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High-throughput sorting of drops in microfluidic chips
using electric capacitance

Arjen M. Pit,® Riélle de Ruiter, Anand Kumar, Daniel Wijnperlé,

Michél H. G. Duits, and Frieder Mugele
Physics of Complex Fluids Group, MESA+ Institute, University of Twente,
P.O.Box 217,7500 AE Enschede, The Netherlands

(Received 15 June 2015; accepted 30 July 2015; published online 10 August 2015)

We analyze a recently introduced approach for the sorting of aqueous drops with
biological content immersed in oil, using a microfluidic chip that combines the
functionality of electrowetting with the high throughput of two-phase flow micro-
fluidics. In this electrostatic sorter, three co-planar electrodes covered by a thin
dielectric layer are placed directly below the fluidic channel. Switching the poten-
tial of the central electrode creates an electrical guide that leads the drop to the
desired outlet. The generated force, which deflects the drop, can be tuned via the
voltage. The working principle is based on a contrast in conductivity between
the drop and the continuous phase, which ensures successful operation even for
drops of highly conductive biological media like phosphate buffered saline.
Moreover, since the electric field does not penetrate the drop, its content is pro-
tected from electrical currents and Joule heating. A simple capacitive model allows
quantitative prediction of the electrostatic forces exerted on drops. The maximum
achievable sorting rate is determined by a competition between electrostatic and
hydrodynamic forces. Sorting speeds up to 1200 per second are demonstrated for
conductive drops of 160 pl in low viscosity oil. © 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4928452]

. INTRODUCTION

In the past decade, droplet microfluidics has matured from “having great potential” to real-
life applications." Small drops used as micro reactors require minute amounts of reaction mate-
rial while fast drop generation allows for numerous samples in a short time. A topic of high
interest in the field is the analysis of biological cells encapsulated in drops. Drops provide an
attractive means to separate a cell from its surroundings and assess its individual characteristics.
These include not only markers that are localized on the cell membrane but also concentrations
of biomolecules excreted by the living cell or released after cell lysis. Such applications often
involve large populations (thousands to millions) of cells, implying the generation and inspec-
tion of at least an equal number of drops. While significant progress has been made in handling
such staggering numbers of drops,” there are also several issues remaining that still need to be
addressed.

One of these issues is obtaining populations of drops, which all contain one cell. Simply
generating drops from a cell suspension leads to distributions in the occupancy per drop: empty,
single, double, etc., due to the inherent Poisson statistics. The concentration of the cell suspen-
sion and the volume of the drops then determine the relative probabilities.> One approach to
circumvent this issue has been to passively arrange the cells before injection. Techniques like
close-packed ordering® and Dean flow ordering® have been applied with some success, but do
require fine-tuning of oil flows and the final cell-in-drop population is not 100% for prolonged
periods of time.
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An alternative, and potentially more reliable, approach is to actively sort out drops that
contain only one cell. To this end, several techniques have been developed, for instance, sorting
based on contrast in permittivity (dielectrophoresis, DEP),>° the use of surface acoustic waves
(SAW),” using pressure pulses,® electrically pre-charging the drops,” laser induced sorting,'®
and the use of membrane valves.!' A drawback of all these methods is that the number of drops
to be sorted is even higher than the already staggering number of cells: in a typical injection of
a cell suspension, the average occupancy per drop is often in the range of 0.1-0.2. Clearly, this
prompts the need for high sorting speed devices.

A second issue concerns the reliability of the drop manipulation. Even if each of the drops
already contains one cell, they still need to be analyzed at a specific on-chip location or trans-
ported to a specific outlet with high probability of success and without damage along the path.

Recently, we presented a drop manipulation method, which combines the functionality of electro-
wetting-on-dielectric (EWOD) with the high throughput of two-phase flow microfluidics by integrat-
ing insulated electrode geometries just below the microchannel. The method can, besides trapping,
releasing, splitting, and guiding, also perform sorting of drops in flow.'? It is highly promising,
because of (i) on-demand and fast actuation: electric fields can be switched rapidly, unlike mechanical
valves or pressures, (ii) non-invasiveness: the electric field does not penetrate the drop and therefore
causes no (potentially harmful) Joule heating, (iii) ease and flexibility of design, and (iv) ability to pre-
dict the electrostatic force based on a capacitive model. This technique, however, only showed sorting
rates of 25 drops per second and has not been translated to a practical drop sorter.

