Published on 21 November 2017. Downloaded on 02/06/2018 20:36:12.

Lab on a Chip

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Lab Chip, 2018, 18, 132

Received 26th September 2017,
Accepted 13th November 2017

DOI: 10.1039/c71c01037k

rsc.li/loc

Throughput enhancement of parallel step
emulsifier devices by shear-free and efficient
nozzle clearancet

Elad Stolovicki, @ 1*@ Roy Ziblat}*® and David A. Weitz @ *2°

Step emulsification is an attractive method for production of monodisperse drops. Its main advantage is
the ability to parallelize many step emulsifier nozzles to achieve high production rates. However, step
emulsification is sensitive to any obstructions at the nozzle exit. At high production rates, drops can accu-
mulate at nozzle exits, disturb the formation of subsequent drops and impair monodispersity. As a result,
parallelized step emulsifier devices typically do not work at maximum productivity. Here a design is intro-
duced that parallelizes hundreds of step emulsifier nozzles, and effectively removes drops from the nozzle
exits. The drop clearance is achieved by an open collecting channel, and is aided by buoyancy. Importantly,
this clearance method avoids the use of a continuous phase flow for drop clearance and hence no shear is
applied on the forming drops. The method works well for a wide range of drops, sizing from 30 to 1000 um
at production rates of 0.03 and 10 L per hour and achieved by 400 and 120 parallelized nozzles respectively.

Introduction

An emulsion is a mixture of immiscible liquids and is com-
monly found in various disciplines such as food," chemis-
try,>* and pharmaceuticals.* The use of the drops of an emul-
sion as miniature test tubes expands the utility of emulsions
to basic research, diagnostics, biology,”>” medicine,*° and
biotechnology.'®"" Using emulsions with a well-defined drop
size can increase the signal-to-noise ratio and improve the
predictability and standardization of assays. Emulsification
techniques such as mixers, colloid mills, high pressure
homogenizers, and sonicators apply high shear forces to
break larger emulsion drops into smaller ones.'>'® These
high shear methods yield rather poly-disperse emulsion drops
with a coefficient of variation (CV) of the diameter of typically
40%."* The emulsification process is energetically inefficient
and more than 95% of the energy invested is converted into
heat.'>'® Furthermore, heat or shear sensitive materials can
be damaged by these emulsification processes.” To overcome
the limitation of the high shear devices, direct emulsification
methods have been developed such as membrane emulsifica-
tion'® and microfluidic drop makers.’> In membrane emulsi-
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fication, the dispersed phase is extruded through micro pores
into the continuous phase.'”*® The continuous phase must
be flowing, thereby applying shear that breaks the drops off
the membrane. A membrane with round micro pores typically
produces drops with a CV of diameter of 10%.>' Many micro-
fluidic emulsifiers are shear-based devices where the flow of
the fluids is used to decrease the drop size; these include
T-junctions and co-flow or flow focusing devices.”>>* A single
device can produce drops at rates up to 12 KHz** and
with an excellent diameter CV of less than 3%;>’ however,
since drop size strongly depends on flow rates of both the dis-
persed and continuous phases the total throughput is as low
as 0.1 mL per hour.”® Moreover, it is challenging to robustly
operate multiple drop makers in parallel. A second class of
microfluidic emulsifiers rely on channel geometry to deter-
mine the drops size.”>?® In this case there is a step in the
channel height and the difference in Laplace pressure as the
drop forms when the dispersed phase enters the large chan-
nel at the step leads to the formation of drop of well-defined
size.">??7*2 The drop sizes are independent of the flow rate of
the dispersed phase, as long as it is significantly slower than
the drop formation time at the step, leading to much slower
production rates,'>'>283%31:33744 However, step-emulsification
devices are relatively easy to parallelize; examples include
microchannel (MC) devices,">*° through-hole arrays,*® asym-
metric straight-through arrays,*® Edge based droplet genera-
tion (EDGE) devices,*** millipede devices,**> and step
emulsification devices.*® Since drop formation is driven only
by interfacial tension forces, without shear forces, drop size is
independent of the flow rates of both the dispersed and the

