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Standard operations of droplet-based microfluidic were miniaturized
down to the femtolitre scale. The level of control is maintained despite the
three order of magnitude reduction in droplet volume.

oduction Mixing DEP sorting  Electrocoalescence  Splitting



Lab on a Chip

DROPLET-BASED MICROFLUIDICS AT THE FEMTOLITRE SCALE'

Marie LEMAN™", Faris ABOUAKIL?, Andrew D. GRIFFITHS" and Patrick TABELING*

*Microfluidics, MEMS and Nanostructures Laboratory (MMN), CNRS UMR 7083, Ecole supérieure de physique et de chimie

industrielles de la Ville de Paris (ESPCI ParisTech),
patrick.tabeling@espci.fr

10, rue Vauquelin, 75231 Paris Cedex 05, France. Email:

"Laboratory of Biochemistry (LBC), CNRS UMR 8231, Ecole supérieure de physique et de chimie industrielles de la Ville de
Paris (ESPCI ParisTech), 10, rue Vauquelin, 75231 Paris Cedex 05, France. Email: andrew.griffiths@espci.fr

"Electronic supplementary information (ESI) available: S1: Mixing inside femtolitre droplets produced by step-emulsification, S2:
Mixing inside picolitre droplets produced by step-emulsification, S3: Dielectrophoretic sorting of femtolitre droplets, S4:
Electrocoalescence of femtolitre droplets, S5: Splitting of femtolitre droplets, S6: Parallelized production of femtolitre droplets,
S7: Reinjection of femtolitre droplets. S8: Fabrication of the molds by multiple-layer soft lithography.

Page 2 of 14

Summary

We have built a toolbox of modules for droplet-based microfluidic operations on femtolitre
volume droplets. We have demonstrated monodisperse production, sorting, coalescence,
splitting, mixing, off-chip incubation and re-injection at high frequencies (up to 3kHz). We
describe the constraints and limitations under which satisfactory performances are obtained,
and discuss the physics that controls each operation. For some operations, such as internal
mixing, we obtained outstanding performances: for instance, in 75 fL droplets the mixing
time was 45 ps, 35-fold faster than previously reported for a droplet microreactor. In
practice, in all cases, a level of control comparable to nanolitre or picolitre droplet
manipulation was obtained despite the 3 to 6 order of magnitude reduction in droplet
volume. Remarkably, all the operations were performed using devices made using standard
soft-lithography techniques and PDMS rapid prototyping. We show that femtolitre droplets
can be used as microreactors for molecular biology with volumes one billion times smaller
than conventional microtitre plate wells: in particular, the Polymerase Chain Reaction

(PCR) was shown to work efficiently in 20 fL droplets.

Introduction

By using droplets as microreactors, droplet-based
microfluidics'™® has allowed biological and chemical systems
to be analyzed with high throughputs, small sample volumes,
low costs, fast mixing’, and “digital” analysis of single
compartmentalized molecules'® ' or cells'*'®. In the state-of-
the-art, droplet volumes usually range from 2 pL to 4 nL (15
and 200 um diameter), one thousand to one million times
smaller than microtitre plate wells. Highly monodisperse
droplets can be made and manipulated at kHz frequencies: a
range of on-chip droplet manipulations such as mixing”'”'%,
splitting’°,  fusing’'™®, injecting®®, incubating”’® and
sorting’®*? have been developed, that can be combined with
off-chip incubations followed by re-injection'®. These
operations allow a wide range of processes and assays, some
of which require complex, multi-step operations to be

implemented in droplet-based microfluidic systems (see, for

example®?*). This miniaturized technology has developed
into a powerful tool for a number of applications'**’
17,35,36

including synthesis of small molecules or particles ,
screening of small molecule libraries’’, screening of
antibodies®®*, screening and directed evolution of enzymes*"
2 targeted sequencing” and digital PCR'*"**. Today,
droplet-based microfluidic systems for targeted sequencing,

next-generation sequencing and digital PCR are commercially
available.

Further miniaturizing the droplets down to the femtolitre scale
affords significant gains in terms of reduction in reagent
consumption and cost, increased throughput, faster thermal
transfer and higher mixing speeds. Moreover, there exist areas
where use of very small droplets is either advantageous or
essential. For example, drug delivery*’ (in which droplets
must have volumes < 65 fL to avoid embolism), or “digital
biology” approaches based on analyzing single-cells or single-
molecules, such as measurement of the activity of single
enzyme molecules'****7. Last but not least, having the
capability to generate droplets of colloidal size using
microfluidics may open up interesting new avenues in the
fields of diagnostics and colloidal materials*®.

The first devices for producing femtolitre droplets at high
throughput were demonstrated by Kobayashi*’. Femtolitre
droplets were produced using a step emulsification geometry,
with kHz production rates and monodispersivities in the range
of a few percent. Using a similar geometry, Malloggi et al.”
extended this approach by demonstrating that complex
droplets, such as Janus droplets, double emulsions, UV cured
particles, and elementary clusters with volumes in the
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femtolitre range could be produced. More recently, novel
methods of production/parallelization have been proposed’’,
enabling MHz production of femtolitre droplets'.