The present paper focuses on the reliability and speed of sorting, while also durability and bio-
compatibility are considered. In particular, we discuss the capabilities of a sorter similar to one that
was recently introduced'” and has since then been improved to allow sorting at 1200 drops per sec-
ond. The performance of the sorter is characterized. First, the theoretical dependence of the sorting
force on the actuation voltage and drop size is explored. We show that the electrostatic and hydrody-
namic forces on the drop can be estimated with reasonable accuracy from analytical models and used
to predict the required sorting conditions. Subsequently, several working points around this condition
are explored, to ascertain the quantitative requirements for >99% sorting efficiency.

We demonstrate the performance of our sorter via different experiments. We show that the
use of highly conductive liquids, like phosphate buffered saline, do not pose any limitations to
the ability to sort drops, thus opening the road to its use for biological applications. We show
that sorting speeds as high as 1200 drops per second can be achieved by using a low viscosity
oil. Finally, we also report preliminary results of active sorting on demand, using fluorescence
based detection of cells in drops, achieving a rate of 400 drops per second.

Il. MATERIALS AND METHODS

The setup for generating and sorting drops in ambient oil is illustrated in Fig. 1. In a 50
um high microchannel, drops are generated via a flow focusing device (FFD) with a 50 um
wide orifice. Water drops are formed in the continuous oil phase consisting of Fluorinert FC-
40. The generated drops are squeezed between the top and bottom wall of the microchannel.

The pressures of the oil and water phases are separately adjusted by a custom written
Labview program, which drives a home-made pressure controller consisting of two pressure
regulators and three-way solenoid valves. The air pressure difference (AP) of the two closed
vials containing water or oil can be independently regulated from 1 to 100kPa. The drop ra-
dius, speed, and inter-drop distance can be tuned via the magnitudes and ratio of the oil and
water phase pressures. The oil flow rate can be set from O to ~10ml/h, corresponding to aver-
age velocities of 0 to ~40cm/s in the main channel. The drop radii can be varied from around
25 um to 60 um, and the drop generation frequency fy.,, can be altered from O to 2500 drops
per second. The pressure controller allows to create single drops on demand by applying a pres-
sure pulse of chosen duration (At) and magnitude (AP) to the water phase or it can create drops
continuously by setting an overpressure to the water phase.

An inverted microscope in combination with a high speed camera is used to visualize and
record the sorting events. Matlab scripts are used to identify, which outlet channel is taken by
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FIG. 1. Schematic overview of the experimental setup. DAq cards in the computer send two sine waves to two amplifiers
attached to the electrodes on the microchip. The computer also controls the pressure of two closed vials—one containing
water and the other oil—which allows to control the drop generation and flow rates at the flow focusing device in the chip.
A microscope and high speed camera are used to capture the drops passing the electrodes in the channel at 5000 fps.

individual drops, and to extract parameters like drop radius, inter-drop distance, drop generation
frequency, and drop velocity from the video recordings. We also measure the position depend-
ent overlap of the droplet with each electrode.

In Figs. 2(a) and 2(b), a top-view of the microfluidic device is shown. Polydimethylsiloxane
(PDMS) microchannels are molded using standard soft lithography techniques.'® Electrode pat-
terns are etched in an indium tin oxide (ITO) coated glass substrate using an 18% HCI solution.

(@

oil inlet water inlet

................ - Outlets

) L
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FIG. 2. (a) Schematic overview of the microchannel geometry and the electrode structures incorporated beneath it. (b)
Detailed view of the sorter region showing the three-electrode geometry and which electrode is active, grounded, or switch-
ing between active and ground state.
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Atop the electrodes, a PDMS layer of approximately 3 um is created by spin coating 600 ul of
PDMS at 6000rpm for 600s. This thin layer is partially cured at 65°C for 20 min. Using a
stereomicroscope, the electrode structure with partially cured layer is aligned with a previously
fabricated PDMS microchannel. After alignment, the curing process is completed at 65 °C for
another hour to form a permanent seal between the channel and electrode substrate. The thin
PDMS layer not only helps sealing the chip but also serves as the dielectric required to insulate
the drop from the electric currents.

