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Introduction

A passive microfluidic system based on step
emulsification allows the generation of libraries of
nanoliter-sized droplets from microliter droplets
of varying and known concentrations of a samplef

W. Postek, T. S. Kaminski and P. Garstecki*

We present a novel geometry of microfluidic channels that allows us to passively generate monodisperse
emulsions of hundreds of droplets smaller than 1 nL from collections of larger (ca. 0.4 ulL) mother droplets.
We introduce a new microfluidic module for the generation of droplets via passive break-up at a step. The
module alleviates a common problem in step emulsification with efficient removal of the droplets from the
vicinity of the step. In our solution, the droplets are pushed away from the step by a continuous liquid that
bypasses the mother droplets via specially engineered bypasses that lead to the step around the main
channel. We show that the bypasses tighten the distribution of volume of daughter droplets and eliminate
subpopulations of daughter droplets. Clearing away the just produced droplets from the vicinity of the step
provides for similar conditions of break-up for every subsequent droplet and, consequently, leads to supe-
rior monodispersity of the generated emulsions. Importantly, this function is realized autonomously (pas-
sively) in a protocol in which only a sequence of large mother droplets is forced through the module. Our
system features the advantage of step emulsification systems in that the volumes of the generated droplets
depend very weakly on the rate of flow through the module - an increase in the flow rate by 300% causes
only a slight increase of the average diameter of generated droplets by less than 5%. We combined our ge-
ometry with a simple T-junction and a simple trap-based microdroplet dilutor to produce a collection of li-
braries of droplets of gradually changing and known concentrations of a sample. The microfluidic system
can be operated with only two syringe pumps set at constant rates of flow during the experiment.

of varying and known concentrations of a sample, and we
obtained this collection from a single droplet of the sample

Here we demonstrate a microfluidic module—DropChop—
that allows for step emulsification of a series of large droplets
without additional equipment designated to push the gener-
ated small droplets away from the step. The DropChop mod-
ule passively generates monodisperse (the CV of diameters is
below 3% for a whole generated library, and the CV of diame-
ters is below 1% for a generated library without the last drop-
lets generated in this library) libraries of up to ca. 400 drop-
lets tested per library. We integrated the DropChop module
into a system with a simple microdroplet dilutor based on a
hydrodynamic trap,' and with a T-junction. We used this inte-
grated device to generate a collection of libraries of droplets
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and a single droplet of a diluent infused into our device with
two syringe pumps set to pump at constant rates of flow.

Known methods of splitting droplets into collections of
monodisperse emulsions include splitting with a secondary
stream of continuous phase: in a T-junction,” in a Y-junc-
tion,>* in flow focusing,”” and in a co-flowing stream.®™°
Two methods of generation of relatively monodisperse emul-
sions without a secondary stream are 1) membrane emulsifi-
cation™ and 2) microfluidic step emulsification (MSE).">** In
membrane emulsification, the dispersed phase is pushed
through a porous membrane. The curvature of the dispersed
phase increases as the liquid passes the pore, up to a point
at which the droplet breaks off."* A similar mechanism is
employed in MSE, in which the dispersed phase traverses a
small opening before entering a larger reservoir.'>"?

In step emulsification, the dispersed phase flows through
a shallow channel, traverses a step, and enters into a wide
and deep channel. The part that we call ‘balloon’ (after Li.
et al;** the name ‘tongue’ has also been used for the more

Lab Chip, 2017, 17, 1323-1331 | 1323


http://crossmark.crossref.org/dialog/?doi=10.1039/c7lc00014f&domain=pdf&date_stamp=2017-03-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7lc00014f
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC017007

Open Access Article. Published on 01 March 2017. Downloaded on 12/5/2025 6:16:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

confined geometries'®) of the dispersed phase that leaves the
shallow channel gradually reduces its own curvature due to
the expansion in the larger channel. As the curvature of the
neck of the droplet phase, which is still in the narrow chan-
nel, is limited from below (i.e. the radius of the curvature
cannot be larger than half the width or height of the chan-
nel), the Laplace pressure in the neck at some point cannot
be matched by the decreasing capillary pressure in the grow-
ing balloon. The dispersed phase breaks, and the tongue in
the larger channel becomes a separate droplet.'