However, subsequent downstream manipulation of femtolitre
droplets has so far been restricted to optical manipulation of
individual droplet’*>. From a physical standpoint, high-
throughput manipulation of femtolitre droplets is challenging
due to unfavorable scaling of many operations. By reducing
droplet volumes from the pL to fL scale, one considerably
affects the balance of forces that governs the physics of the
system. For example, picolitre droplets are traditionally sorted
using dielectrophoresis®**'. By reducing droplet volume by a
factor of 1,000, dielectrophoretic forces™ are reduced by three
orders of magnitude while drag forces are decreased by one
order of magnitude only. It is thus questionable whether
dielectrophoretic forces can overcome drag forces to allow
high-throughput dielectrophoretic sorting of fL droplets.
Likewise, the destabilization and coalescence of pairs of
droplets by an electric field® is disfavored by miniaturization
as the capillary recovering force (linear in R) decreases more
slowly than the competing electrostatic force (square
dependence in R). Scaling difficulties are also encountered for
droplet splitting'®*° or droplet coalescence by hydrodynamic
forcing™, as droplets must be confined, which poses problems
when using standard microfabrication methods. Last but not
least, the surface/volume (S/V) ratio increases on reducing
droplet size (S/V=3/R). Thus adsorption of reagents to
surfaces risks to compromise chemical and biological
reactions such as DNA amplification in fL droplets or other
highly miniaturized systems’’.

Here we demonstrate that, even though scaling laws look at
first sight unfavorable in a number of cases, all the key
operations of droplet-based microfluidics can be performed in
a highly controlled manner with droplets of a few femtolitres
in volume, at kHz rates. We have built up a modular
femtolitre droplet toolbox of unit operations: high throughput
monodisperse production, sorting, coalescence, splitting,
mixing and production, off-chip incubation and re-injection.
In certain cases (such as internal mixing), we obtain
outstanding microfluidic performances, interesting in their
own right.

Experimental section
Device fabrication

Microfluidic chips were fabricated using a classical soft
lithography process *’. Silica molds were fabricated with
SU-8 negative photoresist (Micro Chem). In most cases, two-
layer lithography was used: the silica wafer was first
dehydrated at 200°C, then the thin layer (900 nm to 3.6 pm
depending on the design) was spin-coated, exposed, and
developed. In order to prevent adhesion issues, the post bake
time was extremely long (9 minutes) and a hard bake was
performed before starting the second layer fabrication. To
obtain a thick second layer without an intermediate step,
pieces of tape (3M, Magic Scotch) were added onto the
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alignment structures before the second layer spin-coating.
Alignment structures were then fully visible whatever the
thickness of the second layer and optical aberrations were
suppressed during the alignment procedure. The alignment
process was thus very fast and accurate, and a typical ratio
between the heights of the two layers of 35:1 was obtained
without an intermediate step. The detailed protocol for
fabrication of the molds is provided as Electronic
Supplementary Information. Poly-(dimethylsiloxane) (PDMS,
Sylgard 184, Dow Corning) mixed with 10% (w/w) curing
agent was poured over the mold to a depth of 4 mm and
incubated at 65°C for around 12 hours. The PDMS was
peeled off the mold and the input and output ports were
punched with a 0.5 mm-diameter Harris Uni-Core biopsy
punch (Electron Microscopy Sciences). 150 pm thick glass
slides were spin-coated with a 50 pm PDMS layer and cured.
Devices were bonded to these slides with a PDC-002 oxygen
plasma cleaner (Harrick Plasma). To obtain hydrophobic
systems, bonded devices were then aged at 90°C overnight to
enable the PDMS to go back to its native hydrophobic state.
Sometimes, the aging was accelerated by heating to 115°C.
For thin structures with aspect ratios higher than 10, hard
PDMS was sometimes used, with a standard protocol®.

Apparatus

Unless mentioned, fluids were injected using an MFCS
pressure controller (Fluigent) which can apply up to 7 bars.
Usual working pressures were 1.5 to 4 bars. For applications
where an electrical field was needed, channels were added in
the lithographic process and filled with a conductive buffer
(Na Cl, 189 g/L, 6 = 41 S/m)*"*%. Electric voltages were
produced by an AM300 generator (R&S) and amplified by a
BOP1000M amplifier (KEPCO) with a gain of 100. The
electric field was applied to the microfluidic device by an
Electrowell (Fluigent) through Pt electrodes (@ 300 pm)
plunged into the conductive buffer. Experiments were
observed using an inverted microscope (Zeiss, Observer Al),
with a 40x or 100x, objective and recorded with a high-speed
camera (Photron; Fastcam SA3). For fluorescence
measurement, fluorescein was excited with an HBO 100
mercury vapor lamp (Zeiss) through an FITC filter (490 nm)

Formulation

Emulsions were formed wusing an aqueous phase and
fluorinated oil (Novec HFE 7500) containing a non-ionic tri-
block copolymer surfactant® with two perfluoropolyether
(PFPE) tails (My ~ 6000 gmol ') and a polyethylene glycol
(PEG) head group (My ~ 600 gmol™) at a concentration of
2% (w/w) as the carrier fluid. The interfacial tension between
the Novec HFE 7500 oil containing 2% surfactant and DI
water with 1% F68 pluronic was 5 mN/m, measured by the
pendant drop method using a DSA 30 (Kriiss GmbH).
Experiments involving fluorescence were carried out with
Fluorescein sodium salt, whose dianionic form is highly
fluorescent (quantum yield of 0.93) and whose bi-protonated
form is non-fluorescent (pKa, = 6.4, quantum yield of 0.37,
pKa, = 4.3, non fluorescent). Conductimetry measurements
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were carried out with a CDM 210 (Radiometer Analytical
S.A)).

