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ABSTRACT

For passive droplet generation, multiple parameters such as the fluid viscosities and flow rates of the continuous and discrete phases corre-
late to each other, raising relevant control difficulties. In the current study, a droplet platform that is capable of handling dissimilar liquids
is proposed. Through combining oscillatory flow and electric charge, synchronized generation and forced coalescence of different droplets
can be achieved. Its application for the separation of E. coli from blood is tested, which leads to a high capture efficiency with less sample

and within a shorter time than usual.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006111

I. INTRODUCTION

In the past few years, droplet microfluidics* has been proven as
an effective tool for various chemical syntheses, biochemical analysis,
and clinical diagnostics.”™ It provides some unique advantages such
as ultra-high throughput, high accuracy, less sample, and reagent con-
sumption. In its applications, an important topic involved is droplet
manipulation, including droplet generation, transporting, sorting,
splitting, and coalescence.””"” For passive droplet generation, the
droplet volume and generation frequency are sensitive to the channel
size, the flow rates, and properties of the continuous and discrete
phases.” It raises the difficulty of relevant controls, especially in the
cases where droplets of different sizes and viscosities must be simulta-
neously handled. To solve the problem, it relies on active droplet
manipulation. For example, external mechanical vibrators can be
applied to govern the droplet generation,”"™' and electric fields' "
and surface acoustic waves (SAWs)'” can facilitate droplet coales-
cence. Link et al.'® proved that the presence of the electric field
can make the droplet formation become exactly synchronized and
make droplets coalesce more easily. However, the droplet size
changes as the electric field changes and the droplet generation fre-
quency varies with the droplet size. Bhattacharjee and Vanapalli*’

used the electrocoalescence method to do serial dilution. It allows
on-demand and controlled dilution of droplets and is simple
enough to be useful for assays that require serial dilutions.

In our previous work, we developed a negative-differential-
resistance (NDR) microfluidic oscillator’' ™" and demonstrated its
application for active droplet control.”* Applied to the continuous
phase, the device produces an oscillatory flow that governs the
droplet formation. The droplet size can be independently con-
trolled through tuning the flow rate of the discrete phase. Using
one single oscillator, droplets of different volumes and viscosities
can be generated synchronously, facilitating their subsequent
one-to-one coalescence. However, it was also noted that under
some conditions, e.g., the channels are not strictly symmetrical, it
is rather difficult for the droplets to merge, especially when sur-
factant stabilizers are added. So, in the current work, an electric
field is added to promote droplet coalescence. By converting the
electric signal, the two discrete phases can be positively or nega-
tively charged, respectively. Then, under the electric force, the
generated droplets of the two distinct fluids can attract each other
and merge more easily. Thus, utilizing the NDR microfluidic
oscillator and in combination with the electric charge, a universal
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droplet platform is developed, which favors various biological and
chemical applications.

Il. CHIP DESIGN AND EXPERIMENTAL SETUP

Figure 1(a) is a 3D schematic diagram of the droplet system.
Upon flowing through the oscillator, the stable flow of the continu-
ous phase turns into an oscillatory flow. Then, it splits into two
streams and is applied to the T-junction droplet generators down-
stream. In such a design, within a wide range of the flow rate Q
and viscosity u of the discrete phase, the droplet generation fre-
quency f keeps the same with that of the oscillator. An electric field
is applied to the two discrete phases, so the generated droplets will
be positively or negatively charged. Due to the electric attraction
force, they approach each other and finally contact and coalesce in
the downstream channel. Through changing the applied voltage,
the magnitude of the attraction force can be adjusted. Figure 1(b) is
a dimensional drawing of the droplet coalescence chip. The
channel width at the T-junction is 250 um, and for the rest part it
is 500 um. All the channels are 500 um deep.

For the ease of observation, a transparent PMMA material was
chosen to fabricate the chip. Conventional micro-milling and
thermal bonding methods were used. The oscillator was designed
in a plug-and-play manner as previously reported,” which is also
shown in Fig. 1(c). In this way, the oscillator works as an indepen-
dent unit, it also helps us to simplify the structure of the droplet
chip. To generate water-in-oil (W/O) droplets, a hydrophobic
coating (1700 Engineering Fluid, 3M, USA) was applied to modify
the surface property of the channel. Two electrodes are embedded
in the tubing transporting the discrete phases separately, and a DC
power from a voltage converter (F30, XP POWER, Singapore) is
used for the electric charge. 3M 7500 engineering fluid (3M, USA)

(a)

Discrete phase 1: {7

Flow rate: O,

Viscosity: u, '\

Oscillator:
Oscillation frequency: f

Discrete phase 2:
Flow rate: (J,
Viscosity: i,
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is used as the continuous phase. It is delivered using a pressure
pump. Its flow rate and the oscillation frequency are determined by
the operating pressure. DI water—glycerol mixtures with/without
dye are used as the discrete phase. They are infused into the droplet
chip using two syringe pumps (Pump 11 Elite, Harvard apparatus,
USA). A high speed video camera (FASTCAM SAS5, Photron USA
Inc.) is used to record the droplet generation and coalescence
process. Based on the frame rate, the droplets generation frequency
and their moving velocity can be calculated.