Above a certain critical value of the capillary number, the
step emulsification regime turns into a jetting regime, and
the emulsification no longer occurs.’® Because of that, MSE
suffers from low frequencies of generation of droplets when
compared to flow focusing. However, MSE can be readily
parallelized for an improved frequency of generation of

droplets.”” ™ Step emulsification techniques have recently
gained  significant attention with important new
developments.**2*

Emulsions generated at the step are more tightly monodis-
perse than emulsions obtained in T-junction or flow focusing
systems due to almost the same physical conditions at the
step for each generated droplet."> However, if the step is
blocked by the emulsion, the generated droplets begin to ex-
hibit higher variation of sizes. Several solutions have been
proposed to account for the problem of blocking of the step,
namely, cross-flow of the continuous phase,'®?° a sloped res-
ervoir that uses the tendency of droplets to remain spheri-
cal,>® buoyancy,”> buoyancy coordinated with centrifugal
forces,"” and magnetic attraction of a ferrofluid over a step.>

The most commonly used microfluidic systems are ori-
ented horizontally, and clearance of the step in such orienta-
tion is compatible only 1) with flushing of the vicinity of the
step,’®2° 2) with the sloped geometry of the reservoir that
promotes escape of the generated droplets due to capillary
pressure,”’ and 3) with removing ferrofluidic emulsion from
the step with magnetic attraction. It is generally desired to
reduce the amount of external equipment in a microfluidic
system, and, in this context, the sloped geometry of the reser-
voir is superior to the flushing and magnetic methods; still,
the systems utilizing the gradient of geometry provide for
limited allowed rates of flow, as the autonomous escape of
droplets is rather slow.

In certain situations (such as generating libraries of small
droplets presenting a serial dilution of a sample or reagent),
it would be useful to first perform operations (such as dilu-
tion) on large droplets before emulsifying them into libraries.
Existing solutions for step emulsification use a shallow and
narrow channel that enters a larger reservoir. Large droplets
in such shallow and narrow channels are long, which limits
their mixing.>**® Additionally, the channels that could con-
tain multiple long droplets would have to be very long them-
selves and produce high resistance to flow. A microfluidic so-
lution in which a collection of large droplets of different
concentrations of cells was emulsified passively was shown;
however, the obtained emulsions were highly polydispersed
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(the range of volumes of generated droplets spread over an
order of magnitude, between 2 and 16 pL) and the dilution
of samples was performed outside of the microfluidic
device.”

Our emulsification module addresses the following chal-
lenges: 1) elimination of additional pumping mechanisms
for removal of generated droplets from the step and 2) ren-
dering complex operations on large droplets before passive
emulsification into monodisperse emulsions in the same
microfluidic device feasible.

We integrated our emulsification module with a simple
trap-based dilutor. The architecture of the trap is as we de-
scribed it elsewhere." Our integrated device contains a T-
junction, a metering trap (dilutor), and the DropChop mod-
ule. With this integrated device we produce a series of librar-
ies of differing (but known) concentrations of a sample. To
produce these libraries, we used two syringe pumps to per-
form injection of the sample and diluent at constant flow
rates. We demonstrate the working principle of the inte-
grated system using water and a dye. We present the dilution
ratios of fluorescent rhodamine 110 (Sigma-Aldrich, Ger-
many). Finally, we demonstrate emulsification of the dye at
DropChop.