Polymerase chain reaction (PCR)

PCR was performed on a 2660 bp pUC18 plasmid, out of
which a 129 bp PCR product was amplified with M13
Forward and Reverse primers. The PCR mix consisted of
DreamTaq Green Buffer (Thermoscientific, 5 pL/50 pL),
M13 Forward and Reverse primers (Thermoscientific, 0.4
uM), dNTPs (Thermoscientific, 200 pM),
polymerase (Thermoscientific, 1 pL/50 pL), F68 pluronic
(0.02%) and drosophila total RNA (340 pg/uL). DNA
concentration was varied from 10 pg/uL to 200 pg/uL. 25 to
65 fL droplets containing the above mix were produced by
step emulsification®. The droplets were collected in a 200 pL
Eppendorf tube and covered with heavy mineral oil to avoid
evaporation. PCR was performed in a thermocycler (MJ
Research PTC-200) off-chip. The amplification program
comprised the following steps; initial denaturation at 94°C for
2 minutes, 35 cycles consisting of DNA denaturation at 94°C
for 15 s, primer annealing at 62°C for 30s, extension at 72°C
for 30 s, and final elongation at 72°C for 5 min. After
thermocycling, the emulsion was broken by adding 30 to 60
puL of perfluorooctanol (approximately three to six times the
emulsion volume), and analyzed by electrophoresis on 2%
agarose gels in 0.5X TBE buffer containing 0.05 pL/mL of
ethidium bromide.

DreamTaq

Image analysis

Image analyses were performed using Image J (NIH). To
estimate droplet sizes images were thresholded, skeletonized
and the analyze particle function used to provide quantitative
information on the droplet area and position. Size
distributions were also determined in the same way.

To estimate the fraction of coalescence events in a packed
emulsion, we identified coalesced droplets by their size and
measured the total area of coalesced droplets a., the total area
occupied by uncoalesced droplets a, and the total number of
uncoalesced droplets #,. The fraction of coalesced droplets is

C= (ac/aunu)/ (ny + ac/ayny).

For fluorescence experiments, the IntDen function was used.
It allows the product of the mean gray value times the droplet
area to be computed. In some cases, image averaging was
carried out to enhance the signal to noise ratio.

Results and discussion
Mixing inside droplets

Droplets function as individual reactors of small volume in
which dispersion of the reagents is suppressed by the presence
of the droplet interface. Thanks to a number of favorable
mechanisms (internal recirculations, chaotic regimes), mixing
times down to 2 ms have been achieved in pL to pL

droplets™'”. Here we asked whether, by reducing droplet sizes
to femtolitre volumes, faster internal mixing can be obtained.

To investigate this question, we used the diffusion-limited
acid base reaction between fluorescein (50 mM) at pH 4 and a
basic buffer at pH 9 (30 mM Tris-Base), which is much faster
than the mixing times considered hereafter. Protonated
fluorescein has a very low fluorescence, while its dianionic
form is highly fluorescent. An intercalating stream of acid
buffer (10 mM Tris-HCI pH 4) separated the two reagents to
prevent prior contact. The three laminar streams flowed side
by side (Fig. 1a) and were pinched between two streams of
fluorinated oil containing fluorosurfactant.
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Figure 1. (a) Droplet production and mixing in the step emulsification
regime. The increase in fluorescence resulting from fluorescein
deprotonation was used to determine the mixing time. Dimensions are
indicated for the fL experiments. (b) Surface profile of 75 fL droplet
production, with an exposure time of 500 ms. At the step, the
fluorescence emission was low then increased along the streamwise
direction (y axis). A movie of droplet production can be found in the
Supplementary Material (Movie S1). (c) Example of 1 pL droplet
production. The location of a selected droplet in successive images is
indicated by a red circle. A movie of droplet production can be found in
the Supplementary Material (Movie S2). (d) pL droplet fluorescence

Page 4 of 14



Page 5 of 14

was measured using Image J, integrating the fluorescence over the
entire drop. The fluorescence intensity /t) (o) was renormalized and
averaged over 8 droplets, then fitted to an exponential evolution to
obtain the characteristic time, o = 330 ps. The fluorescence intensity
extracted from surface profiles of 75 fL droplets production is plotted
on the same graph (e). (e) Average fluorescence intensity /r of 75 fL
droplets was determined as a function of the distance to the step and
the time-position equivalence was used to determine the time. The
fluorescence intensity was renormalized and fitted to an exponential
evolution Ix(t) = I. + (lp - I.) exp(-t/r) with Matlab to obtain the
characteristic time, zemio = 45 Us.

Owing to the shallow geometry (1.7 um height, 25 pm width),
no droplets were formed at this stage. On reaching the step,
where the channel increased to 40 pm in height and
broadened to 100 um in width, droplet precursors began to
form at the step and grew until droplets were generated®.
Droplets of 75 fL (5.2 um diameter) were produced at a
frequency of 10.7 kHz in the step-emulsification regime. The
increase of fluorescence intensity /, was monitored during
droplet production and time-position equivalence was used to
replace the position coordinate by time.