IIl. RESULTS AND DISCUSSION
A. Droplets generation and coalescence

Figure 2 compares the results with and without electric
charge. Pure DI water is used as the discrete phase. For the first
case shown in Fig. 2(a), the operating pressure of the oscillator,
P, =0.43 bar and the oscillation frequency or the droplet genera-
tion frequency, f~ 102 Hz. The flow rate of both the discrete
phases is 50 ul/min, and the droplet volume is 8.2nl. From
Fig. 2(a.i), the droplets cannot coalesce together without electric
charge. The droplets from both sides are generated synchro-
nously. They reach the entrance of the downstream channel at
about the same time and contact each other at 3.2 ms. Deformation
of the droplets is observed as they experience squeezing to some
extent. However, after that they soon move away from each
other. At 3.9 ms, the distance between two droplets increases. At
7.1 ms, the two droplets recover into a normal spherical shape
and form a stable droplet pair. In comparison, after applying a
voltage of 800 V (V) to the discrete phases, the droplets attract
each other and quickly collide and merge together at 2.7 ms
[see Fig. 2(a.ii)].

(b) llE.?mm/_b ‘

0.5mm | [

FIG. 1. (a) A 3D schematic diagram of the droplet system. The flow rates and viscosities of the two discrete phases are Q;, Q. and w4, uo, respectively. The droplet gener-
ation frequency is f, which is the same as the oscillator oscillation frequency. (b) A dimensional drawing of the droplet coalescence chip. The channel width at the droplet
generator (T-junction) is 250 um. (c) The photograph of the oscillator designed as a plug-and-play module, and the droplet coalescence chip connected with electric

cables.
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FIG. 2. Droplet coalescence with and without electric charge. (a) Q=Q,=50ul/min, P,=0.43bar, (i) V4=0V. (i) Vy=800V (b)Qs=60ul/min, Q=30 ul/min,

P,=0.33 bar, (i) V;=0V, (i) V=800V,

For the second case shown in Fig. 2(b), P,=0.33bar,
f~90Hz. The flow rates of the discrete phases are 60 ul/min and
30 ul/min, and the corresponding droplet volumes are 11.1 nl and
5.5 nl, respectively. It can be seen from the figure that the bigger
droplet moves faster than the small one. This is because the flow
rate of the first discrete phase is higher than that of the second one,
Qa1 > Q. Though the two droplets form synchronously under the
oscillation, the bigger droplet enters the downstream channel a
little bit earlier. Due to this mismatch between their velocities, the
two droplets can hardly meet and coalesce. Figure 2(b.ii) illustrates
the results after applying the electric charge at V,;=800 V. At 2 ms,
the big droplet is quite close to the downstream channel, while the
small one is still a little far away. Though there still exists a slight
mismatch between their velocities, the two droplets can quickly
approach each other and eventually merge at 2.8 ms.

It is also found that under the electric force, the droplets move
faster than that without electric charge. In Fig. 2(a), it takes 2.6 ms
for the two charged droplets to get contact, which is 0.6 ms shorter
than that without charging. In Fig. 2(b.ii), at 2.7 ms, both the droplets

have a larger displacement than that in Fig. 2(b.i). To further analyze
the influence of the electric charge, the moving behavior of the drop-
lets in the channel is examined. With the two droplets approaching
each other, the electric force will gradually increase and the droplets
will be accelerated. Here, the time is recorded (At) starting from
when the droplets reach a distance of 500 #m until they contact each
other and start to coalescence. The results at different voltages are
compared in Fig. 3. In all the tested cases, the operation pressure is
0.33 bar, the flow rate of both the discrete phases is 40 ul/min, and
the corresponding droplet volume is 7.49 nl. At V;=200'V, it requires
a longer time for the droplets to collide and coalesce, At is around
1ms. As V, increases to 800 V and 1200V, At is reduced to 0.33 ms
and 0.26 ms, respectively. This is believed due to the fact that raising
the voltage will increase the electric force, as a result the acceleration
of the droplets will become more and more significant. In addition, a
large electric force is also beneficial to overcome the droplet surface
intension (F,), which keeps the droplets in a spherical shape and
hinders their coalescence. The average velocities of the droplets
during this process are also calculated. The results are displayed in
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Fig. 3(b). Apparently, with the increase of the applied voltage, the
droplet velocity rises up correspondingly and At is reduced. When
V4 is increased from 200 V to 400 V, At drops sharply from 1 ms
to 0.47 ms. The droplet velocity U, increases from 0.25m/s to
0.53 m/s. As has been mentioned, a higher voltage can boost the
surface rupture of the droplets and ease the coalescence process.
However, if the applied voltage is less than 200V, the droplet
cannot merge into one because of the weak attractive force. If the
droplets are excessively charged (>1200V), the electric force will
become so large that it may seriously distort the droplet and even
break it into several smaller ones.