Results
The architecture of the DropChop module

We designed DropChop to passively emulsify a series of large
droplets. We wanted to have a series of large droplets placed
in a channel with a large cross section, so that the length of
the large droplets in the series would be at most a few times
larger than the width or depth of the channel to facilitate
mixing inside the droplets, and also to reduce the total
length of the channels in the system. Step emulsification was
shown to produce droplets of diameters increasing linearly
with the increasing depth of the opening above the
step.'”*”*® We aimed to produce small droplets from a col-
lection of large droplets through step emulsification in a
channel with a large cross section. We therefore reduced the
depth of the channel directly before the step, so that the di-
ameters of the droplets generated at the step would be small,
but so that the large droplets approaching the step would be
flowing through a large channel.

The problem arises at the transition between the large
channel and the constriction. We observed that for a sudden
transition from a deep (400 pm) into a shallow (70 um) chan-
nel at a flow rate of 0.25 mL h™" and at a concentration of
the PFPE-PEG-PFPE fluorosurfactant® equal to 0.1% (w/w), a
part of the droplet does not enter the constriction and thus
cannot be emulsified (Fig. 1a).

To overcome the problem of a droplet not entering the
constriction, we introduced a slope that leads to the constric-
tion, and we called such geometry DropChop. The slope pre-
vents the large droplet from experiencing sudden changes in
its curvature when the large droplet is approaching the con-
striction (Fig. 1b). Without sudden changes in its curvature,

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 a) Step emulsification of a droplet passing from a large to a
small channel through a sudden transition. Part of the droplet will be
locked before the transition due to unfavourable Laplace pressure and
buoyancy. b) The working principle of DropChop. A slope in a large
microchannel steadily makes the channel shallower. The slope ends in
a shallow and short slit. The slit then enters a channel that has
dimensions of the channel from upstream of the slope. It is possible
for the whole droplet to pass the step in such a geometry. c) A
micrograph of DropChop with a slope of 5 degrees. (x) The beginning
of the slope. (y) The constriction immediately before the step. The
slope in the main channel ranges between points marked with (x) and
(y). d) A micrograph of DropChop with bypasses with a slope of 2.5
degrees. (x) and (y) are as described above.

the large droplet should be less prone to breaking before the
constriction. In DropChop, the depth between the large chan-
nel and the constriction directly upstream of the step changes
steadily. Directly downstream of the constriction, the channel
becomes deeper suddenly (Fig. 1c). At this sudden transition
of depths of channels, the step emulsification occurs.

In a modified version of DropChop, we placed two shallow
channels bypassing the main channel (Fig. 1d). We put the
entrance to these bypasses upstream of the slope, and we put
the exit from the bypasses (into the main channel) immedi-

This journal is © The Royal Society of Chemistry 2017
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ately downstream of the step. The slope begins in the main
channel at the location of the entrance to the bypasses.

The entrance to the bypasses is shallower and narrower
than the bypasses, so that the dispersed phase does not enter
the bypasses due to unfavorable Laplace pressure the drop-
lets would have to overcome. Please consult the ESIT for the
detailed dimensions of the tested devices.

DropChop (slope without bypasses)

When we emulsified large droplets at DropChop without the
bypassing channels, the rear ends of these large mother
droplets remained locked at the slope and could not pass the
step. A slope of 10 degrees leading to a 70 pm high constric-
tion locked a droplet of ca. 10-15 nL after emulsification of
large droplets at concentrations of the fluorosurfactant equal
to 0.1% (w/w) and 0.5% (w/w) at a flow rate of 0.25 mL h™".
This locked droplet did not pass the step in at least 30 sec-
onds of constant flow of the continuous phase. The mother
droplet passed the slope completely when the angle of the
slope was 2.5 degrees, and this complete passage occurred at
a flow rate of 0.25 mL h™ and at both 0.1% (w/w) and 0.5%
(w/w) concentrations of the surfactant.

We therefore deemed the slope of 2.5 degrees suitable for
further experiments. Increasing the flow rate led to emulsifi-
cation of a whole droplet under all the mentioned conditions,
although the monodispersity of emulsions obtained in such
a way was decreased.