Low fluorescence emission and high speeds did not allow
femtolitre droplets to be tracked individually in real time. We
thus exploited image averaging to enhance the signal to noise
ratio to obtain profiles like the one depicted in Fig. 1b, in
which space has been converted to time by using the relation
t=y/U (with U the aqueous phase speed). Additional
experiments carried out with 1.1 picolitre droplets (13 pm
diameter) produced at a lower frequency (2.8 kHz) using a
step emulsification regime (Fig. 1c) enlightened the
hydrodynamics of mixing. In this case, individual droplets
could be imaged and tracked after their production and the
increase in fluorescence measured by image analysis.

Before the step, the contact time 7qone between the fluids was
short enough to exclude the possibility of diffusive mixing as
the fluids flow side by side. The contact time was 3 to 500
times smaller than the characteristic diffusion time 74 for H'
and OH ions in water, calculated over the width w of the
water stream (Fig. la). At infinite dilution, Dy, = 9.31.107
cm?/s, Doy, = 5.30.10° ecm?/s®. For the 75 fL droplets: w =3
pm, T = 480 WS, Teontet = 160 ps. For the 1.1 pL droplets: w
= 18 um, 74 = 17 mS, Teonmer = 60 ps. Calculated diffusion
times are overestimated as diffusion coefficients are smaller at
finite dilution.

Fig. 1d depicts the renormalized fluorescence measurements
in the femtolitre case (o) and in the picolitre case (o). Owing
to the different time scales, the femtolitre fluorescence
intensity measurement is replotted in Fig. le. Experimental
data was fitted to an exponential evolution with Matlab (lines
in Fig.1d and le). Corresponding mixing times are 330 us in
1.1 pL droplets and 45 ps in 75 fL droplets. The latter result is
the shortest time reported to date for a droplet microreactor,
35-fold smaller than fastest time previously reported (2 ms)'®.
We thus demonstrate that miniaturizing droplets to the
femtolitre scale allows unprecedented fast mixing times (45

us).
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Dielectrophoretic (DEP) droplet sorting

When driven towards a junction containing two paths of
unequal hydrodynamic resistance, droplets (or cells, or
particles) choose the hydrodynamic path of least resistance
(Fig. 2a). However, when subjected to a non-uniform electric
field, droplets become electrically polarized and a
dielectrophoretic (DEP) force can drive the droplets into the
channel of highest resistance™. This is how active sorting of
droplets is classically achieved. However, DEP forces are
expected to decrease with the volume of the droplet™, and we
may wonder whether miniaturization will jeopardize DEP
sorting.

In our experiments, droplets are sent towards a Y junction
(Fig. 2a), and completely obstruct the channel prior to the
bifurcation. In such conditions, the pressure drop across a
plug is given by®:

= ~
AP = Rplu oh lu )

Where R, is the fluidic resistivity, u the droplet speed (close
to the flow speed U, at low capillary numbers®®), 5 the droplet
viscosity, w the width of the channel, /4 its height, and / the
plug length. The resulting force Fj that drives the plug
downstream is thus given by:

F, =AP %S ~nlu 2)

in which S ~ wh is the droplet area (projected normally to the
mean flow) on which the pressure field applies. When the
obstructing droplet arrives at the junction, if the difference
between the hydrodynamic resistances of the two paths is
large, the droplet will be driven into the least resistive branch
with, in terms of order of magnitude, the same force F,. In the
presence of a non-uniform electric field, the droplet will be
attracted towards the more resistive channel by DEP forces. In
order to achieve sorting, these forces must overcome F). The
DEP force is proportional to the volume of the droplet wh/
and to the product the electric field times its gradient™:

Fppp~€&o€.WhIE.VE 3)

where €, is the vacuum permittivity, &, is the permittivity of
the carrier fluid. The critical electric field E that must be
applied to overcome the hydrodynamic drag is thus given by
the expression:

nlu ~gye,WwhlE.VE @)

Equation (4) implies the existence of a threshold speed,
Unresn(E), above which sorting cannot be achieved:

1
Utnresn(E) = a;€QSCWhE.VE ®)

Where a is a numerical prefactor determined empirically. In
practice, the maximum electric field E,,,, that can be applied
is limited by electrosplitting®’:
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Figure 2. DEP sorting. (a) Droplets are driven towards a y-shaped junction comprising two channels of unequal hydrodynamic resistance. (b) In the
absence of an electric field all the droplets pass into the wider channel. Application of an electric field gradient steers droplets by DEP into the
narrower channel. A movie of droplet sorting can be found in the Supplementary Material (Movie S3).(c) Perspective representation of the sorting
area. COMSOL calculated electric potentials are indicated. (d) Speed of isolated droplets vs the applied electric field. Green dots: droplets directed
towards the narrow channel. Purple dots: droplets directed towards the wide channel. The dotted line represents the theoretical maximum speed
that enables DEP actuation calculated using Equation (5), with a = 0.1, 0.4 and 1. The corresponding number of droplets per second are calculated
assuming a distance of 5/ between 20 fL consecutive droplets. (e) Phase diagram of the femtolitre DEP sorter. Green: sorted, purple: unsorted, red:
undesired coalescence events. The DEP force becomes strong enough to direct droplets at applied fields larger than 1.5.10° V/m. Droplets speed
were limited to 0,6 — 9 mm/s. Under a critical distance d/l = 5, droplets coalesce in this device.
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E9EW

(6)

Eax~

where y is the surface tension. As VE~ E /&, where ¢ is the
distance between the electrodes, combining (5) and (6), one
obtains a critical droplet speed u* above which no sorting can
be achieved:

Assuming further that the minimal distance d,,;, between
consecutive droplets is in the order of a few droplet lengths /,
one obtains the maximum droplet sorting frequency fi.x, from
the following relation:

*

u ahy

fmax = d_~_

8
min l'l5 ( )

This formula shows that miniaturization should favor higher
sorting frequencies, since #, [ and J scale down with the same
factor, implying that f,,. is inversely proportional to the
device characteristic dimension.

