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Abstract

On-demand droplet sorting is extensively applied for the efficient manipulation and genome-wide analysis of individual
cells. However, state-of-the-art microfluidic chips for droplet sorting still suffer from low sorting speeds, sample loss, and
labor-intensive preparation procedures. Here, we demonstrate the development of a novel microfluidic chip that integrates
droplet generation, on-demand electrostatic droplet charging, and high-throughput sorting. The charging electrode is a copper
wire buried above the nozzle of the microchannel, and the deflecting electrode is the phosphate buffered saline in the
microchannel, which greatly simplifies the structure and fabrication process of the chip. Moreover, this chip is capable
of high-frequency droplet generation and sorting, with a frequency of 11.757 kHz in the drop state. The chip completes
the selective charging process via electrostatic induction during droplet generation. On-demand charged microdroplets can
arbitrarily move to specific exit channels in a three-dimensional (3D)-deflected electric field, which can be controlled according
to user requirements, and the flux of droplet deflection is thereby significantly enhanced. Furthermore, a lossless modification
strategy is presented to improve the accuracy of droplet deflection or harvest rate from 97.49% to 99.38% by monitoring
the frequency of droplet generation in real time and feeding it back to the charging signal. This chip has great potential for
quantitative processing and analysis of single cells for elucidating cell-to-cell variations.
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Introduction

Droplet microfluidics is a novel and recently-developed tech-
nique for generating microdroplets [1, 2]. Encapsulating cells
within droplets enables their use for single-cell analyses [3,
4], cell cultures [5, 6], in vitro organ models [7, 8], and dis-
ease modeling [9]. Microdroplets are generally manipulated
by a variety of manipulation strategies including acoustic
[10, 11], optical [12, 13], thermal [14], magnetic [15, 16],
valve-based [17], hydrodynamic [18, 19], or electrical [20,
21]. Among them, the electrical method has unique advan-
tage, including a short response time [22], easy setup, high
integration [23], and good compatibility [24].

However, current methods for electrically sorting micro-
droplets necessitate the deposition of corresponding elec-
trodes onto the substrate. Moreover, in some cases, they
require specialized electrodes to contact the droplets, which
complicates the fabrication process [25]. If droplets are
deflected solely by dielectrophoretic force without prior
charging, it is difficult to deflect individual droplets when
they are moving at high speed. This is because deflecting
electrodes are generally long, which results in all droplets
within the region being deflected simultaneously [26]. There-
fore, it is crucial to develop a novel microfluidic chip for the
pre-charging of high-frequency droplets.

Guo et al. proposed a droplet sorting device that generated
microdroplets using a flow focusing channel and deflected
droplets directly using direct current (DC) voltage. This
device was found to be able to separate individual mam-
malian cell-encapsulated alginate droplets. However, due to
the lack of pre-charging, the droplet frequency was very low,
reaching only 250 Hz; moreover, its sorting speed was quite
slow [27]. Ahn et al. proposed a droplet-based microfluidic
device for simultaneous droplet charging and sorting by elec-
trostatic actuation. This device placed the sorting electrode
immediately behind the location where droplets were gener-
ated. It induced electric charges on the surface of the droplet
via the sorting electrode. The sorting electrode was then used
to complete the sorting process, and realized an improved
sorting throughput, but still, this reached a droplet frequency
of 600 Hz only and necessitated the fabrication of a complex
electrode structure [28]. In addition, Ahn et al. [29] pro-
posed a droplet-based microfluidic device that integrated two
separate modules: a hydrodynamic flow-focusing structure
for generating water-in-oil droplets and two paired elec-
trodes for charging and sorting these droplets. This device
allowed robust control of individual droplets in the pres-
ence of positive, negative, or neutral charges. However, the
device required the deposition of an indium tin oxide (ITO)
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electrode layer and an oxide insulating layer on the glass
substrate, thereby complicating the preparation process. Rao
et al. injected conductive silver paste into the polydimethyl-
siloxane (PDMS) cavity to make three-dimensional (3D)
electrodes, replacing the traditional complex deposition and
stripping process and simplifying the device fabrication. This
device pre-charged droplets and then divided them into two
halves for separate sorting, reaching a sorting efficiency of
95% [24, 30]. Vyawahare et al. designed a new microflu-
idic system for droplet sorting that reached a sorting purity
exceeding 90%. However, this system required gold-plated
electrodes and an insulating layer, and was still cumbersome
to fabricate [31]. If droplets can be charged at the same time as
they are generated, thus achieving high-throughput charged
droplet generation, high-speed sorting of droplets can be eas-
ily achieved using a 3D-deflected electric field.

