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Abstract
Droplet microfluidics is a powerful tool for a diverse range of biomedical and industrial applications such as single-cell 
biology, synthetic biology, digital PCR, biosafety monitoring, drug screening, and food, feed, and cosmetic industries. As 
an integral part of droplet microfluidics, on-chip multiplexed droplet sorting has recently gained enthusiasm, since it enables 
real-time sorting of single droplets containing cells with different phenotypes into multiple bins. However, conventional sort-
ing methods are limited in throughput and scalability. Here, we present high-throughput, scalable, multiplexed droplet sorting 
by employing a pair of sequentially addressable dielectrophoretic arrays (SADAs) across a microchannel on a microfluidic 
chip. A SADA is an on-chip array of electrodes, each of which is sequentially activated and deactivated in synchronization to 
the position and speed of a flowing droplet of interest. The dual-SADA (dSADA) structure enables high-throughput deflec-
tion of droplets in multiple directions in a well-controlled manner. For proof-of-concept demonstration and characterization 
of the dSADA, we performed fluorescence-activated droplet sorting (FADS) with a 3-way dSADA at a high throughput of 
2450 droplets/s. Furthermore, to show the scalability of the dSADA, we also performed FADS with a 5-way dSADA at a 
high throughput of 473 droplets/s.

Keywords Droplet microfluidics · Dielectrophoresis · Multiplexed droplet sorting · Cell sorting · High-throughput sorting

1 Introduction

Droplet microfluidics is a powerful tool for a diverse range 
of biomedical and industrial applications such as single-cell 
biology (Mazutis et al. 2013; Wang et al. 2014), synthetic 
biology (Abatemarco et al. 2017), digital PCR (Hindson 
et al. 2013), biosafety monitoring (Chaipan et al. 2017), drug 
screening (Miller et al. 2012), and food, feed, and cosmetic 
industries (Muschiolik 2007; Yukuyama et al. 2016). It has 

shown a new paradigm by virtue of its capability to confine, 
cultivate, and analyze single cells, clones, or exosomes in 
monodisperse droplets that serve as isolated reaction and 
transport vessels (Ahn et al. 2006; Brouzes et al. 2009; Guo 
et al. 2012; Kintses et al. 2012; Best et al. 2016; Kim et al. 
2017; Shang et al. 2017; Ding et al. 2019; Matuła et al. 2019; 
Suea-Ngam et al. 2019). These advantages allow us to study 
and exploit cellular proliferation, protein secretion, antibody 
production, and enzyme activity in isolated environments at 
the single-cell level (Ahn et al. 2006; Brouzes et al. 2009; 
Guo et al. 2012; Kintses et al. 2012; Best et al. 2016; Kim 
et al. 2017; Shang et al. 2017; Ding et al. 2019; Matuła et al. 
2019; Suea-Ngam et al. 2019). While droplet microfluidics 
has been exploited over the last decade, its full potential 
remains untapped, especially for industrial deployment.

As an integral part of droplet microfluidics, on-chip 
multiplexed droplet sorting has recently gained enthusi-
asm since it enables real-time sorting of single droplets 
containing cells with different phenotypes (e.g., growth 
rate, secretion rate, antibody production rate) into multiple 
bins (Frenzel and Merten 2017; Caen et al. 2018). While 
multiplexed droplet sorting is a well-established method in 
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fluorescence-activated cell sorting (FACS) (Cossarizza et al. 
2019), its on-chip implementation remains challenging and 
unexploited in spite of its enormous potential for the above 
applications. This is because the motion and thus manipula-
tion of droplets in a microchannel are resisted by shear stress 
on them due to their surrounding liquid medium. To address 
this need and hence go beyond what is possible with FACS 
in terms of utility, efforts have been made to develop vari-
ous approaches for droplet actuation [e.g., magnetic (Zhang 
et al. 2009), thermal (Baroud et al. 2007), electrical (Mazutis 
et al. 2013; Ahmadi et al. 2019), acoustic (Li et al. 2013), 
pneumatic (Wu et al. 2013)], among which dielectrophoretic 
actuation has been shown the most reliable, robust, and fast 
(Xi et al. 2017) as it is directly driven by electronics that 
provides high controllability both spatially and temporally.