In our experiments, embedded electrodes were added next to
the Y junction during the lithographic process; this guaranteed
that the electrodes were aligned with the microfluidic channel
with micrometric precision, and they were close enough to

generate large electric field gradients (Fig. 2a). The applied
AC electric fields were generated by applying between 400
and 1000 V through Pt electrodes plunged in the conductive
buffer, at a frequency of 1.5 kHz. Modeling of the electric
field distribution was obtained through a finite element
analysis with COMSOL multi-physics, considering the 3D
system and the electrical parameters of the PDMS and the
fluids involved (Fig. 2c). Local fields at the junction were
found to vary from 1.1.10° to 3.10° V/m and are close to the
theoretical limit E,, for femtolitre droplet splitting
(3.1.10°V/m for 40 fL droplets)®’. Such fields would not be
admissible for picolitre droplets, because that they are above
the critical field producing droplet breakup at rest (E,,=
1.2.10°V/m for 15 pL (30 um diameter) droplets).

Droplets of 20 to 50 fL volume containing deionized water
with 1% pluronic were produced on-chip with a step-
emulsification process and driven towards a Y-shaped
1.6
between the two paths. With x = 1.6, the wide channel can
contain up to 14 circulating droplets without substantially
perturbing the main channel resistance®. The sorter was
tested with trains of droplets travelling at velocities, u,
ranging from 0.6 to 90 mm/s, varying the applied voltage V
and the spacing d between the droplets. This corresponds to 8
to 9000 droplets/s, depending on u and d. Image processing
was used to determine the droplet length / parallel with the

junction, with a hydrodynamic resistance ratio x =
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flow, the distance d to the preceding droplet and the droplet
trajectory.

In the absence of an electric field, all droplets passed into the
low resistance channel, but by applying a voltage to the
electrodes, it was possible to direct the stream of droplets into
the high resistance channel (Fig. 2b). As predicted by the
above theory, DEP sorting was possible only below a
threshold velocity. Fig. 2d shows that well spaced droplets
(d/l > 15) were correctly driven towards the narrow channel at
low speeds (green dots), but they flow into the large channel
in the presence of an electric field above a critical speed
Ugresn(E) (purple dots). Experimentally, below E = 1.5.10°
V/m, no speeds were found to enable DEP actuation, implying
the threshold speed is lower than 0.6 mm/s in such conditions.
The dotted lines represent the theoretical threshold speed,
calculated using Equation (5) and electric field gradients
computed with COMSOL, for a = 0.1, 0.4 and 1. One sees
that a = 0.1 describes correctly the experimental trend at low
electric fields, but a = 0.4 better matches the experimental
data at high fields. The discrepancy between theory and
experiment most likely comes from the simplicity of our
model; at high electric fields, droplets tend to deform, a
parameter discarded from the discussion. A more accurate
assessment would need to take into account the detailed shape
of the droplet, its dynamical evolution during the sorting
process, but also the presence of surfactants and the precise
flow geometry at the junction, which is beyond the scope of
this paper.

Fig. 2e shows an overview of the regimes of sorting found for
various applied electric fields and distances between
consecutive droplets, d (expressed as the ratio d/l) with u =
0.6 — 9 mm/s. Three regimes were observed, which are color-
coded in Fig. 2d: droplets passing into the wide channel
(purple), droplets passing into the narrow channel (green), and
droplets electrocoalescing (red). In the absence of an electric
field (0V), with d/I > 5, all 716 analyzed droplets passed into
the wide channel. In the presence of a low electric field, in
agreement with the study of well spaced droplets (Fig. 2d), no
droplets were correctly sorted. Above £ = 1.5.10° V/m,
sorting was possible. In such conditions, droplets were
correctly sorted as long as they were not perturbed by the
preceding droplet. Fig. 2e indicates that the distance between
consecutive droplets has to be above d//l = 5 — 6 to enable
efficient sorting, without sorting errors or coalescence events
caused by the proximity of the preceding droplet. The
maximum sorting frequency obtained experimentally was 3
kHz for 20 fL. droplets, which is an improvement compared to
maximum sorting rates observed for picolitre droplets (2
kHz)*'*!. To assess the theoretical maximum frequency at the
electrosplitting limit, we assumed o was close to 0.4, and
assessed the term E.VE in COMSOL at the theoretical limit
Epex = 3.5.10° V/m for 20 fL droplet splitting. Equation (5)
then gives uesh(Emay) = 203 mmy/s, and f,,.c = 8 kHz. It may
be possible, therefore, to further improve the sorting speed by
increasing the applied electric field.