We therefore propose a novel integrated microfluidic chip
for the on-demand generation and deflection of charged
droplets. To construct this device, we buried a slender wire at
the point of droplet generation. Charging of the droplets was
achieved by induction of electricity from the copper wire,
while deflection of the droplets was achieved through a 3D
deflecting electrode within the microchannel. Since droplets
are charged while they are generated, the droplets can be
charged and sorted at a high throughput of 11 kHz, which
is comparable to the sorting speed of flow cytometry [32,
33]. Importantly, our device is fully enclosed for droplet
generation and sorting, and does not require a complex
deposition and stripping process for electrode preparation.
Moreover, we can arbitrarily control the number and ratio of
deflected droplets. Finally, by feeding the realized monitored
frequency of droplet generation back to the charging signal,
the accuracy of droplet charging and deflection can reach
99.38%. This device may therefore be valuable in biomedi-
cal research for cell culturing and sorting.

Materials and methods

COMSOL simulation

To identify an optimal microchannel structure for droplet
generation, we used COMSOL Multiphysics version 5.6
(COMSOL Inc., Cambridge, MA, USA) to simulate the
effect of droplet generation under different nozzle widths.
To simplify the simulation process, we adopted a two-
dimensional model and made the following assumptions: (1)
liquids behaved as Newtonian fluids, (2) no-slip boundary
conditions were adopted, and (3) a compressible Stokes flow
model was selected to represent the physics of our stationary
model [34]. The boundary conditions in the simulation were
set as shown in Table 1. Phosphate buffered saline (PBS) was
used as the dispersed phase, and dimethyl silicone oil was
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Table 1 Boundary conditions for the nozzle structure simulation

Name Boundary condition

Boundary Viscosity, density, surface tension
coefficient, and other parameters
taken from the physical parameters of
the two phases (i.e., water and oil)
[35]

U, 10 wL/min

U, 80 wL/min

Outlet Zero pressure

Other channel surfaces Wall drainage and a contact angle of

135° [36]

Uj: flow rate of the dispersed phase; U,: flow rate of the continuous
phase

used as the continuous phase. We applied a boundary con-
dition of +100 V at the entrance of the dispersed phase and
set a grounded electrode in the nozzle to simulate the charg-
ing of droplets during generation. A stable parallel deflection
electric field was then applied after the microdroplets were
generated to realize droplet displacement.

Fabrication of the microfluidic chip
Fabrication of the microchannel template

First, a silicon wafer (Suzhou Research Material Micro-Nano
Technology Corporation, China) was irradiated in an ultravi-
olet (UV)—ozone cleaner for 15 min to obtain a hydrophilic
surface. SU8-2025 (MicroChem, USA) was then spin-coated
onto the silicon wafer, which was then heated at 65 °C for
3 h (Figs. Sla and S1b in Supplementary Information). A
mask with the microchannel pattern was then placed on the
wafer, which was exposed to UV light for 15 s (Fig. Slc
in Supplementary Information). The resulting silicon wafer
was heated at 95 °C for 15 min, and then placed in propy-
lene glycol methyl ether acetate developer (MicroChem,
USA) and isopropyl alcohol (Sigma Aldrich, USA) for 15 s
respectively for cyclic development until white precipitates
no longer appeared [37]. Finally, the wafer was heated at
135 °C for 20 min, and its surface became hydrophobic due
to the properties of C;¢H19F1703Si (MACKLIN, Shanghai,
China) (Fig. S1d in Supplementary Information). This proce-
dure concluded the preparation of the microchannel template.

PDMS inversion process

PDMS prepolymers and curing agent (SYLGARD 184 Sili-
cone Elastomer Kit, Dow Corning, Midland, MI, USA) were
mixed at a volume ratio of 10:1 to form mixed solution. The
solution was first poured onto the microchannel template to

form an insulation layer approximately 200 wm above the
flow channel. We calculated the product of the surface area
of the microchannel template and the total thickness of the
insulation layer (approximately 250 pwm) to obtain a value.
The total volume of the microchannel was then subtracted
from this value to determine the volume of solution required
to create the PDMS insulation layer. After the PDMS had
cured, we placed a slender copper wire with a diameter of
approximately 150 wm at the nozzle where the droplets were
generated. The charging electrode was produced in a rela-
tively simple way. The remaining solution was poured onto
the template to form a thicker PDMS microchannel (Fig. Sle
in Supplementary Information). Finally, we cut and drilled
the cured PDMS (Fig. S1f in Supplementary Information).