In the basic format of DropChop (a slope leading to a con-
striction, no bypassing channels), the newly formed droplets
are not efficiently removed from the vicinity of the step. The
droplets that stay close to the step block the formation of
subsequent droplets (Fig. 2b). The formed droplets are peri-
odically smaller and larger (Fig. 2c). This effect is especially
visible in the emulsions generated at the step with a slope of
2.5 degrees, where droplets form two distinct populations of
diameters (Fig. 2a and Fig. S37).

DropChop module with bypasses for the continuous liquid

To solve the problem of generated droplets blocking the step,
we introduced shallow channels that bypass the slope of the
main channel. We located the entrance to the bypasses up-
stream of the slope, and we placed the exit from the bypasses
immediately downstream of the step (Fig. 1d). When a
mother droplet flows into the slope, the hydraulic resistance
of the main channel increases, and a fraction of the continu-
ous phase flows through the bypasses. The continuous phase
returns to the main channel from the bypasses immediately
downstream of the step, pushing the freshly generated drop-
lets away from the vicinity of the step.

We generated libraries of droplets at a slope of 2.5 degrees
with added bypasses (Fig. 1d and 3e, ESI{ Movies S1 and S2)
at a range of flow rates (Fig. 3a), and at a range of concentra-
tions of the surfactant in the continuous phase (Fig. 3b). The
coefficient of variance (CV) of the diameters of the generated
droplets was lower than 3% at flow rates between 3 mL h™

Lab Chip, 2017, 17, 1323-1331 | 1325
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Fig. 2 a) Sizes of droplets generated at steps with slopes of 2.5 (red)
and 10 (black) degrees. The droplet numbered as ‘1’ was the first
droplet generated in an emulsion. Subsequent data points are
connected to emphasize the periodic changes in sizes of droplets. b)
Generation of emulsion at the step with a slope of 2.5 degrees.
Droplets are not removed efficiently from the point of break-up.
Necking of the dispersed phase is visible in the slit. c) Rear end of the
emulsion generated at the step with a slope of 2.5 degrees. Droplets in
the ‘bottom’ row are visibly larger than the droplets in the ‘top’ row.
The flow of fluids in (b) and (c) is realized from left to right. The scale
bar applies to (b) and (c).

and 8 mL h™" at 0.1% (w/w) PFPE-PEG-PFPE surfactant. The
CV was higher at higher flow rates and at higher concentra-
tions of the surfactant (Fig. 3d). Please consult the ESIf for a
more detailed description of the polydispersity of emulsions
generated at the highest tested concentration of the fluoro-
surfactant. The CV of the diameters of the first 20 droplets of
an emulsion at flow rates between 2 mL h™" and 12 mL h™
was below 1% for all tested concentrations of the PFPE-PEG-
PFPE surfactant. As for the mother droplet, the last droplet
generated from this mother droplet was visibly larger or
smaller than the rest of the droplets generated from it
(Fig. 3a). The average diameter of the generated droplets in-
creased slightly with the flow rate at which we performed
emulsification. Increasing the flow rate by 300% (from 3 mL
h™ to 12 mL h™) resulted in a 5% increase in average diame-
ter of generated droplets at 0.1% (w/w) concentration of the
fluorosurfactant (Fig. 3b). The concentration of the PFPE-
PEG-PFPE surfactant did not seem to affect the average diam-
eter of the generated droplets (Fig. 3b).

Higher concentrations of the PFPE-PEG-PFPE surfactant
promoted higher frequencies of generation of droplets at the
tested flow rates up to 10 mL h™" (Fig. 3c). At the highest
tested concentration of PFPE-PEG-PFPE (1.0% <w/w>), the
mother droplet would not reach the step at a flow rate of 1
mL h™" and emulsification would occur at tested flow rates of
2 mL h™ and higher. At lower tested concentrations of the
surfactant (0.1% and 0.5% <w/w>), the mother droplet
would not reach the step at tested flow rates of 1 mL h™" and
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2 mL h™, and emulsification would occur at tested flow rates
of 3 mL h™ and higher. The frequency of generation of drop-
lets at the step rose linearly with increasing tested flow rate
up to 10 mL h™ at all tested concentrations of the surfactant.
The frequency of generation of droplets was higher at higher
concentrations of the surfactant. Moreover, the frequency of
generation of droplets was not constant throughout a single
library (Please consult Fig. S1 in the ESIY).