Lab on a Chip

To summarize, we have shown that sorting of streams of
femtolitre droplets under high throughput conditions is
feasible. This operation is achieved by increasing the electric
field, which is possible owing to the fact that electrosplitting
of droplets is inhibited by miniaturization.

Pairwise electrocoalescence

When subjected to a uniform electric field, water droplets in a
dielectric phase get polarized and an attractive force operates
between each dipole droplet™; as droplets approach, the film
that separates them thins out and eventually breaks up,
leading to coalescence. Furthermore, each droplet dipole
locally increases the electric field as they get closer®, thus
deforming the interfaces and enhancing the coalescence
process. The physics that underlies this process can be
described by two dimensionless parameters’®’"**: i) The Bond
electrical number, B, = &y5,E?R/y, represents the ratio of
the electrical force that tends to deform the droplets over the
restoring capillary force. Here E is the field quadratic mean
and R is the droplet radius ; ii) The ratio of the initial distance
between droplets over their radius d/R, which is related to the
intensity of the interaction between droplet dipoles.

In the literature, it is well established that coalescence occurs
at Bond numbers below unity (typically B, = 0.2 — 0.5). This
implies that, as droplet radius, R, decreases by a factor of ten,
electric fields needed to induce coalescence are increased by a
factor of ~3 (v/10). The question is whether this is feasible.

In the experiments, electrodes were added close to the
coalescence zone during the soft lithography process in order
to obtain high electric fields. Two sets of 20 to 30 fL aqueous
droplets were generated at 3 kHz using an on-chip step
emulsification process, and brought together just upstream of
the coalescence zone (Fig. 3a). The coalescence zone was
designed to favor the pairing of droplets and to assist the
electrocoalescence process through decompression of the
droplet-pairs at the restriction at the exit of the coalescence
chamber’®. Electrodes were positioned slightly
asymmetrically around the channel to ensure that the highest
electric field was located at the restriction. To assess the
electric field effectively applied in the channel, 3D COMSOL
Multiphysics simulations were performed, taking into account
the material’s electrical characteristics (Fig. 3b).

Droplets entered the coalescence chamber at speeds ranging
from 2 to 22 mm/s and the coalescence process was tracked
by analysing images taken with a high-speed camera. An
example of coalescence of two droplets, containing brilliant
black (2%) and fluorescein (1%) is shown in Figure 3c. Phase
diagrams were drawn for two solutions of different
conductivity: deionised water with F68 pluronic (1%) and
deionised water with fluorescein (300 uM) (Fig. 3d). Their
conductivities were, respectively, 10° S/m and 10" S/m.
When subjected to the electric field, droplet free charges
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Figure 3. Electrocoalescence. (a) Electrocoalescence device. Droplets of 25 fL volume, generated by two drop makers, were brought together and
enter a coalescence zone designed to favor droplet pairing and coalescence. Electrodes were added around this zone to ensure efficient
electrocoalescence of the droplet pairs. (b) Perspective representation of the coalescence region, with the electric potential calculated by COMSOL.
The inset represent in more details the coalescence area. Electrodes are positioned slightly asymmetrically to ensure that the highest electric field
(Position B) is located near the restriction (Position A). (c) Example of a coalescence event for 25 fL droplets colored with Brilliant Black (2%) and
Fluorescein (1%), respectively. The applied voltage was 450 V. Droplets reorient along the field (t = 12ms) and then coalesce at the restriction (t =
21ms). The channel height is 1 um. A movie of droplet coalescence can be found in the Supplementary Material (Movie S4) (d) Phase diagram of
the system. Blue area: coalescence. Gray: stable pair. Green: repulsion. Experiments were carried out using droplets containing (o) 300 uM
fluorescein and (e)1% Pluronic F68, without observable differences between the two solutions. (e) Percentage of droplets coalescing in position A

(black) or position B (gray), as a function of the voltage applied.

move with a time constant t = ¢y g4 / 0, where g4 is the
permittivity of the dispersed phase, &) the vaccum permittivity,
and o the dispersed phase conductivity. This time constant is
much smaller than the excitation period in both cases (z =107
s and 107 s << 7, = 0.7 ms) which guarantees that droplets

get polarized instantly and act as charged conductors.

We measured the radius R and the distance between paired
droplets, d, at the entrance of the coalescence area. The
distance between consecutive droplet pairs was maintained
above 4R to avoid droplet-droplet interactions®”. Under this
condition, the maximum coalescence throughput of the device
was 1.1 kHz.

Similarly to picolitre droplets™, three regimes were observed
depending on the field strength and on the initial separation d
between successive droplets: droplet coalescence (Fig. 3¢ blue
area), stable droplet pairs (Fig. 3c grey area), and repulsion
between droplets (Fig. 3¢ green area)>. No difference in
behavior was observed between the two solutions of different
conductivities. The phase diagram (Fig. 3d) has a structure
similar to that established for picolitre droplets®®, with a triple
point separating the three regimes. However, on analysing in
more detail the phase diagram, one sees that droplets coalesce
up to an initial separation distance of 2R, compared to 0.7R

usually found for picolitre droplets. This is presumably due to
the geometry: droplets need to deform to enter the restriction
which causes their average speed to be slowed down by 50%
just before the restriction. This eases the synchronization of
droplets in the coalescence area. The position of coalescence
events was highly dependent on the electric field (Fig. 3e).
Above 800V, all coalescence events happened before the
constriction (Position B), whereas droplets coalesced at the
restriction at lower fields (Position A). This can be explained
by the fact that the mechanism of coalescence depends on the
voltage: at high fields, only electric stresses are at play,
whereas at lower voltages, droplet coalescence results from
both electric stress and hydrodynamic decompression at the
restriction.