Chip packaging process

The PDMS microchannel and a glass substrate (CITOTEST,
China) were bombarded in an oxygen plasma cleaner (Har-
rick Scientific, USA) to obtain activated surfaces (Figs. S1g
and S1h in Supplementary Information). After the PDMS
was treated with oxygen plasma, the -CH3 groups in its sur-
face layer disappeared and were replaced by -OH groups.
After the glass was treated with oxygen plasma, its surface
layer was filled with Si—~OH bonds. The Si—-OH bonds on the
surface of PDMS and on the surface of glass formed stable
and dense Si—O-Si bonds after dehydration reactions [38,
39]. We then bonded the two surfaces together and heated
them at 95 °C for 7 h to complete the fabrication of the
microfluidic chip (Fig. S1i in Supplementary Information).

Test system for the chip
Post-processing of the chip

Since the generation of water-in-oil droplets requires the
microchannel to be hydrophobic [40], we subjected the pre-
pared microfluidic chip to a hydrophobic treatment for 10 h
using C1¢H19F1703Si.

Microscopic characterization

The thickness of the PDMS insulation layer was measured
under an optical microscope, as shown in Fig. S2 (Supple-
mentary Information). The shape and size of the droplets
were also observed by a high-speed camera (AcutEye-
2 M-1000, Ketianjian Photoelectric Technology Corporation,
China).

Materials and instruments required for testing

The dispersed phase (PBS buffer, 0.03 mol/L, pH=7.2,
Codow, China) and continuous phase (dimethyl silicone
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oil, PMX-200, SYLGARD, USA) were introduced into the
chip by an injection pump (LSP02-3B, Baoding Dichuang
Electronic Technology Corporation, China), polytetrafluo-
roethylene hoses, syringes, and microfluidic connectors. A
laser generator (THORLABS, USA), a photodetector, and
an oscilloscope (Tektronix TDS2012B, USA) were used
to detect the frequency of droplet generation. A signal
generator (Agilent 33250A, USA) and a voltage amplifier
(Aigtek ATA-2161, Antai Electronic Technology Corpora-
tion, China) were used to generate pulsed signals to charge
the microdroplets. Finally, positive and negative high-voltage
direct current (DC) power supplies (DW-P303-1ACH2 and
DW-N303-1ACH2, Dongwen High Voltage Power Supply
Corporation, China) were used to generate the deflected elec-
tric field.

Results and discussion
Working mechanism

A structural diagram of the chip is shown in Fig. la. The
positive or negative electrode of the charging structure is
directly connected to the inlet of the dispersed phase, while
the ground electrode is positioned above the microchannel
nozzle with a thin PDMS layer interposed approximately 200
pm above the flow channel. The ground electrode, a slender
copper wire, is then embedded in the chip during the PDMS
curing process. This does not require lithography, coating,
or other processes on the substrate, and only the embedding
of the copper wire during PDMS curing is necessary. The
four-layer structure of the chip is shown in Fig. 1b. Here,
the copper wire is sandwiched between the PDMS insula-
tion layer and the remaining PDMS. We then bond the side
with the microchannel to a glass substrate to obtain the final
microfluidic chip.

When no voltage is applied to the dispersed phase (Vc=0),
droplets are generated according to the flow focusing struc-
ture. When a positive voltage is applied to the dispersed
phase (Vc>0), positive charges are induced at the water—oil
interface closest to the grounded copper wire near the noz-
zle due to electrostatic induction. After generation of the
droplet, positive charges will remain on the surface of the
droplet, thereby positively charging the droplet. The dura-
tion of electrostatic induction can be regulated by controlling
the application time of the positive voltage to control the
number of microdroplets per charging circle. Similarly, if a
negative voltage is applied to the dispersed phase (Vc<0),
negatively charged droplets will be generated. By precisely
controlling the charging voltage, droplets can be generated
and charged accurately on demand at the same time. As
charged droplets pass through the droplet deflection area, the
electrostatic force then causes positively charged droplets to
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move toward the negative pole and negatively charged ones
toward the positive pole, thereby realizing on-demand deflec-
tion of droplets.