The success rate of droplet coalescence (y) under different
conditions is also examined. For the above-mentioned case at

Biomicrofluidics ARTICLE scitation.org/journal/bmf
(a) (1) V=200V (i) V=800V (ii1) V,~=1200V
N N
FIG. 3. (a) Approaching and coales-
cence of the droplets under voltage of
(i) 200V (i) 800V (ii) 1200V. (b)
(b) 5 Results of the averaged droplet velocity
12 ] 1.2 as they approach each other from a
] —o— Time, ¢ | distance of 500um, and the time
- -m- - Velocity, U T required for them to get contact and
104 : 1.0 start to coalescence.
X .
g d J %, - 0.8 %
& - L =
g | P =
~ .- ’* - 0.6 ;
& 06 -
£ 0.6 ; I £
= Y 0.4 3
R e
04 ! T I
1 ' . \H -0.2
0.2 4 ' L
T T T T T T T T T T 0.0
200 400 600 800 1000 1200

droplet size of 7.49 nl, y is 71.4% at V;=200V. At V;=400V and
above, all the droplets can coalesce, i.e., y is 100%. It is noticed that
besides the electric voltage V,;, y is also influenced by the droplet
size. In another test, the droplet size is increased to 22.5nl. The
coalescence success rate is y=0%, 86.7%, 100% at V,;=100V,
200 V, and 300V, respectively.

Theoretically, the droplets inside the continuous flow are sub-
jected to multiple forces.” The competition among the shearing
force, viscous force, and interfacial tension determines the droplet
formation process, while the coalescence behavior of water droplets
in oil can be described in three stages: droplets approaching each
other, the process of film thinning/drainage, and film rupture
leading to droplet-droplet coalescence.”” Coalescence of the water
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(a) 10cP-1cP (b)

60cP-1cP

droplets in oil is induced by dynamically destabilizing the interfa-
cial oil film between the droplets, which are brought together to a
very close distance by a competition flow in the constricted
microchannel. When the droplets are positively and negatively
charged, respectively, the attractive force (Coulomb force)
between them accelerates the droplet motion, approaching and
thus thinning of the oil film between droplets to lead to instability
of the film. On the other hand, the applied electric field polarizes
the droplets, promotes contact between droplets, and exerts elec-
trohydrodynamic forces across the interfacial film. Thus, as
shown in Fig. 2(a), droplets start being coalesced to each other
when the droplet charging is turned on.

Droplets with different viscosity ratios are also tested. One dis-
crete fluid is DI water. The other one is DI water—glycerol mixture.
Through changing their volume ratio, the mixtures of 10cP and
60cP are prepared. The applied voltage is fixed at 800 V and the

FIG. 4. The droplet coalescence
process at viscosity ratio of (a)10, and
(b) 60.

3 R

operation pressure is 0.3 bar. Relevant results are demonstrated
in Fig. 4. For the first case, the flow rate of both the discrete phases
is 50 ul/min, the droplet size is 8.8 nl, and the viscosity ratio is 10.
From Fig. 4(a), the two droplets are generated synchronously.
Then, under the electric force, they approach each other and coa-
lesce together at 1.8 ms. After that, the merged droplet gradually
recovers the spherical shape at 2.7ms. As the merged droplet
volume is just 17.6 nl, at such a small scale, the mixing of the two
fluids within the droplet is rather difficult. In the subfigure of
2.7 ms, the fluid interface can be clearly observed. It is also found
that, most probably due to some asymmetrical factors such as the
velocity mismatch between the two droplets, after merging it has
caused rapid rotation of the droplet. The rotation will enhance the
mixing process. As can be seen, after just 2.6 ms (t=5.3 ms), the
fluid interface has become rather blur due to mixing. For the
second case [see Fig. 4(b)], the flow rate of both the discrete phases