Sorting takes place 3mm downstream from the FFD where a set of 3 electrodes is
aligned underneath the channel in front of a symmetric Y-shaped channel junction. The gap
between the electrodes was designed to be 10 um, i.e., significantly larger than twice the
thickness of the dielectric layer, to prevent short circuiting. Drops are guided towards the
desired outlet by switching the center electrode. This is done via a custom made Labview
program that generates two in-phase AC sine waves. One of the generated AC signals is
modulated with a square pulse (from O to 1) for a duration of —, effectively switching the
signal between grounded and active state. This modulated wave 1spsent towards the switching
electrode. The unaltered signal is continuously sent to the bottom electrode, which is always
active. Both signals are pre-amplified 200 times by an AC amplifier. The top electrode is con-
tinuously grounded (Fig. 2(b)).

Besides the active sorting of uniform drops, which we perform to assess the capabilities
and limitations of the sorter, also the sorting of drops with and without cells is explored. To
this purpose, a microscope is additionally equipped with a 488 nm diode laser, of which the
beam is expanded using a cylindrical lens and launched into the back aperture of a 40x objec-
tive, effectively illuminating a thin slice perpendicular to the channel direction. Emitted light
from the fluorescently labeled cells is collected with the same objective, filtered, and detected
with a photomultiplier tube (PMT). A reconfigurable data acquisition card (PCle-7842R) is
used to acquire the PMT signal and generate a sorting pulse if a preset threshold is exceeded.
The sorting pulse is further amplified with a high-voltage amplifier and sent to the center sort-
ing electrode, effectively sorting single cell-containing drops from empty drops.

lll. THEORY

Our microchip functions in the low Reynolds number regime (Re < 10). Therefore, inertia
can be neglected. Whether a drop will be sorted or not depends on the balance between the
hydrodynamic drag force Fy, from the surrounding oil phase and the electrostatic force F,
caused by the voltage that is applied to the electrodes.

The working principle of our electrostatic sorter is analogous to that of the electrostatic
traps previously reported for millimetric sessile drops.'* It can be easily understood by consid-
ering our co-planar electrodes as an electrical circuit consisting of two capacitors in series, as
drawn in Fig. 3(b). The electrostatic energy of a capacitor in an electric circuit that includes a
voltage source is given by'’

1
W, = —Ecm,Uz, )]

where C, is the total capacitance and U is the root-mean-square of the applied AC voltage. If
the channel is filled only with oil, the system has a low intrinsic capacitance originating from
the co-planar electrodes surrounded by the 3 um layer of PDMS and the oil. Substituting the oil
above the electrodes with a conductive liquid, the representative electrical circuit changes into
a set of two capacitors in series, namely, the two insulating layers of PDMS. If the drop moves
over the electrode gap (Fig. 3(c)), the total capacitance is dependent on the areas of the drop
above each electrode, A; and A,

CiC A1Ay . €0€r
Cir = =c , withe = , 2
TCI+C A+ A, d @
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FIG. 3. (a) Non-dimensionalised graphs of the electrostatic potential well (green) and the resulting electrostatic force (blue)
exerted on the drop as it traverses the gap, calculated from the analytical two-capacitors-in-series model, plotted against the
normalized distance x/R, with x as the distance between the center of mass of the drop and the centerline of the electrode
gap. (b) Side view and (c) top view of a drop covering two electrodes with an applied potential difference. For conductive
drops with negligible Ohmic resistance, the whole system can be considered as two capacitors in series. (d) A drop undergoing
sorting. Under the influence of the electrostatic force, the velocity vector of the drop decreases in magnitude and changes
direction. In equilibrium, the drag force opposes the electrostatic force and the drop moves at constant velocity over the gap.

with ¢, being the relative permittivity of PDMS, and d being the thickness of the insulating
layer. For a typical water drop (with radius R = 30 um) centered above an electrode gap of 10
um, the capacitance increases from 0.7 to 4.1 fF, when the water displaces the oil. The total
electrostatic energy gain as a drop moves across the electrodes (Fig. 3(c)) thus becomes

1 €0EF A1A2 2

W=~ .
¢ 2d A +A fot

3

It is therefore energetically favorable to exchange the oil with water, and this energy gain
increases with the square of the applied potential. The electrostatic force that is exerted when
the drop moves perpendicular to the gap can be calculated by taking the derivative with respect
to the drop displacement x,

dW,  eo€,

F P—
¢ dx nd

Utsz sin (g) (m +sin(0) — 0) , with0 = 2cos™! (%) 4)