Our chips can be used for sorting cells or molecules after
encapsulation in droplets. After being detected by other struc-
tures (e.g., by fluorescence detection, etc.), cells or molecules
can be encapsulated in droplets and selectively charged at
the same time. They are then deflected using an electric field
based on their surface charge. Note that the sorting function
of the chip is a priori, and does not involve changing the
polarity of the sorting electrodes.

Fluid simulation

As shown in Fig. 2, the inlet widths of both the dispersed and
continuous phases were uniformly set to 50 pm. The width of
the outlet channel was set to 80 wm. The width of the nozzle
used to generate the droplets was varied and denoted as W, as
shown in Fig. 2a. The flow rates U for the dispersed phase
and U, for the continuous phase were set as shown in Table
1. Notably, W ranged from 30 to 70 pwm (Fig. 2a-1I-VI). In
Fig. 2, red represents the dispersed phase and blue represents
the continuous phase. When W=30 pwm, both the dispersed
and continuous phases flowed backward through the nozzle.
Here, the pressure of the continuous phase exceeded that of
the dispersed phase, impeding droplet formation at the nozzle
and resulting in a post-nozzle jet type. The droplets generated
in this case exhibited a larger diameter and a lower frequency
of generation.

Moreover, when W increased to 40 wm, the squeezing
pressure of the continuous phase relative to the dispersed
phase decreased, and droplets were generated at the nozzle;
however, the frequency of droplet generation was insuf-
ficient. When W=50 wm, the squeezing pressure of the
continuous phase relative to the dispersed phase reached a
suitable state. At this point, droplets were generated in the
drop type at a high frequency, which can be seen from the
spacing between droplets. The diameter of these droplets was
approximately 37 pm, and they exhibited excellent monodis-
persity. When W was further increased to 60 and 70 pm, the
squeezing pressure of the continuous phase relative to the
dispersed phase weakened, resulting in a lower frequency of
droplet generation. Therefore, based on these results, it can
be concluded that the droplet generation state using this chip
design was optimal when W=50 wm. Therefore, this nozzle
structure was selected as the microstructure for microdroplet
generation.

Under abias of +100 V, a positively charged droplet shifted
in the deflection electric field (as shown in Fig. 2b). Dur-
ing the first 20 ws, the droplet underwent weak deflection,
but this effect was not yet obvious. However, at 60 s, the
droplet already underwent significant deflection. Since the
droplet flowed to the right with the continuous phase, it
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Charged droplet H
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Fig. 1 Schematic diagram of the microfluidic chip: a the on-demand charging and deflection design, and b the four-layer structure of the chip.

PDMS: polydimethylsiloxane

moved toward the right. At the same time, the droplet was
charged. Thus, after we applied an upward horizontal electric
field, the droplet was deflected upward as a way to simulate
the deflection of a charged droplet in an electric field. After
100 s, the droplet moved 25 pm horizontally and 12 pm
vertically (Fig. 2b-VI). At this rate, the droplet would con-
tinue to deflect vertically until it separated from the other
droplets.

The actual chip

An image of our integrated microfluidic chip is displayed in
Fig. 3a. This shows a glass substrate, a PDMS microchannel,
and a slender copper wire for on-demand charging and deflec-
tion of droplets. The PDMS microchannel consists of two
functional regions: the droplet generation region (Fig. 3b)
and the droplet deflection region (Fig. 3¢c). The inlet widths of
the dispersed and continuous phases in the droplet generation
structure are both 50 wum, and the width of the nozzle is also
50 wm, which is consistent with the COMSOL simulation
results. The height of all flow channels is 50 wm. The deflec-
tion electrode used for the droplet deflection area adopts a
3D structure with the same height as the flow channel, which
introduces PBS conductive solution during operation. The
3D electrode can therefore form a 3D electric field with suf-
ficient electric field strength, eliminating the need for metal

electrode plating on the glass and simplifying the chip fab-
rication process. The test system for the chip is shown in
Fig. 3d.

