling, is a potential
path for future research. This integration is not limited to
picoinjection as other manipulations, like droplet
dispensing'®'® and incubation,'®’” have proven to be
powerful modules to couple to FADS platforms as well.
Additional future work includes adding electrodes to our
current 3-way junctions to further scale the multiway sorting,
enabling the SeParate for even more multiway sorting by
adding a third junction and accompanying electrodes. As this
might be challenging due to the multitude of channels,
stacking of channels and/or electrodes might be needed
using for example 3D printing technologies.*® Finally,
upgrading our setup by switching our Arduino for an FPGA
will lead to increased sample rates, more accurate detection
and potentially increased throughputs of the platform.
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