Unfortunately, conventional on-chip dielectrophoretic 
sorting methods are limited in throughput and scalability due 
to their simple electrode design for sorting actuation, thereby 
leading to low degrees of freedom in force generation. Spe-
cifically, two types of on-chip multiplexed droplet sorters 
have been previously reported (Frenzel and Merten 2017; 
Caen et al. 2018). One type is based on serial integration of 
multiple binary droplet sorters (Frenzel and Merten 2017), 
in which a single pair of electrodes is employed for each 
binary droplet sorter. Its throughput is only a few droplets/s. 
The other type is a droplet sorter with the ability to tune the 
strength of the applied force (Caen et al. 2018), in which two 
pairs of electrodes are employed across a microchannel. Its 
throughput can be up to 200 droplets/s. The electrode design 
of these pioneering multiplexed droplet sorters has been 
optimized since their first reports, while its basic concept 
remains the same as the single-pair-electrode-based droplet 
sorters, placing a limit on the sorting throughput and/or the 
number of outlets.

In this article, we present high-throughput, scalable, 
multiplexed droplet sorting by employing a pair of sequen-
tially addressable dielectrophoretic arrays (SADAs) across a 
microchannel on a microfluidic chip. A SADA is an on-chip 
array of electrodes, each of which is sequentially activated 
and deactivated in synchronization to the position and speed 
of a flowing droplet of interest (Isozaki et al. 2020b). In 
addition to this capability, the pair of SADAs, which we 
refer to as a dual SADA (dSADA), enables high-throughput 
deflection of droplets in multiple directions in a well-con-
trolled manner. Specifically, the direction and magnitude 
of the droplet deflection can be controlled by selectively 
activating electrodes and tuning the number of activated 
electrodes in the dSADA, respectively. For proof-of-con-
cept demonstration and characterization of the dSADA, we 
performed a finite element method (FEM)-based simula-
tion and fluorescence-activated droplet sorting (FADS) of 
58-pL (48 μm in diameter) droplets with a 3-way dSADA at 
a high throughput of 2450 droplets/s. Furthermore, to show 

the scalability of the dSADA, we also performed FADS of 
66-pL (50 μm in diameter) droplets with a 5-way dSADA at 
a high throughput of 473 droplets/s.

2  Results

2.1  Overview of FADS with the dSADA

As shown in Fig. 1a, our FADS system consists of (i) a 
microfluidic chip that combines a droplet generator, a drop-
let accelerator, and a dSADA sorter containing two electrode 
arrays, (ii) an optical setup to detect fluorescence signals 
from cells within droplets, and (iii) an electric controller 
to activate or deactivate the electrodes of the arrays of the 
dSADA sorter. The operation of the FADS system is as fol-
lows. Using a syringe pump, cells suspended in a medium 
are injected into the microfluidic chip. The injected cells 
are encapsulated into droplets by the droplet generator. The 
generated droplets are accelerated by introducing additional 
fluids (oil phase) to increase the inter-droplet distance. The 
accelerated droplets are optically interrogated by the optical 
setup. The fluorescence signals from the cells are detected by 
the optical setup composed of a continuous-wave (CW) laser 
diode and a photomultiplier tube (PMT). The PMT signal 
is processed by a field-programmable gate array (FPGA)-
based electrical control system [see Isozaki et al. (2020b) 
for details], followed by triggering the activation of the elec-
trodes of the dSADA and generating dielectrophoretic force 
at a controlled time delay. The dielectrophoretic force is used 
to manipulate a droplet containing target cell(s) into one of 
the collection channels on the chip. The detection and sort-
ing processes are monitored with a high-speed camera. The 
details of each component are described below.