The integrated device

We integrated DropChop (with bypasses) with a simple micro-
droplet trap-based dilutor and with a simple T-junction. The
order of modules downstream of the two inlet ports was as
follows: T-junction, hydrodynamic trap, winding mixing
channel,* and DropChop (Fig. 4a and b).

The detailed description of the hydrodynamic trap is avail-
able in our earlier work." Briefly, if a droplet is larger than
the volume of the trap, the trap meters a volume of the drop-
let that is equal to the volume of the trap. The excess volume
of the droplet leaves the trap. If a droplet of the sample is
locked, and a droplet of the diluent merges with this droplet
of the sample, the result is a diluted droplet that is locked in
the trap, and a diluted droplet that leaves the trap. We forced
the coalescence of droplets inside the trap by
eletrocoalescence.?” This design of the microdroplet dilutor
is similar to those of systems presented before."** Please
consult the ESIt for the exact dimensions of the geometries
in the integrated device.

To prepare a series of libraries of different concentrations
of a sample, we used two syringe pumps with syringes filled
with the continuous fluorinated phase, and connected with
the device via PFTE tubing. We at first loaded one of the inlet
tubes with a portion of the diluent, and then with a portion
of the continuous phase, and finally with a portion of the
sample. The other inlet tubing was filled with the fluorinated
liquid. The continuous phase contained 0.1% (w/w) surfac-
tant. We inserted the tubing into the inlet ports, and we
injected the liquids into the chip using the syringe pumps at
a constant flow rate of 0.03 mL h™" (inlet loaded with the dis-
persed phase) and of 0.9 mL h™" (inlet with the fluorinated
phase only). The portion of the sample we loaded was similar
in volume to the hydrodynamic trap. The metering trap
locked the droplet of the sample. Then the T-junction divided
the input droplet of the diluent into a series of smaller (ca.
400 nL) droplets. The series of droplets of the diluent sequen-
tially diluted the locked droplet of the sample. Then the so
generated series of droplets of decreasing concentration of
the sample entered DropChop. DropChop emulsified the
drops, thus generating libraries of droplets (Fig. 4f). The
height of the constriction in DropChop in the integrated de-
vice was 30 um. Please see the video recordings of the execu-
tion of this protocol in the ESIt (Movies S3 and S4).

In order to measure the exact ratio of dilution and assess
the quality of the gradient, we employed a procedure similar
to those presented before.**® We carried out tests using a

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 a) Sizes of droplets generated at a range of flow rates and at a slope of 2.5 degrees with added bypasses (the height of the constriction
before the step was 70 um). The concentration of the fluorosurfactant was 0.1% (w/w). b) Average diameter of droplets in libraries generated at
various flow rates and concentrations of the surfactant. The inset highlights that increasing the flow rate to 14 mL h™* and above produces
droplets with average diameters larger than what would be expected from linear dependency of droplet sizes on the flow rate at the tested flow
rates up to 12 mL h™?, similarly to what was shown before.'®° ¢) Frequency at which the emulsions were generated at DropChop at different rates
of flow and at different concentrations of the fluorosurfactant in the continuous phase. The height of the slit before the step was 70 um. d)
Monodispersity of libraries generated at DropChop with bypasses at a range of flow rates and at a range of concentrations of the fluorosurfactant.
e) Droplets generated at a step with added bypasses. The flow rate was 5 mL h™%, and the concentration of the surfactant was 1.0% (w/w). Droplets

do not interfere with each other, providing for increased monodispersity when compared with the geometry without bypasses.