Oil  Droplet

- o . 20ul .'/ \\I
Beads Collect 37C 12h |
—. - —e ——fi——— /

U l Blood droplet
Droplet I J Binding
Separation device generation Beads E:‘ll'ﬂp]t_‘l Droplet coalescence Magnetic stand Culture
FIG. 5. Schematic showing the procedures for separation of E. coli from blood.
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TABLE I. Capture efficiency of E. coli from blood.

scitation.org/journal/bmf

Testing E. coli concentration, Cg Flow rate, Q  Beads concentration,

Method cases (CFU/ml) (ul/min) Cp Capture efficiency,
Current method 1 0.89 x 10° 100 4x10°  beads/ml 98.03%

4% 107 99.33%

3 4x108 No E. coli observed in the
supernatant.

Segmented-flow 1 5x10° 80 5x 10" ~91.5%
method”™” 120 ~90.5%
Biospleen device in 1 10* ~174 0.5 mg/ml ~90%
vitro™

is 30 ul/min, the corresponding droplet volume is 3.4 nl, the viscos-
ity ratio is increased to 60. Results show that despite the large dif-
ference in their viscosities, the two droplets can still be generated
synchronously. Reliable droplet coalescence is also achieved.

B. Application for separation of E. coli from blood

Application of current droplet platform for bacteria separation
from blood was tested using Escherichia coli (E. coli) as an
example. Reliable detection of E. coli from blood samples is of sig-
nificance for early diagnosis of sepsis.”’ The immunomagnetic
bead separation method is used, and its operation procedures are
displayed in Fig. 5. First, rabbit blood is diluted with PBS at I1:9.
Then, E. coli and Apolipoprotein H (ApoH) magnetic beads
(ApoH-Technologies, France) are separately added to the sample,
and they are used as the discrete phases. If the passive droplet
method is used, the slight difference in viscosities of the two dis-
crete phases and the fabrication error in the droplet generators will
cause a mismatch between the two droplet generation frequencies.
Utilizing the current system, the blood droplets containing the bac-
teria and magnetic beads are synchronously formed and coalesced.
Within the coalesced droplet, E. coli and the beads are well mixed
to gain a high binding efficiency. After that, all the droplets are col-
lected in a tube and the beads with bacteria are immobilized by the
magnetic stand. Next, 20 ul supernatant of the blood solution is
collected and is transferred onto the agar plate for further analysis.
After culturing for 12 h in the incubator (37 °C), through counting
the E. coli colony numbers on the agar plate, the bacteria capture
efficiency can be calculated.

In the actual experiments, the operation pressure of the
oscillator is kept at 0.3 bar. The flow rate of both the discrete
phases is 50 ul/min. The applied voltage is 400 V. Some relevant
results are presented in Table I. For the sample of E. coli concen-
tration, Cg=0.89 x 10° CFU/ml, at a bead concentration of
Cp =4 x 10° beads/ml, the capture efficiency 7 can reach 98.03%.
At C, =4 x 10" beads/ml, 7 increases to 99.33%. When C,, further
increases to 4 x 10® beads/ml, no E. coli is observed in the super-
natant, meaning that almost all the bacteria have been separated
away from the blood. The current data are compared with some
previously reported results. Suhanya et al.”’ studied E. coli sepa-
ration from blood using a segmented-flow microfluidic device.
The blood sample containing both the E. coli and the beads is
segmented by air bubbles for mixing enhancement. As shown in

Table I, at similar flow rates, the current method exhibits a
higher capture efficiency at lower E. coli concentrations using less
magnetic beads. In another study by Kang et al,”’ a biospleen
device was applied, which used an in-line spiral mixer and an
incubation loop to promote the nanobead-pathogen binding. At
an E. coli concentration of 10* CFU/ml, the capture efficiency n
is up to about 90%. In comparison, a higher capture efficiency is
achieved using the current method.

IV. CONCLUSIONS

In summary, a facile microdroplet platform is proposed. Despite
the variety of applied fluids, by dint of a NDR oscillator, two different
droplets can be synchronously generated. Their sizes are controllable
individually through directly tuning the flow rate of the correspond-
ing discrete phase. Then, a DC electric field is applied to charge the
generated droplet pairs, which can greatly promote their one-to-one
coalescence. Application of the system for separation of E. coli from
blood was examined. The droplets carrying the blood sample and the
magnetic beads can be fused reliably and, due to the enhanced
mixing, a high capture efficiency can be obtained. In view of the fact
that practical applications will involve various fluids of different prop-
erties, the current technique will help us to extend the applicable
scope of droplet microfluidics.
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