In Fig. 3(a), the non-dimensionalised electrostatic energy and force landscapes are plotted
against the distance between the drop’s center-of-mass and the center of the gap. The net elec-
trostatic force is always perpendicular to the gap between the electrodes. In practice, this means
that the drop will always try to center itself on the gap. External forces, like the drag force,
will be opposed by this electrostatic force as the drop is pushed away from the gap, leading to
either a new equilibrium position, or release from the electrodes if the external force exceeds
the maximum trapping force. From the analytical formula for F,, we can numerically determine
that the maximum force is exerted when the drop is located at x ~ 0.67R. Thus, the electro-
static force has a maximum amplitude of
€0y

Fotmax = 0.58 =" U’R. ®)

This expression for the maximum force has been validated using a capillary force sensor.'®

Previously,'? we analytically approximated the hydrodynamic drag force F; on a stationary
drop by modelling the drop as a (cylindrical) pillar with no-slip boundary conditions in an infin-
itely wide channel. Since the drop diameter is about one third of the channel width w, we chose
to neglect the effect of the channel walls on the drag force. This yields

JR? 2K
P, = (24nuuo,,R) 4+ K@ ©

h qKo(q) )’

with p as the viscosity of the oil, u,; as its velocity, R as the pillar (i.e., drop) radius, % as the
channel height, and K; and K, as modified Bessel functions of the second kind with
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g =2V3R /h. We also assume a constant oil velocity in the center region of the channel. For a
moving drop, we can then replace u,; by the relative velocity Au = uyi — Ugrop.

Another factor that is of importance for the sorting operation is the inclination angle a of
the Y-junction of the sorting electrodes (Fig. 3(d)). Before reaching the sorting geometry, the
drop moves at constant velocity through the channel. The net force on the drop is zero, because
viscous dissipation and drag are balanced. Under the action of the electrostatic force, the veloc-
ity vector decreases in magnitude and changes direction. The drag force adapts to this change
in velocity until a new steady state is reached and the drop moves at a constant velocity over
the gap between the electrodes. From a simple force balance (Fig. 3(d)), at constant drop veloc-
ity in the direction of the gap, we find that the requirement for a drop to stay on the gap is
Fomax > Fgsin (o). The smaller the inclination angle, the easier sorting should be. The total
length of the electrode geometry is limited by the inter drop distance, because a consecutive
drop should not be influenced by the voltage applied for the sorting of the previous drop. As a
compromise between size and low inclination angle, an angle of 20° was chosen.

Equation (5) provides an estimate of the forces acting on a water drop during sorting. For
example, the maximum possible electrostatic force exerted on a drop in FC-40 is Fej e = 5.2 uN
(given R =30 um, ¢, ~ 2.1, d = 3 um, U = 220 Vgys). This simple formula, however, does not
take into account the 10 um gap between the electrodes. A numerical calculation including the
gap shows a 20% reduction to Fj . = 4.1 uN. This force calculated from the model is quite
accurate.'>'® In practice, the largest errors result from determination of the drop radius from ex-
perimental images, and the uncertainty in the dielectric thickness, which not only comprises the
thin PDMS layer but also of a thin layer of dynamically entrapped oil which alters with different
experimental parameters.'’

In experiments aimed at finding the maximum sorting speeds for drops in FC-40 (Fig. 5),
we estimate Au to be ~0.2m/s, which, from Eq. (6), results in Fy.,e ~ 1.2 uN (for R=30 um,
h =40 yum, p = 5mPas). Note that Au depends on o and that, given all the assumptions and
simplifications made to arrive at Eq. (6), the values obtained for F; should be considered an
order of magnitude estimation.

At the highest sorting speeds, the condition of a constant velocity along the gap does not
hold, and the drop will be pulled off the gap. For successful sorting, however, a drop only has
to be deflected a small distance perpendicular to the flow direction to be sent into that particular
outlet. Therefore, sorting can still be possible at slightly higher flowrates than our model pre-
dicts. Furthermore, even if F, . > Fysin (o), at high sorting speeds two drops or a drop and
the wall can come close together, resulting in hydrodynamic interactions that make our model
less predictive.