2.2  Functionality of the dSADA

As schematically illustrated in Fig. 1b, the functionality of 
the dSADA is based on a sequential process that is similar 
to the sorting mechanism of the SADA [see Isozaki et al. 
(2020b) for details], but with multiple modifications to 
realize multiplexed droplet sorting. First, to sort droplets 
into the upper channel(s) [corresponding to Outlet 1 and 
Outlet 2 in Fig. 1b], the electrodes of the upper SADA are 
sequentially activated and deactivated. An activated driving 
electrode generates a spatially nonuniform electric field with 
the neighboring grounded electrodes, exerting a localized 
dielectrophoretic force to pull a target droplet. Note that the 
localized force is not applied to the neighboring droplets 
preceding or following the target droplet. As mentioned 
above, the timings of the activation and deactivation of the 
electrodes are synchronized to the position and speed of the 
target droplet passing through the dSADA region. Using 
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all five driving electrodes of the upper SADA, the dSADA 
can sort droplets into the outer channel [corresponding to 
Outlet 1 in Fig. 1b], while using the three upstream elec-
trodes, the dSADA can sort droplets into the inner channel 
[corresponding to Outlet 2 in Fig. 1b] since the sum of the 
applied dielectrophoretic force used to pull the target drop-
let is weaker than that in the former case. As the dSADA 
has a symmetric structure, sorting of droplets into the lower 
channel(s) (corresponding to Outlet 4 and Outlet 5) can be 
similarly performed. In the absence of the external force, 
droplets flow into the middle channel (corresponding to Out-
let 3) by default.

2.3  Electrical simulation of FADS with the dSADA

To clarify the functionality of the dSADA, we performed an 
FEM-based electrical simulation with a commercial soft-
ware package (Comsol Multiphysics ver. 4.4, COMSOL, 
U.S.A.). The simulation model is a two-dimensional static 
model and consists of two electrode arrays, carrier oil in 
a microchannel, water droplets, and polydimethylsiloxane 
(PDMS) microchannel walls (Fig. 2a). The material prop-
erties of each element are shown in Table 1. The width of 
the microchannel, the width of the driving electrodes, and 
the width of the ground electrodes are given by 150 µm, 
100 µm, and 40 µm, respectively. The droplet diameter d 

and droplet pitch p are variable parameters. An 80-kHz 1-kV 
peak-to-peak AC signal is applied to the upper center driv-
ing electrode. 

Figure 2b shows the simulation results of the distribu-
tion patterns of the electric field in the entire dSADA region 
with a droplet diameter of d = 50 µm and droplet pitches of 
p = 60 µm and 150 µm. The insets of the figure show the 
distribution patterns of the dielectrophoretic force on the 
target droplet and an adjacent droplet. In the case of the 
small droplet pitch (p = 60 µm), the spatial gradient of the 
electric field generated by the activated driving electrode 
affects not only the target droplet, but also the adjacent drop-
lets. Moreover, electrical interactions between the droplets 
exist, leading to fluctuations in the flow speed of droplets. 
On the other hand, in the case of the large droplet pitch 
(p = 150 µm), the dielectrophoretic force applies only to the 
target droplet, enabling sorting of the target droplet(s) from 
a stream of droplets.

To quantitatively evaluate the ability to sort a target drop-
let from a stream of droplets including non-target droplets, 
we calculated the dielectrophoretic force on the target drop-
let and adjacent droplets as a function of the pitch of the 
50-μm droplets. Furthermore, we calculated the ratio of the 
dielectrophoretic force on the target droplet (Ft) to the die-
lectrophoretic force on an adjacent droplet (Fn). As shown 
in Fig. 2c, Fn exponentially decreases with an increase of 

Fig. 1  FADS with the dSADA. a Overview of the FADS system. The 
inset shows a picture of our dSADA chip and a high-speed camera 
image of FADS on the chip. The dSADA chip consists of a droplet 

generator, droplet accelerator, and dSADA. b Functionality of FADS 
with the dSADA
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the pitch of droplets p, while Ft slowly decreases. Therefore, 
the ratio exponentially increases. Assuming that this ratio 
must be more than 30 to effectively sort a single target drop-
let at a time without affecting other droplets and the flow 
speed of the droplets flowing at the center of the channel is 
0.5 m/s, the throughput of the achievable design specifica-
tion is derived to be ~ 3000 droplets/s by dividing 0.5 m/s 
by ~ 0.15  mm. Note that the throughput of the dSADA 
should be much lower, because the flow speed of the droplets 
is lower for multiple reasons: the target droplets are attracted 
to a channel wall where the flow speed is lower than that at 
the center of the channel and the width of the main channel 
increases downstream to introduce multiple outlets.