50 uM solution of rhodamine 110 in water with an addition
of methanol (0.1% w/w) as a sample. For the diluent, we used
pure water. We measured the mean intensity of fluorescence
of every droplet. The measured parts of droplets were the
same in size in two subsequent droplets and were localized
centrally in every droplet. We then calculated the ratio of the
intensities of fluorescence between consecutive droplets, and
we defined this value as the ratio of dilution. For each pair of
subsequent droplets, we adjusted the sensitivity of the detec-
tor of fluorescence to adapt the dynamic range of the mea-
surement system to the concentration of rhodamine in a
given pair of droplets. We set the sensitivity of the detector
so that the brighter droplet (with a higher concentration of
rhodamine 110) had an intensity of fluorescence of ca. 3000
arbitrary units (a.u.) in the NIS-Elements software (Nikon, Ja-

This journal is © The Royal Society of Chemistry 2017

pan) that we use to operate our confocal microscope, which
is well below the threshold of saturation (at 4095 a.u.).

The average dilution ratio obtained from 20 dilutions was
1.37 with a coefficient of variance of 6.1% (Fig. 4c).

We generated 8 droplets each of ca. 400 nL at a T-junc-
tion, and after the dilution protocol, we emulsified these
droplets at DropChop. We obtained 8 libraries of droplets,
and the libraries contained an average of 392 + 9 droplets
with an average diameter of 120 pm (ca. 900 pL). The coeffi-
cient of variance of the diameters of all generated droplets
(total: 3134 droplets) was ca. 4%. We defined outlying drop-
lets as those of diameters smaller than 115 um (ca. 800 pL).
Outlying droplets were generated always as the last droplets
of each library (Fig. 4e). Without the outlying droplets of each
library, the coefficient of variance of the diameters was below

Lab Chip, 2017, 17, 1323-1331 | 1327
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Fig. 4 a) Schematics of DropChop with bypasses integrated with a trap-based dilutor. A series of droplets of the diluent would dilute a sample
locked in the trap, and then the diluted series of droplets after passing a mixing channel would be passively emulsified at DropChop. The
electrodes (E) located close to the dilutor force the electrocoalescence of drops. b) Execution of the protocol. Dilution of the sample occurs in the
dilution module. Emulsification occurs at DropChop. ‘F’ marks channels initially meant for a ‘Faraday moat’,*! but those channels were not used
and were empty during the experiments. c) Rate of dilution between subsequent droplets generated at the T-junction in our integrated device.
The points on the graph are a result of averaging of two measurements. Error bars are calculated from the accumulating error (coefficient of vari-
ance of measured dilution ratios) of dilution. d) Distribution of obtained volumes of droplets in emulsions generated at DropChop, calculated from
8 mother droplets and 3134 daughter droplets. e) Diameters of 3134 droplets in libraries generated from 8 mother droplets, presented in order of
generation. The average diameter of generated droplets was 120 um. The coefficient of variance of the diameters was ca. 4%, and without the out-

lying droplets the CV of the diameters was below 1%. f) Emulsification of a large droplet of dye at DropChop.

1% for all measured libraries. 5% of the droplets in each li-
brary (18 + 2 per library) was outlying. The average diameter
of the outlying droplets was 98 um (the CV of the diameters
of only outlying droplets equaled 4.4%), which corresponds
to ca. 490 pL. The majority of the outlying droplets were of a
diameter of 92-98 um (volume of ca. 400-500 pL) (Fig. 4d).

Discussion

The parameters of the emulsions generated at DropChop de-
pend on the geometry of the channels. The high angle of the

1328 | Lab Chip, 2017, 17, 1323-1331

slope stops the rear end of a drop from passing the step, leav-
ing a droplet locked at the slope, via a mechanism similar to
that described earlier.’” A small marauding droplet leaves
more space for gutters of the continuous phase when com-
pared to a large, elongated droplet at a slope. The continuous
phase preferably flows around the locked droplet through the
gutters, rather than pushing the droplet over the step. The
differences in behavior of the rear-end droplet at various an-
gles of the slope stem from the fact that a droplet is more
spherical at a steeper slope than at a more gentle slope. It is
more energetically unfavorable for a drop to pass the narrow

This journal is © The Royal Society of Chemistry 2017
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opening over the step after a steep slope than after a gentler
slope.