IV. RESULTS

All experiments showed that a 100% reliable sorting (all drops sorted as intended) could be
achieved by increasing the voltage above a flowrate dependent threshold. Different sorting
modes were explored.

In one series of experiments, the sorter was conditioned such that, without electrical actua-
tion, all drops would leave the sorter via the same outlet. This was achieved by applying an
excess pressure to the other outlet. For several combinations of oil and water flow rates, it was
examined how the efficiency of sorting into the hydraulically disfavored outlet depended on the
applied voltage. The amplitude of this continuously applied AC signal was increased stepwise
until the efficiency had reached 100%. Per step, about 400 sorting events were recorded and an-
alyzed with Matlab scripts. Besides counting the percentage of drops going into either outlet,
also the injection frequency, size, and velocity of the drops were measured. The results are
summarized in Table I and Fig. 4.

The minimum voltage required for 100% sorting increases both with Q,; and with Q4.
This is in accordance with the expected dependence on the total flow rate: a larger Q.
implies a stronger drag force on the drop, which in turn implies that a stronger electrostatic
force is needed to overcome this bias. Fig. 4 shows that for each experiment at fixed flow rates,
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TABLE 1. Electric sorting of water drops in FC40 oil, against a pressure bias, at different flow rates. From video analysis,
the average drop generation frequency fyp, average drop velocity varop, and the average drop radius R are determined.
Also the inter-experimental standard deviation is determined. The last column shows the minimum voltage that is needed
to change the destination of all drops from one outlet (in the absence of voltage) to the other. The number is obtained from
a linear fit to the data shown in Fig. 4. Increasing flow rates require higher voltage to sort 100% of the drops.

Qnil (1’1’11/1’1) Qwater (ﬂl/h) fd/'op (HZ) Vdrop (mm/s) R (,le) VIOO% sorted (V)
2.0 70 175 =12 81 =6 33.7 0.8 103
2.5 75 227 =17 110 =7 31.4 0.6 111
2.5 150 422 19 113 =8 32.1 £0.6 128
3.0 180 556 £32 141 =6 31.1 0.5 139

the sorting efficiency increases gradually with the voltage. Closer inspection of the movies
revealed that sometimes, an ongoing accumulation of subsequent drops in the same outlet chan-
nel, led to a favoring of the other channel. This is ascribed to the increase in hydraulic resist-
ance as the outlet gets filled with drops. Most important for practical applications, however, is
that the consistent 100% sorting percentage can be obtained by choosing just a small excess
voltage over V0.

The size distribution of the drops is monodisperse, as is usual for flow focusing devices.
Using the maximum diameter 2R in a transmission image (e.g., Fig. 5) to characterize the drop
size, we found the standard deviation to be ~3%. To simplify the comparison between the
experiments at different flow rates, we aimed to keep R constant. As Table I shows, an almost
constant value of 32*+2um could be achieved. Because the channel height was only 40 um, this
implies that the drops are slightly flattened. The nearly constant R was achieved by setting the
oil flow rate Q,; much higher than the water flow rate Q,,4,,. In this regime, the drop radius is
mainly determined by the size of the orifice of the FFD. The drop volume, which shows a
stronger dependence on R, is constant within ~10% between experiments. Mass conservation
then dictates that the drop generation frequency fy.,, (varied from 175 to 556 s~") should be
proportional to O, Within comparable accuracy; this appears to be the case. The drop veloc-
ity was measured to be proportional to the total flow rate; also this is in agreement with
expectations.

In another set of experiments, the sorter was used without the pressure bias. In this mode,
the sorter electrodes are always active, to ensure that all drops go into the “waste” outlet.
Switching the center electrode allows to select one or multiple drops to sort towards the other
outlet. Compared to the previous sorting mode, the required electrostatic force (at given flow
rates) is lower. Because only small biases (like slight asymmetries in the channel structure, or

100 T T
Quater™ Qoit (Ur00%)
sofF 0.070+2.0 (103V)
A 0.075+2.5 (111V)
2 O 0.150+2.5 (128V)
o <1 0.180+3.0 (139V)
< 60F
=l
Q
=
a
5 40F
X
20
m.____l____h;g._._- R I n
0 20 40 60 120 140 160