This journal is © The Royal Society of Chemistry 2018
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continuous phases.***”**® Flow of the continuous phase is not
required for drop formation; nevertheless it is often used to
remove the drops from the nozzles enabling formation of the
next drops. Crowding of drops near the nozzle is problematic
because it prevents the continuous phase from entering the
nozzles and pinching off the drops.*® The drop accumulation
also increases the interaction between the new forming drop,
the device surfaces, and the existing drops, and can cause
drops to coalesce. Drop accretion at the nozzle can also result
in the broadening of drop size distribution, and is, in fact, a
major bottleneck of the step emulsification devices.>**’
Flowing the continuous phase to remove the drops from the
nozzle can apply shear forces on the drops, increasing their
polydispersity and limiting the throughput. A design of the
step emulsification device that overcomes this limitation and
efficiently removes the drops from the nozzles without the
use of shear would increase the production rate, without
compromising drop monodispersity.

In this paper, we introduce a method to increase drop pro-
duction in parallel step-emulsifiers, by preventing drop accu-
mulation at the nozzle exits, while preserving mono-
dispersity. We show that the used design, aided by buoyancy,
is an efficient method to clear nozzle exits without applying
shear on the forming drops. The volcano emulsifier is a
microfluidic device with parallel step emulsification nozzles,
which produce monodisperse drops with diameter between
30 um to 1000 pm with CVs ranging between 3% and 5%. We
demonstrate high throughput of mono dispersed drops, pro-
ducing up to 10 liters per hour of dispersed phase.

Results

The volcano device made from polydimethylsiloxane (PDMS)
is used here for producing water in oil emulsions. The water
flows through the device inlet, and split into 135 step-
emulsifier nozzles with rectangular cross section of 135 x
700 um. Each nozzle produces ~570 um size drops. The de-
vice is submerged in a quiescent oil reservoir. Buoyancy force
aids the transfer of the formed water drops away from the
nozzle exists area. The formed drops accumulate at the top
of the reservoir, since the oil is denser than water. The sche-
matics of a volcano device (pink) submerged in the oil reser-
voir (yellow) and produced water drops (blue) are shown in
Fig. 1.

The drop size is almost independent of flow rate over an
extended range. For flow rates between 12 to 70 mL min™*
the average drop diameter is 567 + 6 um. The drops are
monodisperse with CV < 3%. At flow rates below 12 mL
min~' the average drop diameter begins to decrease and is
538 um with a CV of 5%. At flow rates above 70 mL min?, av-
erage drop size increase to 592 pm and the CV increase to
16%, as can be seen in Fig. 2. Due to the weak dependence
of drop size on flow rate in the first regime, between 12-70
mL min, flow variations at each nozzle do not translate
into significant drop size variations. It is this feature that en-
ables all 135 nozzles to produce droplets of the same size.
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Fig. 1 Schematics of experimental setup: a) a PDMS volcano device
(pink) is submerged in oil (yellow), the continuous phase, with the
nozzles pointing upwards. Water (blue), the dispersed phase, is
pumped through the device and forms monodisperse drops. The drops
rise to the top of the continuous phase reservoir. b) Enhancement of
the nozzle area, with schematics of the propagating aqueous phase
through the nozzle, left to right, followed by drop formation at the
nozzle exits, and rising. The diameter of the drops is proportional to
h, the nozzle height. Example of an operating device is available in
Video SV1}

A nozzle of a step emulsifier can operate in either drip-
ping or jetting mode. The transition from dripping to jetting
occurs at a critical flow velocity. In the dripping mode, the in-
stability that leads to drop breakup occurs inside the nozzle,
and drops are monodisperse. In the first regime, where the
flow rate is lower than 70 mL min~, all nozzles are in drip-
ping. At flow rate of 80 mL min™" most nozzles are in drip-
ping mode and produce monodisperse drops with an average
diameter of 579 um and CV of 4%. However, a few of the noz-
zles are in the jetting mode, producing drops with much
larger diameter of 1455 um. These large drops are <1% of
the total drops yet account for ~12% of the total drop vol-
ume. In this case, an increase in flow rate from 70 to 80 mL
min~' does not increase the production rate of the ~579 um-
diameter drops, as shown in Fig. S1 and Table S1.f The maxi-
mum production rate for a volcano device is determined by
the maximum flow rate where none of the nozzles transition
from the dripping to the jetting mode. Hence, 70 mL min™"
is the maximum production rate for this device.