To investigate the effect of the droplet size on the sort-
ing performance, we performed simulations with a constant 
droplet pitch (p = 150 µm) and varying droplet sizes. As 
shown in Fig. 2d, the droplet size affects the local elec-
tric field distribution with larger droplets affecting it to a 
larger degree. On the other hand, the impact of the electric 
field differences owing to the droplet size on the sorting 

performance is negligible. Specifically, as shown in Fig. 2e, 
the ratio of Ft to Fn is on the same order of magnitude as 
a function of the droplet size ranging from 10 to 100 μm. 
These results indicate that the dSADA can sort droplets with 
various sizes. Note that the optimization of the microchan-
nel design is necessary for sorting droplets with a certain 
size. In this article, we optimized the microchannel design so 
that ~ 50-μm droplets could be sorted at a high throughput.

2.4  Demonstration of multiplexed FADS 
with the dSADA

To demonstrate multiplexed FADS with the dSADA, we 
designed, fabricated, and demonstrated a three-way dSADA-
based FADS system with three outlets. Here, the width of 
the main channel was made constant in the dSADA region. 
To perform sorting experiments with the three-way dSADA 
sorter, we used deionized water containing fluorescent ink as 
the dispersed phase such that all droplets generated from the 
dispersed phase would emit fluorescence that could trigger 

Fig. 2  Simulation of the dSADA. a Simulation model. b Simula-
tion of deflecting a single droplet, showing the electrical fields along 
the microchannel and the dielectrophoretic force on the target drop-
let, for the following droplet (upper) and preceding droplet (lower). 
The pitches of the droplets in the upper and lower models are 60 µm 
and 150 µm, respectively. c Dielectrophoretic force on the target and 

non-target droplets and the ratio between them as a function of the 
droplet pitch. d Simulations of deflecting a single droplet. The elec-
trical fields along the microchannel for sorting droplets with various 
diameters are shown. e Dielectrophoretic force on the target and non-
target droplets and the ratio between them as a function of the droplet 
diameter

Table 1  Parameters of the 
simulation model

Droplet Carrier oil Channel wall Electrode

Material Water Hexadecane PDMS Au
Electrical conductivity (S/m) 5.5 ×  10–6 0 0 45.6 ×  106

Relative permittivity 78 2 2.75 1
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the electronics via the PMT (Fig. 1a). Moreover, we devel-
oped a sorting function program so that one out of five drop-
lets is sorted alternatively into the upper and lower channels 
as a proof-of-concept demonstration. The sorting operation 
was monitored and evaluated with the high-speed camera 
(see Materials and Methods for details of the optical setup 
and dSADA operation).

Figure 3 shows a sequence of image frames captured by 
the high-speed camera (see Movie S1 for the complete image 
sequence). The images show that target droplets are gradu-
ally deflected and sorted into the upper or lower outlet while 
non-target droplets flow into the middle outlet by default. 
The pitch of droplets, the flow speed of droplets, and the 
sorting throughput were found to be ~ 312 μm, ~ 0.765 m/s, 
and 2450 droplets/s, respectively. The obtained sorting 
throughput is reasonably high enough compared to the 
throughput of the achievable design specification (~ 3000 
droplets/s). Furthermore, we experimentally measured the 
trajectories of the target droplets and three non-target drop-
lets to quantitatively clarify the functionality of the three-
way dSADA-based FADS system. As shown in Fig. 4, at 
the fifth driving electrode, the total lateral displacement of 
both target droplets reached 25 μm, which is sufficient to sort 
droplets into the upper or lower outlet, while the total lateral 
displacement of the non-target droplets was less than several 
micrometers, which was negligibly small. By monitoring 
the sorting process of 21 videos recorded by the high-speed 
camera, the success rate of the sorting process was found to 
be 100%. These results firmly indicate that the concept of 
the dSADA works as expected. 