FIG. 4. Percentage of drops being actively sorted against the applied voltage for different water and (FC40) oil flow rate
conditions in ml/h. Each data point is determined from a movie of ~400 drops.
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FIG. 5. A 1.6 ms interval of the sorting of water drops in FC40 at 1200 per second. At 0 ms, the center electrode is active,
steering all drops to the left outlet. At 0.2 ms, the center electrode is switched off, resulting in drops going towards the right
outlet. See movie 1 in supplementary material for water drops sorted at 1200 drops per second.?’

the mentioned effect of downstream accumulation, or misalignment of the sorting electrodes
beneath the channel) need to be overcome, the drops require only a small deflection to be
steered into the correct channel. This should allow for faster sorting. To explore the limits in
sorting rate, we first continued the experiments in FC-40 oil. Our protocol started with a maxi-
mization of the steering voltage; here, we found that an upper limit for the voltage is not posed
because of dielectric breakdown, but is posed by an electrical instability of the contact line
resulting in the ejection of small satellite drops.18 Using a typical 50 V/um limit, dielectric
breakdown is estimated to occur around 300 Vs for the 3um dielectric. Experiments show
that contact line instability occurs around 250 Vrpys. After fixing the voltage, pressure control
on the oil and water phases was used to find the maximum rate of drop formation that would
still result in reliable sorting. We consider sorting reliable if all drops are steered into the
desired outlet. Preliminary experiments showed that this condition is more difficult to achieve
than other sorting protocols, such as alternately steering drops to the outlets.

We find that not the total flow rate, but the inter-drop distance ultimately limits the maxi-
mum sorting speed. At too high sorting rates, drops stagnate at the tip of the Y-channel junc-
tion. The distance between the stagnant and consecutive drop then becomes too small, forcing
the latter towards the undesired outlet via hydrodynamic interaction. The best achievement
obtained for drops with R ~ 25 um was a rate of 1200s~!, which is a considerable improve-
ment as compared to 255! in an earlier device.'” This experiment is shown in Fig. 5.

To inspect the role of the viscosity of the continuous phase, we also maximized the drop
sorting rate for different oils. Although replacement of oil generally involves more changes
than just the viscosity (e.g., also the interfacial tension), it was possible to make drops of a sim-
ilar size (R ~ 25 um) and hence obtain the same (expected) relation between the voltage and
the electric sorting force. Moreover, by adapting Q,uer to Q,ir, it Was also possible to vary the
overall flow rate while keeping the drop size constant. This allows quantitative comparison
between the experiments and our model. According to the model, the maximum flow rate at
which 100% sorting is still possible, should follow from a balance between the sorting force
and the drag force. Keeping the maximum sorting force the same, it is then implied that the
maximum sorting rate should be inversely proportional to the oil viscosity. Experiments with
3 different oils suggests that this is indeed the case: sorting rates were 1213/s for FC40
(5mPas), 175/s for light mineral oil (31.5mPas), and 30/s for paraffin oil (119 mPas). These
viscosity values are obtained experimentally at an ambient temperature of 21°C. Results are
shown in Fig. 6.

To further examine the sorting process under conditions optimized for maximum rate, we
consider how the magnitude and direction of the sorting force develop along the path of the
sorted drop. Fig. 7 shows a representative case where the sorting rate is (almost) maximal. For
each video frame, the electrostatic force on the drops can be estimated. For this, we first mea-
sure the electrode areas covered by each individual drop. To translate this into a force, we not
only use a numerically calculated calibration function for F,(x)/cRU? that is similar to the
expression of Eq. (4) and the graph in Fig. 3 but also takes into account the finite gap between
the electrodes. Use of the relation between x, the distance of center of mass to the electrode
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FIG. 6. The maximum sorting speeds achieved using oils of different viscosity (4 = 169, 32, and 5 mPa s). In all experi-
ments, the channel geometry is the same, as well as the drop radius (~25 um). The electrostatic force is independent of vis-
cosity, while the drag force is proportional to the viscosity. Therefore, the relation between maximum achievable sorting
speed and reciprocal of the viscosity is close to linear.

gap, and A;/A, for that case then allows to obtain the force from the measured areas. The
underlying assumption that the drop footprint is circular is not met, because drops can deform
under the influence of the electrostatic and drag force (as can be seen in Fig. 7). However, even
an (estimated) error of 10%-20% still makes that the electrostatic force is known with much
better accuracy than the hydrodynamic drag force as estimated via Eq. (6). While the electric
and hydrodynamic forces are in the uN range, the inertial force can simply be verified to be in