Next, the maximum production rates of monodisperse
drops are determined for devices with nozzle heights rang-
ing between 6-260 um. The average nozzle maximal flow
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Fig. 2 Drop diameter as a function of flow rate, for a device with 135
nozzles of 135 um height. a) The average (black circle) and standard
deviation (error bars) of drop diameter. Two regimes are observed; I.
all nozzles are dripping, indicated with gray background. Il. Part of the
nozzles are jetting leading to a wider distribution (>16% CV), and
formation of larger drops, in addition to drops with 579 um diameter.
b) Probability density function (PDF) of drop diameter at flows of: 0.5
(blue), 12 (dashed red), 70 (red) and 80 (green) mL min™*. The colors of
error bars in (a) match colors of PDF in (b). The extended PDF of all
measurements available in Fig. S1 and Table S1.}

rates are calculated by dividing the maximal device produc-
tion rate with the number of nozzles. The maximum flow
rate is dependent on the drop diameter by a power law 2, as
shown in Fig. 3. Therefore, a linear relation is found be-
tween the maximum production rate and the drop area (Fig.
S271). The device properties and results are summarized in
Table S2.}

Previous studies have found that the step emulsification
process is governed by surface tension.*"*****? To character-
ize the transition from dripping to jetting, a comparison is
made between the surface tension, viscous, inertia, and grav-
ity forces at the critical velocity. The comparison is made by
dimensionless numbers including the capillary, Weber, and
Bond numbers all determined at the critical velocity:

The critical capillary number, Ca*, is the ratio between the
viscous forces and the surface tension forces, at the critical
velocity:

134 | Lab Chip, 2018, 18, 132-138
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Fig. 3 Maximum production rates per nozzle, as a function of drop
diameter. Each point is produced by a separate device with nozzle
height ranging 6-260 pm. The dash line is a power fit of the data,
suggesting a power law of ~2. Scale bars represent 400 um.
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where .o, is the continuous phase viscosity, Ueitical 1S the
critical velocity of the dispersed phase and y is the surface
tension between the continuous and dispersed phases. Here,
the viscosity of the continuous phase is about 20% higher
than that of the dispersed phase and is used for the calcula-
tion. For all the experiments, the critical velocity is 0.1 +
0.008 [m s™'] and is independent of nozzle height. Thus, the
critical capillary number for all experiments is 0.023 + 0.003.
The critical Weber number, We#*, is the ratio between the
inertial forces and the surface tension forces, at the critical
velocity:
U iea D*

critical

4

We* — pdis

where pg;5 is the density of the dispersed phase and D* is the
drop diameter at the critical velocity.

The critical Bond number is the ratio between the gravita-
tional forces and the surface tension forces:

_ApgD *2
4

Bo*

where Ap is the density difference between the dispersed and
continuous phases and g is the gravitational acceleration
constant.

In previous findings, the critical capillary numbers were
found to be at least two orders of magnitude larger than the
critical Weber and Bond numbers.">3"3%17:49:50

In contrast, for some of the experiments here the critical
Weber and Bond numbers are significantly larger than the
capillary number. Their values are: Ca* ~ 1072, We* ~ 107~
107 and Bo* ~ 107°-1. Therefore, it is unclear if the capillary
number alone determines the transition from dripping to
jetting in the experiments here. Nevertheless, the drops

This journal is © The Royal Society of Chemistry 2018
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produced are monodisperse. The critical Ca*, We* and Bo*
values are presented in Table S3.f

The diameter of the drops is proportional to the nozzle
height in a step-emulsifier. For the maximum production
flow rates, the proportionality between nozzle height and
drop diameter is 4.12 (Fig. S37).

Drops accumulating at the nozzle exit can increase the re-
sistance for the flow of the continuous phase into the nozzle,
can impair drop breakup, and can decrease drop mono-
dispersity. Therefore, efficient removal of the drops from the
nozzle outlet is imperative to achieve high production rates
while maintaining low CV. To measure the efficiency of drops
clearing the nozzle exits, nozzle clearance is captured by im-
aging with a fast camera at varying flow rates, for a device
with 20 um height nozzles. To quantify the efficiency of drop
removal, the velocity of the drop is determined from the
movies as a function of the distance from the nozzle. Two re-
gions of velocity are observed. In the first region, near the
nozzle, drop velocity is governed by the production rate. In
the second region far from the nozzle, drop velocity reaches a
plateau. The flow pattern of the drops is dictated by the flow
rate of the dispersed phase. At low flow rate, the drop velocity
and the space between drops both increase with distance
from the nozzle. At higher drop production rate, the drops re-
main in contact with one another. The contact between the
drops causes the newly formed drop to push and accelerate
the previously created drops causing their speed to oscillate