To we demonstrate here that controlled

electrocoalescence of femtolitre droplets can be achieved in a

summarize,

microfluidic environment, at the expense of applying larger
electric fields than for picolitre droplets. The coalescence
chamber design favors droplet pairing at larger initial distance
and helps destabilization of the pair at the restriction.

Splitting

Page 8 of 14
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When droplets are driven towards a T-junction at high speeds,
they may either breakup or flow along one of the arms of the
T. Mechanical splitting is controlled by the geometry, the
viscosity ratio of the continuous and dispersed phase 4 =z /
Hq and the Capillary number, defined by Ca = p. u/y. It has
been shown that two regimes of splitting are possible, one in
which droplets occupy only a fraction of the channel width
(non obstructed regime), and the other in which droplets
completely obstruct the channel (break up with complete
obstruction of the channel)’'*>. The former necessitates
moderately low Ca, while the latter, being mostly controlled
by the geometry, occurs almost independently of Ca**"*.
Since the capillary numbers for fL droplets are typically small
(below 107?), it is difficult in practice to achieve break up in
the non obstructed regime: the underlying reason is that the
geometries needed to handle fL droplets result in channels
with high hydrodynamic resistance, which limits droplet
speeds and typically results in small Capillary numbers.
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Figure 4. Droplet splitting. (a) Splitting device. Droplets flow towards a
T junction. The height of the channel was 1 ym to favor obstruction
and enhance the splitting process. (b) Time series of micrographs
showing a 75 fL droplet splitting. A movie of droplet splitting can be
found in the Supplementary Material (Movie S5) (c) Phase diagram of
the splitting of 25 to 135 fL droplets. Only two regimes were observed:
(o) non breakup, and (x) breakup with obstruction (at //w = 3). This
corresponds to a droplet volume of 75 to 130 fL in our geometry,
depending on the PDMS pressure related deformation.

In our case, 25 to 135 fL droplets were generated by on-chip
step emulsification and driven toward a 1 pm high, 5 um
width T-junction (Fig. 4a). The viscosity ratio between the oil
and the water phase is 4 = 1.43. Droplets were driven towards
the junction and experiments were recorded by a high-speed
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camera (Fig. 5b). Droplet speeds and droplet lengths /, were
measured by image analysis. The channel width w was also
measured in situ, so as to take into account the PDMS
deformation.

Throughout the experiments, we spanned a range of inlet
pressures from 1.5 to 6 bars. Because of the geometry (long
thin channels), the corresponding speeds were low - between
5 and 50 mm/s. Attempts to achieve higher flow rates were
made with a neMESYS syringe pumps, but the glass slides
could not withstand the corresponding applied pressures. To
avoid unwanted interactions, the distance between successive
droplets was kept above 4/, limiting the frequency to 850 Hz
at the maximum speed of 50 mm/s.

As expected from the low Capillary number of the system,
breakup was only observed in the complete obstruction
regime. Figure 4c shows that the critical ratio //w upon which
breakup is obtained does not depend on the Capillary number,
consistent with theory, but is mostly controlled by the
geometry. According to the model described in”*, the breakup
with tunnels regime could only be achieved at capillary
numbers of 10’2, a range that is difficult to achieve in our
device.

To summarize, we demonstrate here that femtolitre droplets
splitting is achievable in T junctions in obstructed regimes,
with a minimal volume of 75 fL (daughter droplets of 32 fL.
each) and a maximum frequency of 850 Hz. To split smaller
droplets would require either smaller features, beyond the
scope of standard soft-lithography techniques, or higher
Capillary numbers, thereby higher pressures, which were out
of reach with our device.

Droplet stability

The question we address here concerns the thermodynamic
stability of femtolitre droplets, stability being a pre-requisite if
such droplets are to be used as microreactors for chemical or
biological reactions. According to the Epstein-Plesset
dissolution model, established for gas bubbles in a liquid
solution”” and later extended to liquid microdroplets
dissolution76, the miniaturization increases the shrinking rate
of droplets, by driving faster mass exchanges between them
and the continuous phase. On the other hand, the process is
known to be inhibited by the addition of solutes’’ . In these
papers, the solutes are assumed to be insoluble in the
continuous phase. Let us denote the subscripts a for the
droplet and f for the surrounding phase, 1 for water, 2 for oil
and 3 for the solutes. The oil reservoir is assumed to be
infinite. At equilibrium, water chemical potentials in the
droplet and in the surrounding phase are equal:

(T P) = wyg(T,Pg)  (9)

The equilibrium is stable under the condition’”:
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(1 o (T, Py) — 5 (T, P3))
R

>0 (10)
eq

On the other hand, there is a relation between the fraction of
water in the dispersed phase x;,, the continuous phase x; g
and the laplacian pressure term across the droplet interface’:

2
V1 R—y +RTIn(x14) = RTIn(x,5)  (11)
eq

Where v,,; is the molar volume of water and R,, is the radius
of the droplet at equilibrium.