Electrostatic Force (N)

0 50 100 150 200 250 300 350 400
Relative position [pm]

FIG. 7. Top: snapshot of four drops of KCl water dispersed in light mineral oil being sorted at 25 drops per second.
Overlaid in blue: the averaged center of mass position of 27 consecutive drops undergoing sorting. Bottom: Graph of the
averaged absolute electrostatic force on a series of 27 drops during sorting. See movie 2 in the supplementary material for
the detection and measurement of drops during sorting and the resulting calculated electrostatic force.?!
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the pN range. This means that we can (i) calculate the drag force by equating it to the electro-
static force and (ii) compare it to the largest achievable electrostatic force. The comparison in
Fig. 7 confirms that the electrostatic force exerted on the drop at the highest sorting rates is
very close to the maximum value from our model. Conversely, a comparison with the drag
force calculated via Eq. (6) suggests that the latter is underestimated by a factor of 4 by the
model.

V. DISCUSSION

It is interesting to examine which processes posed limitations to the sorting rates that could
be achieved. The drop generation frequency was not a limiting factor in this work. The maxi-
mum voltage in our experiments was determined by the intrinsic instability of the drop against
ejection of satellite drops,'® not by dielectric breakdown. Since this problem is caused by an ex-
cessive local electric field at the drop contact line and the sorting force originates from the
same field, this intrinsic limitation can only be improved by oil-water combinations with higher
surface tension.

In our earliest channel designs, the tip of the Y-channel junction was very sharp, which led
to drops being split at highest sorting rates. This problem was mitigated by giving the Y-
junction a rounded corner (as in Fig. 5). However, this has the side effect of creating a wider
stagnation zone at the junction of the outlet channels, where drops slow down as they near the
channel wall. If the deflection of a drop is insufficient, this stagnation causes subsequent drops
to approach each other too closely, leading either to coalescence or uncontrolled choice of the
outlet channel by hydrodynamic interaction. This effect increases the required drop deflection
for sorting, ultimately limiting the drop sorting frequency. To disfavor the close approach of
the inner wall, the Y-shaped electrode geometry can be placed further away from Y-channel
junction (see Fig. 7). Other biases, like an asymmetric presence of drops in either of the two
outlets—causing a difference in hydraulic resistance—did not influence the sorting efficiency
much in our experiments.

If the drag force becomes too large, the drops will no longer follow the electrode gap. In
that case, a smaller opening angle of the sorter would be needed, as this shifts the force balance
in favor of the electric force. However, this smaller angle would in turn require a longer dis-
tance between subsequent drops, since the active sorter should still be able to determine the
fate of each individual drop. This issue can be remedied by adding two extra oil inlets just after
the flow focusing junction, which increases the inter drop distance. This would, however,
increase the drag force. In summary, it is not clear to what extent the handling speed of the
present sorter could be further enhanced via geometric design.

Another aspect of practical relevance for any drop sorter is durability. While for each of
the used oils the life time of the sorter was long enough to systematically explore the different
voltages and flow rates, we did observe noteworthy differences in durability. Although each of
the used oils shows similar wetting on PDMS (as was verified with experiments on PDMS
slabs, where the contact angle of the water drop under the different oils is always larger than
160°), in a few cases, we found that drops had begun to wet the dielectric substrate at the elec-
trodes, ultimately leading to failure of the device. The time before this happens showed strong
variations: drops of PBS (Phosphate Buffer Saline) solution in light mineral oil could be sorted
at 100V for at least 72 h, without any noticeable detrimental effect on sorting, while drops of
KCI solution in FC-40 oil could be sorted at maximum rate at 220 V only for 6 h. Additional di-
agnosis revealed that dielectric breakdown of the PDMS due to the applied voltage was not the
cause of the degradation. The actual origin, however, could not be identified.