(a) Average Drop Production per Nozzle [1/sec]
127
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Fig. 4 Drop clearance from nozzle exists. a) Images of produced
drops at different flow rates. Bars are 200 um. b) Drop velocity along Z
axis as a function of distance from nozzle. Colors correspond to bar
colors in (a). Inset, dash lines are the drop plateau velocities. The
effective diameter of a cluster of drop is calculated from the drop final
velocities and Stokes finite velocity equation. The calculated effective
diameter is larger by the indicated factors. Illustration of the effective
clusters are overlap on images in (a).
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at the drop production frequency. These oscillations decay
into a steady velocity after 5-6 cycles, as can be seen in
Fig. 4b. The velocity of a drop near the nozzle is larger than
the velocity far from the nozzle, resulting in a broadening of
the column of drops. The broadening increases with drop
production rate. Nevertheless, even at the maximum flow rate
the nozzle exits are relatively free to form additional drops,
and each newly formed drop is in contact with only a single
former drop, as shown in Fig. 4a.

The hydrodynamic interactions between the rising drops
lead to effective drag reduction.””” Thus the plateau velocity
is 3 to 5 times faster than the finite velocity of a single
sphere, as calculated by Stokes law:*®

_ ApgD?
finite ] 8,”

where Ap is the density mismatch between the continuous
and the dispersed phase, g is the gravitational acceleration
constant, D is the drop diameter and y is the dynamic viscos-
ity of the continuous phase. Note, that the surfactant layer on
the drop surface reduces internal flows inside the drop.
Hence, the drop can be approximated as a hard
sphere_53,58—60

A simplified way of characterizing the flow of a cluster of
drops is to assume that the cluster behaves as a single drop
that has a larger effective diameter. The effective diameter of
this drop is calculated using the Stokes equation with the
plateau velocity of the cluster. The effective diameters are 1.6
to 2.2 larger than a single drop, as shown in Fig. 4. Videos
are available in Videos SV2-SV5.}

Conclusions

Step emulsification is an attractive technique to produce a
high quantity of monodisperse emulsion drops. However,
when parallelizing step emulsifiers, drops can accumulate
and jam the nozzle area. The drop build-up limits the pro-
duction rate. The volcano is designed to overcome this prob-
lem. The drop clearance method is buoyancy-aided and helps
each nozzle to function at the highest stable production
rates, determined by the dripping to jetting transition. This
method enables production of up to 10 L per hour of mono-
disperse drops by a 75 x 50 x 5 mm”® size device, as demon-
strated here (Video SV67).

The maximum production rate varies as a power law in
drop diameter with an exponent of 2. In addition, the maxi-
mum production rate is not limited to very small values of
the Weber and Bond number compared to the capillary, in-
stead, in some instances, the Weber or Bond numbers domi-
nate. Currently there is no model to account for this
behavior.

Parallelization of step emulsifiers is robust because of the
weak dependence of drop size on flow rate. Therefore, flow
variations at each nozzle do not translate into significant var-
iation in drop size; moreover, monodisperse drops can also

Lab Chip, 2018, 18, 132-138 | 135
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be obtained by unsteady flow of the dispersed phase. The vol-
cano devices can, therefore, be operated by manual injection
of the dispersed phase, for example using a syringe (Videos
SV7t). Therefore, there is no requirement for precision
pumps or expensive gas regulators for preparing a mono-
dispersed emulsion.

Emulsification operation can be further standardized by
converting the volcano emulsifier into a pipettor tip. With
the tip volcano, the nozzles are fabricated into the wall of the
tip. The dispersed phase is pushed via the nozzles, and drops
are made in the continuous phase tube. Alternatively, the dis-
persed phase can be pulled into a tip prefilled with continu-
ous phase, forming the drops inside the tip. The tip volcano
can take advantage of existing pipettor technology like multi-
well and robots for parallelizing and automation of the en-
capsulation assay (Videos SV8T).