2.5  Demonstration of scalable FADS 
with the dSADA

To demonstrate the scalability of the dSADA, we designed 
and fabricated a five-way dSADA-based FADS system and 
evaluated its performance using deionized water containing 
fluorescent ink. To increase the number of outlet channels 
from three to five, we modified the design of the three-way 
dSADA. Specifically, as shown in Fig. 5, the width of the 
main channel was made constant in the dSADA region from 
the first (most upstream) driving electrodes to the third driv-
ing electrodes, while the channel was widened in the dSADA 
region from the fourth driving electrodes to the fifth driv-
ing electrodes. The main channel at the fifth driving elec-
trodes was wider than that at the first driving electrodes by 
a factor of ~ 2.4. With this modification, we improved the 
spatial resolution of the position of droplets for accurate 
multiplexed droplet sorting, such that the tolerance of the 
droplet displacement for sorting was increased. As schemati-
cally shown in Fig. 5 as an example, to sort droplets into the 
upper outer outlet (Outlet 1), all the driving electrodes of 

the upper SADA were activated, while to sort droplets into 
the upper inner outlet (Outlet 2), the first, second, and third 
driving electrodes were activated.

We evaluated the performance of the five-way dSADA-
based FADS system using protocols similar to those for the 
three-way dSADA-based FADS demonstration. Note that 
we programmed the sorting function so that four consecu-
tive droplets were sorted into Outlet 1, Outlet 2, Outlet 5, 
and Outlet 4 in sequence. Figure 5 shows the trajectories 
of the sorted droplets recorded by the high-speed camera 
(see Movie S2 for the complete image sequence). The image 
in Fig. 5 was generated by stacking the captured images. 
These trajectories indicate that the five-way dSADA opera-
tion worked well. To quantify the success rate of the sorting 
process, we took a movie comprising 356 sorting events. 
The movie shows no sorting failure, meaning that the sorting 
accuracy was 100% at a high throughput of 473 droplets/s. 
In addition, we performed droplet sorting using another pro-
gram that was developed to direct all droplets into a target 
outlet (Outlet 1, Outlet 2, Outlet 4, or Outlet 5). As shown in 
Movie S3, the five-way dSADA operation worked well even 
at a high concentration of target droplets.

To show the utility of the five-way dSADA to biological 
applications, we used it to demonstrate sorting of biological 
cells encapsulated in droplets made of a biologically friendly 
material. Specifically, we performed multiplexed sorting of 
Chlamydomonas reinhardtii cells encapsulated in 46-μm 
droplets generated from culture medium (AF-6; conductiv-
ity: 39.7 mS/m) according to the number of cells encapsu-
lated in droplets with a high throughput of 667 droplets/s. As 
shown in Movie S4, culture-medium droplets were deflected 
by the dSADA in a similar manner to deionized water drop-
lets, indicating the applicability of the dSADA for biological 
applications where the conductivity of the droplet-forming 
media is typically higher than that of deionized water.

3  Discussion

As summarized in Fig. 6, our dSADA enabled multiplexed 
droplet sorting with higher throughputs than previously 
reported multiplexed droplet sorters (Frenzel and Merten 
2017; Caen et al. 2018). Specifically, the throughput of the 
three-way dSADA-based FADS system is comparable to 
that of the previously reported two-way SADA-based FADS 
system (Isozaki et al. 2020b), while the sorting throughput 
tends to decrease with an increase of the number of out-
lets. Moreover, the throughput of the five-way dSADA-
based FADS system is three times higher than that of the 
previously demonstrated five-way droplet sorting system by 
Caen et al. (2018). These results indicate that the dSADA-
based FADS opens up the possiblity for sorting samples that 
consist of multiple populations and rare targets, which is 
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Fig. 3  Demonstration of FADS 
with the three-way dSADA. 
The images were taken by a 
high-speed camera with an 
exposure time of 59 μs. Scale 
bar: 150 μm
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promising for many applications such as pathogen detection 
for food quality control (Ngamsom et al. 2016), screening 
for drug sensitivity of bacteria (Boedicker et al. 2008), and 
multiplexed gene sequencing for studying cell heterogeneity 
(Kang et al. 2018).