An explanation can be found by considering the oil film that separates the aqueous drop
from the PDMS coating on the electrodes. If this film becomes too thin, direct contact of the
drop can occur due to Van der Waals attraction, even though the Hamaker constants are small
(<2 x 10*' ). The breakdown probability of the lubrication layer depends both on the film
thickness and the “exposure time” of the drop to the electric field, i.e., the time needed for the
drop to pass the electrode. Here, the electric field drives the thinning of the layer of oil, while
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its viscosity influences the time scale of this process. The thickness & of a film subjected to an
electric field is known to scale with the applied voltage as'’

23 (Ca\ 23
h~ (avR)” (f) , ™
where Ca is the capillary number

Ca=", ®)

b

with u as the oil viscosity, y as the oil/water interfacial tension, and 5 as the electrowetting
number

B coe,U?
 2dy

®

This suggests that, for a given drop radius R and insulator thickness d, the film thickness
h o< Ca?3U~*/3. Therefore, three factors can promote the wetting of the substrate by water: a
lower oil viscosity, a lower drop velocity, and a higher voltage. It is worthwhile to note that
the capillary numbers for the maximum sorting speed experiments with different oils are the
same, because y remains ~50mN/m, and pv is proportional to the drag force. Comparison
between the before mentioned wetting case of FC-40 and the non-wetting mineral oil reveals
that the FC-40 case indeed has a (sixteen times) thinner oil film.

Another aspect of durability is that also the content of the drop can favor wetting of the
surface. In particular, amphiphilic biological molecules like proteins have a tendency to adsorb
at the oil/water interface and subsequently at the channel walls, thereby making them hydro-
philic. In our case, this was observed with Dulbecco’s Modified Eagle Medium as the drop
phase. However, this type of issue is not an inherent aspect of our sorter. Mitigations of this as-
pect are already known, e.g., by using specific surfactants to cover the interface of the drop'®
or the channel walls.?’

VI. CONCLUSION

The present study demonstrates that simple design rules can be used to enhance the rate of
drop sorting, when compared to an earlier prototype electrostatic sorter. The electrostatic force
exerted by a coplanar electrode geometry can be controlled by both the geometry of the design
(insulator thickness, electrode size, and gap width) and the applied voltage. An additional way
to favor the balance between the steering (electrostatic) and the opposing (hydrodynamic)
forces is to reduce the latter. Use of a low viscosity oil and a small opening angle of the sorter
were both applied, and contributed to the achievement of sorting rates up to 1200/s for 160 pl
drops. The use of smaller drops could be yet another way to increase the sorting rate, since this
would lower the drag force more strongly than the steering force. Ultimately, the specific appli-
cation will determine to what extent the various degrees of freedom can be used: for example,
cells in drops might require specific drop volumes and (bio) compatible oils. We remark here
that electrowetting sorters do not pose limitations to the drop sample material via electric fields:
the sorting principle still works at physiological high salt concentrations, and the contents of
the drop are not exposed to electric fields. The present work also showed that, although the pro-
portionality of the drag force with drop velocity and oil viscosity provides a global design rule,
an analytical estimate of this force is difficult to obtain, even if the presence of other nearby
drops can be neglected.

Finally, we like to point out that from a practical point of view our sorter has the following
advantages: (i) the fabrication costs are low, due to the use of standard PDMS and ITO electro-
des, (ii)) 100% reliability of sorting can be achieved for a wide range of flow rates, (iii) the
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durability of the device is promising (evidenced by a sorting experiment that lasted 3 days),
(iv) the sorting forces are strong (1000 times larger than reported in DEP sorting® at a 10 times
lower voltage), (v) sorting speeds exceeding 1kHz can be reached, (vi) also sorting of highly
conductive drops can be achieved, (vii) the drop contents are not exposed to electric fields or
Joule heating (as in DEP), and (viii) the physical concepts are simple, which allows users to
design their own electrode geometries for their specific application.

VIl. FUTURE PROSPECTS

In preliminary sorting experiments of drops containing fluorescently labeled cells, we were
able to separate cell-laden drops from empty ones by sorting at 400 drops per second. The use
of a surfactant served to protect all interfaces from the adsorption of drop contents. The
decreased oil-water surface tension did not negatively affect the sorting. Sensitive detection of
the cells’ fluorescence using a photomultiplier tube was used in combination with the speed of
a Field Programmable Gate Array to trigger the amplifier of the steering signal at a rate that
was so fast, in which the focal spot for the fluorescent excitation actually had to be placed just
micrometers in front of the Y-junction. For a recording of this experiment, which underlines
the potential of our method, see movie 3 in supplementary material for live sorting of cell con-
taining drops at 400 drops per second.?!
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