The volcano design will be useful for applications that de-
mand large scale production of monodispersed drops. Alter-
natively, the volcano can be used to encapsulate small vol-
umes of chemical or biological samples into drops within
seconds, which would otherwise spoil or decay.

Methods

Device preparation

The emulsification devices are cast from polydimethylsiloxane
(PDMS, SYLGARD® 184, Dow Corning, USA) on a molding
master. The molding masters are designed using computer
aided design (CAD) software (AutoCad 2015, Autodesk, CA,
USA). The size of drops that are formed by step emulsification
is dictated by nozzle height. Here we study high throughput
production of drops with diameter ranging from 30 um to
1000 pm. To achieve the wide range of diameter, two methods
are used for fabricating the required molding masters. Mas-
ters for drops with diameter smaller than 300 um are made
with lithography of spin-coated silicon wafer with SU-8 photo-
resist (Microchem, USA).®" For drops larger than 300 um, the
masters are 3D printed using Objet 30 (Objet Geometries Ltd.,
Billerica, MA, USA). The required dimensions for distribution
channels for producing liters per hour of emulsion are milli-
meters to centimeters in scale. 3D printers are advantageous
in fabricating channels from sub-millimeter to centimeters
scales. The process for producing a 3D mold master is cheap
and requires only designing and sending to print. Notably,
some chemical interaction between the freshly 3D-printed
molding master and the PDMS prevent the curing of the
PDMS. To prevent the curing issues, the 3D-printed masters
are baked overnight at 90 °C before their first PDMS casting.
Once the PDMS is cured, the devices are peeled off from the
master and tubing holes are punched. The devices are then
exposed to oxygen plasma and bonded to a glass slide or a sec-
ond PDMS slab, as shown in Fig. 5. Proper surface treatment
of the nozzles outlet is critical for high production rates. The
devices are surface treated prior to experiment with 2% v/v
trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (Sigma-Aldrich,
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Fig. 5 Device preparation protocol: molding masters for volcano
devices that produce drops bigger than 300 um are 3D printed, PDMS
molded, and bonded to glass. The 3D printed master is made with off-
plane slopes. Photolithography is used for production of masters for
volcano devices that produce drops smaller than 300 um. Molded
PDMS is bonded to a flat PDMS slab and cut along the nozzles row.

USA) in HFE 7500 (Novec Engineered Fluid, 3M, USA) to in-
crease the hydrophobicity of the PDMS.

Emulsification experiments

High purity water (Milli-Q, USA) is used as the dispersed
phase. In the large drop production experiments, food color
(McCormick & Co., USA) is added to the water. The continu-
ous phase in the experiments is HFE 7500 supplemented
with 1% w/w fluoro-surfactant (008-FluoroSurfactant, RAN
Biotechnologies, MA, USA). The dispersed phase is injected
into the device using syringe pumps, PHD 2000 (Harvard Ap-
paratus, MA, USA).

Experimental setup

Two different setups are used for the visualization and
measurement of the emulsion drops. For the small drops
experiment, homemade horizontal microscope is used. The
microscope is composed of x2 long distance objective (M
plan Apo, Mitutoyo, Japan) and a tube lens (Proximity series,
Infinity, USA). Images are capture with Phantom High-Speed
camera (V 7.3, Vision Research, NJ, USA). The total magnifi-
cation of the microscope is 2 um per pixel. The large drop
imaging is done with a macro lens (Macro X10, Computar, Ja-
pan) connected to video camera (XCD-V60 SONY, Japan). Im-
ages are acquired using Matlab Imaq toolbox (Matlab 2015b,
Mathworks, MA). The setup magnification is 22.4 pm per
pixel. The high production rate of drops causes a challenge
for visualizing a single layer of drops, which is required for
automated size quantification. To overcome this problem, a
clear slanting bottom sleeve is submerged into the continu-
ous phase tank. The drops rising from the drop maker noz-
zles to the slanting bottom slide upward along the slope, as
illustrated in Fig. S4 and Movie SV9-SV12.}

Image analysis

Homemade Image analysis software is used (Matlab 2015b,
Mathworks, MA) for automatic extraction of drop diameter,

This journal is © The Royal Society of Chemistry 2018
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as shown in Fig. S5.f The side view movies of the drop mak-
ing are used to study the drop's evacuation process of the
nozzle exists area. The buoyancy rates of the formed drops
are extracted from the movies using ImageJ (NIH, USA).
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