Droplet formation and on-demand charging

We conducted an experimental investigation into the impact
of the flow rate ratio between the continuous and dispersed
phases on the droplet formation state to select the appropri-
ate injection speed for the continuous phase. Thus, to explore
the influence of flow rate on the frequency of droplet gen-
eration and the diameter of droplet, we analyzed the force
state during droplet breakage and generation. When a droplet
is generated at the nozzle, it is subjected to various forces,
including the viscous force between two fluid phases, the
inertial force of fluid flow in the dispersed phase, gravity,
interfacial tension, and the shear force provided by the con-
tinuous phase. The inertial force and gravity are negligible
because the Reynolds number of the fluid is very small on
the microscopic scale. Interfacial tension, viscous force, and
shear force are the main factors affecting the droplet gener-
ation process. The capillary number Ca:“TU2 can be used
to describe these three forces. Here, u is the viscosity of the
continuous phase, U5 is the flow rate of the continuous phase,
and o is the interfacial tension between the two phases [41,
42].
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Fig.3 a Authentic photograph of the chip. b Magnified view of the nozzle. ¢ Magnified view of the droplet deflection region. d The test system for

the chip. LED: light emitting diode; DC: direct current

The formation of droplets is attributed to the shear force
provided by the continuous phase, which overcomes the
interfacial tension between the two phases. The shear force
provided by the continuous phase is proportional to the flow
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rate of the continuous phase. Therefore, when the viscosity
of the continuous phase and the surface tension of the two
phases are both fixed, a higher flow rate of the continuous
phase facilitates easier droplet formation [43]. Hence, we
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investigated the effect of the continuous phase flow rate on
droplet generation frequency and droplet size.

To facilitate clear observation of the droplet generation
process, the copper wire was positioned beside the noz-
zle without applying a charging voltage. A microstructure
was then used to passively generate droplets. During exper-
imentation, we kept the flow rate of the dispersed phase at
10 wL/min, adjusted the injection pump to change the flow
rate of the continuous phase, and observed and measured
the frequency of droplet generation and the diameter of the
droplet. We experimented with the nozzle width set to 50 pm
and the flow rate of the dispersed phase set at 10 pL/min
(Fig. 4a). When the flow rate of the continuous phase was
between 30 and 50 wL/min, the capillary number was low,
and the droplet generation state was the squeeze type. In this
state, the frequency of droplet generation was low, the diam-
eter of the droplet was larger than the width of the nozzle, and
the monodispersity of droplets was good (Fig. 4b and Video
S1 in Supplementary Information). However, when the flow
rate of the continuous phase was 50—110 pwL/min, the capil-
lary number increased, and the droplet generation state was
the drop type. In this state, the frequency of droplet generation
was high, the diameter of the droplet was small (i.e., smaller
than the width of the nozzle), and the droplet was monodis-
persed (Fig. 4c). When the flow rate of the continuous phase
was 90 pL/min, the frequency of droplet generation was
11.757 kHz, and the diameter of individual droplets was
approximately 33 wm. The diagram of the gradual increase
in the volume of the droplet at the nozzle until it broke dur-
ing one cycle is shown in the Supplementary Information
(Fig. S3). In addition, when the flow rate of the continuous
phase exceeded 110 pL/min, the capillary number became
too large, resulting in the jet type droplet generation state.
In this state, the frequency of droplet generation was lower
than that when the flow rate of the continuous phase was 110
pL/min. The droplet diameter was smaller than the width
of the nozzle, and the droplets were polydisperse (Fig. 4d
and Video S3 in Supplementary Information). Furthermore,
when the flow rate of the continuous phase was 110 wL/min,
droplet formation occurred at a critical state between the drop
and jet types.

To study whether charging voltage has a significant impact
on passive droplet generation, we buried the copper wire
at the nozzle and applied a charging voltage. The exper-
iment was conducted with a dispersed phase flow rate of
10 wL/min and a continuous phase flow rate of 90 wL/min.
After droplets were stably generated, we recorded the fre-
quency and diameter of droplet generation (Figs. 4a and
4c). For this experiment, we applied charging voltages of
+20, +40, +60, +80, +100, +120, +140 V, etc., to the droplets,
and then observed and recorded the state of droplet gen-
eration. When the charging voltage was below 260 V, the

frequency and diameter of droplets generated during charg-
ing were comparable to those generated without charging
(Fig. 4e). The distance between adjacent droplets was 76 pwm.
These droplets were generated and moved at a uniform speed,
which means that droplet charging had no effect on droplet
generation under these conditions. It ensured the stability of
droplet generation when a rectangular wave or pulsed volt-
age was applied to the droplets to achieve on-demand droplet
charging.