We showed that droplets generated at a step after a slope
without bypasses form subpopulations of diameters. This is
because the already generated droplets block the formation
of the subsequent droplets. Periodicity is less visible at
higher angles of the slope. This might be because more time
might be needed for a droplet to be separated from the bulk
water phase at a steep slope when compared to a gentle slope
due to different values of Laplace pressure inside droplets at
slopes of different angles. During this longer break-up, a
higher amount of the continuous phase would pass the step
per single generated droplet. The higher amount of the con-
tinuous phase would push the generated droplet farther away
from the step than in the case of a gentler slope, thus reduc-
ing the effect of obstruction of new droplets.

The addition of the bypassing channels around the main
sloped channel allowed for efficient removal of the generated
droplets from the area immediately after the step. The re-
moval of freshly generated droplets from the vicinity of the
step ensured no obstructions after the step, and thus genera-
tion of monodisperse emulsions at DropChop with bypasses
was possible. The images of the process of emulsification
show a neck forming in the dispersed phase, and the profile
of the distribution of volumes of droplets in a library com-
pared to profiles obtained at a flow-focusing device by
Kaminski et al.” suggests that the mechanism of break-up at
DropChop with bypasses is step emulsification, rather than
flow-focusing. The droplets are generated at the step, and
then the continuous phase that flows from the bypasses
pushes the droplets away from the step.

The average diameter of the generated droplets changed
only slightly over a range of flow rates. This might be par-
tially due to the fact that a fraction of the flowing continuous
phase runs through the bypasses, and thus this fraction does
not increase the speed of the droplet at the step. DropChop
with bypasses required higher flow rates than DropChop with-
out bypasses to operate properly. Additionally, DropChop
(with bypasses) with a smaller height of the slit required a
higher rate of flow to ensure emulsification than DropChop
with a larger height of the slit. This is a result of 1) increased
hydraulic resistance of the main channel with a slit of de-
creased height, which leads to the continuous phase flowing
preferably through the bypasses and 2) increased Laplace
pressure in a droplet traversing a slit of decreased height.
The diameters of the generated droplets seem not to depend
(or seem to depend only weakly) on the concentration of the
surfactant.

Higher tested concentrations of the surfactant 1) enabled
emulsification at lower flow rates and 2) increased the fre-
quency of generation of droplets at a given flow rate. This
might be connected with the Laplace pressure present in the
droplet at the slope. We forced a droplet into a steadily
narrowing channel, so the curvature of the droplet at the
front of this droplet was steadily increasing. Increasing curva-
ture means increasing Laplace pressure that is forcing the

This journal is © The Royal Society of Chemistry 2017
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droplet back from the narrowing channel. At a critical point,
at which the pressure generated by the syringe pumps on the
droplet is matched by the Laplace back-pressure, the droplet
becomes locked at the slope.’” By increasing the concentra-
tion of the surfactant (this generally decreases the value of
surface tension), we reduced this Laplace back-pressure. At a
lower Laplace back-pressure, the droplet reached the step at
a lower flow rate (lower forward pressure). The increased fre-
quency of generation of droplets at higher concentrations of
surfactant is in agreement with predictions and experi-
ments."*** Similarly, the linear dependency of the frequency
of generation of droplets on the flow rate is in concert with
predictions and experiments shown earlier,***”18:38

As any step-based emulsifier, DropChop does not emulsify
properly (i.e. in the step emulsification regime) at high values
of capillary number in the system. It would be useful to alle-
viate this problem, because some biochemical assays, like
PCR, use reagent mixtures that would probably have a lower
value of surface tension in comparison with what we have
tested. A modification of DropChop that would reliably emul-
sify such a reagent mixture would open a way to exploit
DropChop in droplet digital PCR (ddPCR) assays.™"”*%* Pos-
sibly an increase in the angle of the slope combined with by-
passes of cross sections larger than we tested would help,
since these modifications would reduce the speed of the
droplet at the step.