The throughput and scalability of the dSADA can be 
further improved by taking multiple approaches. First, as 
discussed in our previous paper (Isozaki et al. 2020b), the 
number of electrodes in the SADA can be increased without 

a limit. Second, the microchannel design can be optimized. 
For example, while in this work, we designed the main chan-
nel combining the straight channel region (from the first 
driving electrodes to the third driving electrodes) and the 
slanted channel region (from the fourth driving electrodes 
to the fifth driving electrodes), a slanted channel can be 
employed over the entire region of the dSADA. Third, the 
strength of the applied force to target droplets can be tuned 
via varying the applied voltage to the electrodes, leading to 
an increased range of deflection patterns. Fourth, a gapped 
divider that has been previously reported (Sciambi and 
Abate 2015) can be implemented into the dSADA. Specifi-
cally, the gapped divider forms a gap between the channel 
ceiling and the floor, avoiding droplet breakage by collid-
ing the droplets with the divider such that the droplets can 
squeeze. Fifth, the dSADA can be employed three dimen-
sionally by forming another dSADA in the orthogonal direc-
tion to the first dSADA, thereby increasing the number of 
outlets significantly, as it enables droplet sorting in three 
dimensions. This fabrication is feasible with the rapidly-
growing 3D-printer technology (Yazdi et al. 2016; Li et al. 
2019). With these improvements, the dSADA has the poten-
tial for super-multiplexed droplet sorting.

To maximally take advantage of the capability of dSADA-
based FADS, multimodal and/or high-content analysis meth-
ods are in good synergy with it, because single cells encap-
sulated in droplets can be separated into multiple bins based 
on the availability of rich cellular information provided by 
the analytical methods. For example, analogous to FACS, 
multicolor fluorescence detection with FADS (Perfetto et al. 
2004; Cossarizza et al. 2019) is applicable to dSADA-based 
FADS and can widen its application range. Also, high-speed 
Raman spectroscopy can be employed with dSADA-based 
droplet sorting for high-throughput, label-free identifica-
tion of intracellular molecules (Butler et al. 2016; Wang 
et al. 2017; Lindley et al. 2019; Hiramatsu et al. 2020). 

Fig. 4  Traces of target droplets for sorting toward the upper channel, 
target droplets for sorting toward the lower channel, and non-target 
droplets for sorting toward the middle channel, consisting of four 
traces of droplets immediately preceding or following the target drop-
lets

Fig. 5  Demonstration of FADS with the five-way dSADA. The addi-
tional on/off icons show the operation for sorting toward each outlet. 
The figure shows a stack of images captured by the high-speed cam-
era

Fig. 6  Comparison of the dSADA-based FADS system with previ-
ously demonstrated droplet sorters (Sciambi and Abate 2015; Frenzel 
and Merten 2017; Caen et al. 2018; Isozaki et al. 2020b)
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Furthermore, high-throughput imaging (Diebold et al. 2013; 
Wong et al. 2014; Barteneva and Vorobjev 2015; Han and Lo 
2015; Lau et al. 2016; Mikami et al. 2018a, b, 2020; Nitta 
et al. 2018; Lei et al. 2018; Gu et al. 2019; Isozaki et al. 
2019, 2020a) can be used in conjunction with dSADA-based 
FADS to provide microscopy-like high-content analytical 
capabilities. These integrations and additional capabilities 
hold promise for a new class of opportunities for diverse 
biomedical and industrial applications such as single-cell 
biology, synthetic biology, digital PCR, biosafety monitor-
ing, drug screening, and food, feed, and cosmetic industries.

4  Materials and methods

4.1  Optical setup

We used the optical setup described in our previous paper 
(Isozaki et al. 2020b). Briefly, the optical setup consists of 
a fluorescence detection module (see Fig. 1a) and an optical 
monitoring module (not shown in Fig. 1a). The fluorescence 
detection module consists of a CW laser diode (532 nm), 
a cylindrical lens (f = − 200 mm), a short-pass dichroic 
beamsplitter (cutoff wavelength of 550 nm), an objective 
lens (6.3 ×), a long-pass filter (cutoff wavelength of 575 nm), 
a spherical lens (f = 175 mm), an iris, and a PMT (H7422-
40, Hamamatsu Photonics, Japan). The laser light is focused 
by the cylindrical lens and objective lens onto the center 
of the stream of droplets in the microchannel and 200-µm 
upstream of the first electrode of the dSADA. The fluores-
cence from each cell in a droplet is detected by the PMT 
via the same objective lens, dichroic beamsplitter, long-pass 
filter, spherical lens, and iris. The optical monitoring module 
consists of a halogen lamp (OSL2, Thorlabs, USA), a band-
pass filter (with 20-nm bandwidth centered at 540 nm), a 
70:30 beamsplitter, a notch filter (with 17-nm bandwidth 
centered at 533 nm), a spherical lens (f = 175 mm), a high-
speed camera (Phantom v2640, Vision Research, USA), and 
the same objective lens shared with the fluorescence detec-
tion module.