However, when the charging voltage reached or exceeded
280V, we observed significant changes in the state of droplet
formation. At this point the droplets were no longer gener-
ated and moved at a constant speed. The distance between
adjacent droplets became uneven at intervals of 90, 96, and
78 wm, etc., as shown in Fig. 4f. This was because there
were excessive charges on the droplets, making the droplets
repel each other. Moreover, during droplet formation, those
droplets with surplus charges were affected by electric field
forces. Excessive electrophoretic forces resulted in inhomo-
geneous droplet formation, thereby disrupting the original
equilibrium state and leading to a disordered state that is no
longer conducive to on-demand charging of droplets.

In addition, our oil-in-water droplet generation strategy
has been demonstrated to have no impact on cellular activity
[44]. The oil used here was dimethyl silicone oil, whose main
component is PDMS. PDMS is biocompatible and does not
cause toxicity or damage to biological samples or cells [45].
On the other hand, the proposed droplet sorting strategy based
on charging and deflecting also has a negligible impact on
the activity of cells since they are encapsulated within oil
phase droplets, and the charges are distributed on the droplet
surface [46].

On-demand high-speed deflection of charged
droplets under an electric field

To verify that droplets were indeed charged after the charg-
ing process, the deflection area was positioned downstream
of the area where the microdroplets were generated. Within
the deflection area, the upper side of the flow channel was
connected to the negative electrode and the lower side was
connected to the positive electrode. Uncharged droplets were
electrically neutral and were therefore unaffected by the force
of the electric field. The uncharged droplets would flow out of
the lower channel due to the restriction of the outlet channel
structure. In contrast, the positively and negatively charged
droplets would move toward the negative and positive elec-
trodes, respectively, under the action of the electric field force
Fg. Therefore, positively charged droplets would flow out of
the upper channel, while negatively charged droplets would
flow out of the lower channel (Fig. 5a).
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Fig.4 a Variation curve of the frequency and diameter of droplet gen-
eration with changing flow rate of the continuous phase (data are
represented as meantstandard deviation, n=5) . b Squeeze state of
droplet formation when the flow rate of the continuous phase was
40 pL/min (Video S1 in Supplementary Information). ¢ Drop state
of droplet formation when the flow rate of the continuous phase was
90 pL/min (Video S2 in Supplementary Information). d Jet state of

In this experiment, we injected samples at a flow rate of
10 wL/min for the dispersed phase and 90 pL/min for the con-
tinuous phase. Figure 5b shows that droplets were directed to
the lower channel due to the microstructure when the charg-
ing and deflection voltages were not applied. At this moment,
the frequency of droplet generation was 11.757 kHz, and the
period of droplet generation was approximately 85 s.

A rectangular wave signal (Vc) was then applied to charge
the droplets. The charging period was twice the droplet gen-
eration period. During each cycle, half of the period applied
+100 V while the other half applied —100 V (Fig. 5c). In
this way, droplets were generated successively according to
the rule that one droplet was positively charged and the other
droplet was negatively charged alternately. When the charged
droplets flowed to the deflection area, one droplet moved
toward the negative pole while the other moved toward the
positive pole: this movement alternated, as shown in Fig. 5c.
Furthermore, another rectangular wave signal with a period
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Ve=+280 V

droplet formation when the flow rate of the continuous phase was
120 pL/min (Video S3 in Supplementary Information). € When the
charging voltage was 260 V, it had no obvious effect on the droplet
formation state. f When the charging voltage was 280 V, the droplet
generation state was affected; droplet generation became uneven, and
the droplets were not equidistantly spaced

three times that of droplet generation was applied to the
droplets. This signal consisted of +100 V for one-third of
the period and —100 V for two-thirds of the period. In this
way, the droplets would be generated successively according
to the rule that one droplet was positively charged and two
droplets were negatively charged, alternately. Thus, when the
charged droplets flowed to the deflection area, they exhibited
an alternating phenomenon of one droplet moving toward
the negative pole and two moving toward the positive pole,
as shown in Fig. 5d.

Similarly, by manipulating the charging voltage, a phe-
nomenon of one droplet moving toward the negative pole and
three moving toward the positive pole was also realized, as
shown in Fig. Se. The phenomenon that four droplets moved
toward the negative pole and one moved toward the positive
pole was also realized, as shown in Fig. 5f. Since our chip
charges droplets as they are generated, the droplets can be
successfully deflected on demand in the deflection region, no
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Fig.5 a Schematic diagram of the deflection area. b Without deflection
and charging voltage, all droplets flowed out from the lower channel
under the microstructure. ¢ One droplet moved toward the negative
pole and the other moved toward the positive pole (Video S4 in Supple-
mentary Information). d One droplet moved toward the negative pole

matter how high the droplet frequency is, as long as they can
be charged smoothly.