The microfluidic systems we present here may also be
used for applications in synthetic and materials chemistry, as
our geometries are capable of producing highly mono-
dispersed droplets, even at less precise control of the rate of
flow. For instance, one of the most promising applications of
droplet microfluidics is the synthesis of nanocrystals and
nanoparticles.*’™** However, the devices that we used in this
study were made of PDMS, which is not a suitable material to
operate with a wide range of organic solvents’* commonly
used in synthetic chemistry. Nevertheless, our geometries
might be fabricated in other more chemically resistant mate-
rials, such as Teflon®® or polycarbonate with surface modifi-
cation compatible with fluorinated oil and, at the same time,
resistant to the most commonly used organic solvents.*®

DropChop could benefit from shorter bypasses and a
shorter slope, for the sake of miniaturization. In the inte-
grated device, we used a slope that was ca. 8 mm long at a
2.5 degree incline. Perhaps a shorter slope of e.g. 10 degrees
that changes the angle to 2.5 degrees not long upstream of
the step would be operating in a manner comparable to the
system we presented here.

Conclusions

Here we showed a microfluidic geometry capable of generat-
ing emulsions of monodisperse droplets without sources of
pressure dedicated to clearing the vicinity of the step. A
sloped geometry upstream of the step, in combination with
bypassing channels around the slope, allows for the genera-
tion of monodisperse emulsions from multiple large

Lab Chip, 2017, 17, 1323-1331 | 1329
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droplets. We showed that our geometry is of a modular char-
acter, and we integrated this geometry with a trap-based
droplet dilutor. We generated a collection of libraries of
monodisperse sub-nanoliter droplets of varying but known
concentrations of a sample. We achieved this with only two
syringe pumps that were simply set to run at constant rates
of flow.

Our work might be of interest to those willing to reduce
the number of syringe pumps in their microfluidic systems.
Passive generation of libraries of varying and known concen-
trations of a sample might be used in digital-based analytical
schemes.

DropChop is a system that allows for truly passive emulsifi-
cation of large droplets in microfluidic channels. It can be
used to perform complex microfluidic assays with a reduced
amount of external equipment.

DropChop does not perform emulsification properly at
high values of capillary number. This limits the capability of
DropChop in assays that use reagent mixtures that have very
low values of surface tension. Overcoming this issue would
open DropChop for assays such as ddPCR, and a collection of
libraries of droplets of different concentrations of a target
nucleic acid would fit the existing algorithms for ddPCR.*’

Materials and methods
Fluids

We used Novec HFE7500 (3M, USA) as the continuous phase
in all described experiments. The PFPE-PEG-PFPE fluoro-
surfactant was synthesized according to the protocol de-
scribed by Holtze et al.”®

Fabrication of the devices

To fabricate the devices, we first produced polycarbonate
molds using a CNC milling machine (MSG4025, Ergwind, Po-
land). We then poured PDMS (Sylgard 184, Dow Corning,
USA) onto the polycarbonate mold and we polymerized PDMS
at 70 °C for 2 hours. We then treated the PDMS mold for 3 h
under 10 mbar pressure with vapors of tridecafluoro-1,1,2,2,-
tetrahydrooctyl)-1-trichlorosilane (United Chemical Technolo-
gies, USA). We then used the negative molds to cast PDMS
positive chips. We bonded the PDMS chips with glass slides
(1 mm thick) by treating PDMS chips and glass slides with
plasma and placing them together. We rendered the micro-
fluidic channels hydrophobic by filling the chip with Novec
1720 (3M, USA). When the fluid evaporated from the chan-
nels at room temperature, we baked the chip at 135 °C for 15
minutes.

Electric field

We used an electric field to facilitate the coalescence of drop-
lets in the trap-based dilutor in the integrated device. The
electric field was alternating at 200 Hz at 1.5 kV. The
electrodes were no further than 4 mm from each other.
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