4.2  dSADA chip

The dSADA chip consists of a polydimethylsiloxane 
(PDMS) slab with microchannel structures and a glass sub-
strate with Cr/Au electrodes fabricated using conventional 
soft-lithography and photolithography, respectively. See 
our previous paper (Isozaki et al. 2020b) for the details of 
the fabrication process. The height and width of the main 
microchannel are ~ 50 µm and 150 µm, respectively. The 
width and pitch of the driving electrodes are 100 µm and 
200 µm, respectively. The surface of the microchannel was 

made hydrophobic by washing the microchannel with 0.1% 
perfluorodecyl dimethylchlorosilane solution.

4.3  Operation parameters of the dSADA

We used a sample solution (deionized water containing fluo-
rescent ink or C. reinhardtii cells in AF-6 medium) as the 
dispersed phase, hexadecane with span 80 (concentration: 
1%) as the continuous phase to generate droplets, and hexa-
decane with span 80 (concentration: 1% for the deionized 
water solution or 10% for the AF-6 sample solution) as the 
continuous phase to accelerate droplets. The high concen-
tration of span 80 in the second continuous phase was for 
preventing the coalescence of droplets. The flow rates of 
the dispersed phase, continuous phase for generating drop-
lets, and continuous phase for accelerating droplets were 
typically 2, 60, and 100 µL/min, respectively. We applied 
80.1-kHz sinusoidal-like voltages generated by amplify-
ing 3.3-Vpp square-shaped signals to a high voltage of ~ 2.4 
 kVpp using home-made amplifiers (Isozaki et al. 2020b). The 
parameters for the flow rates and voltages were optimized, 
depending on the target throughput and the type of dSADA 
(i.e., three-way dSADA or five-way dSADA). All the settings 
were manually tuned via monitoring droplet sorting pro-
cesses with the high-speed camera. We operated the dSADA 
using the aforementioned parameters following the protocols 
shown in our previous paper (Isozaki et al. 2020b) as a basis, 
but with some modifications. Briefly, we aligned the posi-
tion of the excitation laser, tuned the flow rates, checked the 
fluorescence signals from the droplets or cells, tuned the 
signal thresholds for activating the electrodes, measured the 
flow speed of the droplets, input the timing used to apply 
the voltage to each driving electrode, manually optimized 
the timing, and tuned the amplitude of the applied voltage.

4.4  Cultivation and preparation of C. reinhardtii 
cells

C. reinhardtii TKAC1017 was provided by Tsuruoka, 
Keio, Algae Collection (TKAC) of T. Nakada at the Insti-
tute for Advanced Biosciences, Keio University. C. rein-
hardtii cells were cultured in 10 mL of AF-6 medium in 
50-mL flasks (690195, Greiner, Austria). The cells were 
cultivated in a custom-made growth chamber [see (Isozaki 
et al. 2020b) for details] at 25 °C under warm-white LED 
lighting at 120 µmol photons/m2/s with a 12 h/12 h light/
dark cycle. The cells were subcultured every 3–4 days at a 
log growth phase cell concentration. For the droplet sort-
ing experiments, the cells were concentrated by a centri-
fuge to a concentration of ~ 2.65 ×  107 cells/mL. Assuming 
that the droplet volume and cell concentration are 50 pL 
and 2.65 ×  107 cells/mL, respectively, the probabilities that 
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a droplet contains 0, 1, 2, 3, 4, and > 5 cells were found to 
be 26.58%, 35.22%, 23.33%, 10.31%, 3.41%, and 1.15%, 
respectively (Mazutis et al. 2013). No staining process was 
necessary since the autofluorescence of the cells was used 
to trigger the dSADA.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10404- 021- 02432-z.
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