A new strategy for droplet charging

Since we used a passive droplet generation structure, insta-
bility of channel pressure, possibly due to minor errors in
syringe pump feeding, or the deformation of PDMS could
cause variation in the frequency of droplet generation. More-
over, if we charged the droplet according to a measured
fixed frequency of droplet generation, the accuracy of droplet
deflection would also fluctuate within a small range due to
small fluctuations in droplet frequency. In this regard, we
used a laser generator and a photodetector to detect the fre-
quency of droplet passage within the flow channel, used an
oscilloscope to pick up this frequency value and sent it to
a computer. The computer then transmitted the frequency
value to a signal generator, which charged droplets based on
the real-time frequency value (Fig. 6a). More specifically, we
tested three sets of experiments to observe the instability of
the droplet generation frequency. The frequency of droplet
generation was recorded every five minutes for each set of
experiments, which was 12 times in total. The frequency of

+800 V

and two moved toward the positive pole (Video S5 in Supplementary
Information). e One droplet moved toward the negative pole and three
moved toward the positive pole (Video S6 in Supplementary Informa-
tion). f Four droplets moved toward the negative pole and one moved
toward the positive pole (Video S7 in Supplementary Information)

droplet generation fluctuated between 11.56 and 11.96 kHz,
with an average value of approximately 11.757 kHz (Fig. 6b).
As shown in Fig. 6¢, our real-time charging method effec-
tively enhanced the accuracy of droplet deflection from
97.49% to 99.38%. Our system requires prior knowledge of
the droplets to be sorted and selectively charges them based
on previous detection results. The deflecting electrode of the
chip only provides a stable electric field and does not act as
a selective role.

Table 2 summarizes the main technical parameters of our
chip as well as previous chips used for droplet sorting. These
results show that our chip exhibits superior performance in
terms of droplet flux and deflection accuracy. Moreover, its
fabrication process is simple and low-cost, and it provides a
practical solution for microfluidic chip-based droplet sorting.

Conclusions

In this work, we proposed a novel integrated microfluidic
chip for on-demand electrostatic droplet charging and sort-
ing. The charging of droplets was achieved by burying a
copper wire in the PDMS microchannel, while the deflection
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Fig.6 a Schematic of the chip test system. Here, we monitored the fre- 90 pL/min for dispersed and continuous phases, respectively. ¢ Accu-
quency of droplet generation in real time and fed this frequency value to racy of droplet deflection when charging droplets at a fixed frequency
a signal generator to guide the on-demand charging of droplets. b Insta- and at the real-time frequency of droplet generation (data are repre-
bility of the frequency of droplet generation at injection speeds of 10 and sented as meanztstandard deviation, n=5)
Table 2 Comparison of the ] ] ] ]
technical parameters between Device structure Sorting speed Sorting accuracy ~ Process complexity ~ Reference
this chip and the previous chips
used for droplet sorting This work 10 pL/min, 11.757kHz ~ 99.38% Simple -
Guo et al. 250 Hz - Complex [27]
Ahn et al. 600 Hz - Complex [28]
Ahn et al. 90 wL/h - Complex [29]
Rao et al. 5Hz 95% Simple [30]
Vyawahare etal. 4 kHz >90% Complex [31]
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of charged droplets was implemented by injecting PBS into
the PDMS microcavity. The chip used a flow-focused pas-
sive structure to generate microdroplets and charged them via
electrostatic induction during the droplet generation process.
Importantly, the preparation process of this chip for droplet
charging and deflection is relatively simple. Experimental
results demonstrated that the chip achieved credible droplet
generation, charging, and deflection at a high frequency of
11.757 kHz. The chip can control the number and ratio of
deflected droplets arbitrarily according to our requirements.
Furthermore, the accuracy of droplet charging and deflection
increased from 97.49% to 99.38% by monitoring the fre-
quency of droplet generation in real time and feeding it back
to the charging signal. Our work provides a practical plat-
form for on-demand droplet sorting, and shows considerable
promise for biomedical applications such as cell sorting and
single-cell analysis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-023-00257-z.
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