Inside the droplet, x; , = 1 — x5, where x5, is the fraction
of solutes in the droplet at equilibrium; In(1-x3,) can be
developed at first order in the vicinity x5, < 1. The fraction
of solutes in the droplet at equilibrium x;, is increased by a
factor (R, / Req)3 as droplets shrink:

3
2y R
Vm1 RT Ry X3,4,0 O/Req =In(x5) (12)

where R, is the initial droplet radius and x5, is the initial
fraction of solutes in the droplet. The application of condition
(10) to equation (12) gives the minimal fraction of solutes
X340, and hence the minimal concentration of solutes c3 44",
under which droplets are stable:

N 2YVm
X300 > X300 = 3RTTIr; (13)
0

2Y V1 p1

_mlPr gy
3RTRoMyze

C3q,0 > CB,a,O* =
Where p,is the volumic mass of water and Mg, 1S the
molar mass of the solute. With droplet miniaturization, higher
solute concentrations are needed to obtain stable droplets. For
a typical Mgoe = 300 g/mol, the minimum solute
concentration as a function of droplet volume is presented in
Table 1. Despite the increase in ¢ 4" on miniaturization, the
values remain accessible experimentally, and femtolitre
emulsions can easily be stabilized with proper formulation.
We recall that the theory corresponds to an infinite reservoir
of the continuous phase. However, in reality, the emulsion
reservoir is finite, and shrinkage is expected to stop once the
continuous phase is saturated with water and the chemical
potentials in the droplet and in the surrounding phase are
equal. In this case, the minimum initial solute concentrations
required for stability, will be lower than those in Table 1.

Droplet volume 4 fL 60 fL | 500 fL SpL
Minimum solute
concentration €3 4 0" 80uM | 28 M | 14 uM |6 uM

Table 1. Minimum initial solute concentration c;,," to obtain stable
droplets, for several values of droplet volume, and M, = 300

g/mol.

In our experiments, droplets of 65 fL volume were produced
using a parallelized step-emulsification device (Fig. 5a-b).
The aqueous phase flows through an array of 37 narrow
channels (1 pum high, 5 pm wide), and falls into a deep
reservoir of oil (35 um deep), giving a total droplet production
frequency of ~10 kHz. When composed of DI water (c3 49 =
0), droplets disappeared in a few seconds (Figure 5c, o) in
agreement with the theory. Droplets containing high solute
concentration (for instance, PCR reagents, with c3 4 o over ~ 2
mM) demonstrated a better stability. To go deeper, we
measured the droplet size distribution by injecting an
emulsion comprising 65 fL droplets containing PCR reagents
between two glass slides and carried out image analysis (Fig.
Sc-d). Just after their production, droplets shrunk slightly
towards their radius of equilibrium (0.1 days). Then, the mean
radius remained constant over 5 days, before increasing
towards higher radii (12 days after the production). The
variance in radius (Fig. 5d) remained small at short times (up
to 2 days) and slightly increased at longer times (12 days).

The slight initial shrinking is most likely caused by the low
but non-zero solubility of solutes in oil. In this case, size
distribution depends on the diffusion rates of the solutes and
is expected to decrease slightly in the case c340 > €340,
€380 = 0”°. The increase in size distribution observed at long
time scales most likely results from coalescence events rather
than Ostwald ripening because the average droplet volume
increases.

(a)___ L 35 m
xSl o | height

= PCR mix
© Dl water

1E-4 1E-3 001 01 1 10

Time after production (days)

Figure 5. Off-chip droplet incubation and reinjection. (a) Diagram of
the parallelized femtolitre droplet maker. (b) Micrograph of a
parallelized femtolitre droplet maker. A movie of the production of 65
fL droplets can be found in Supplementary Material (Movie S6). (c)
Evolution of the average radius of 65 fL droplets containing DI water
(0) or PCR reagents (M) after droplet production and during storage
at room temperature under mineral oil. (d) Evolution of the probability
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density function (PDF). Black : day O, dark blue: day 1, green: day 2,
orange: day 4, red: day 12. The monodispersity remained high during
the first two days (Coefficient of variation (CV) 0.02) and started to
decrease after 4 days of incubation at room temperature (CV 0.16 at
day 12). (e) Reinjection of a femtolitre emulsion. The channel was 1
um high, increasing the apparent radius of droplets and enabling one-
to-one injection without leaving standard soft lithography processes. A
movie of emulsion reinjection can be found in Supplementary Material
(Movie S7).

When performing chemical or biological reactions in droplets,
many studies focus on performing incubation steps on-chip,
but this is associated with a variety of technological issues,
notably related to evaporation due to the porosity of PDMS. A
way to avoid these issues is to recover the emulsion off-chip,
incubate off-chip, and reinject the emulsion into another chip
for analysis.

After overnight incubation at room temperature, the 65 fL
droplets containing PCR reagents were reinjected and spaced
with fluorinated oil with 2% fluorosurfactant. Regular spacing
of droplets demands a nozzle as narrow as the droplet
diameter, to allow just one droplet to be separated by spacer
oil at a time. To obtain such characteristics with 65 fL
droplets, the channel height was lowered to 1 pm. The
squeezed micrometric droplets have an increased effective
radius and could be reinjected in a controlled way in 5 pm
width channels accessible by standard soft lithography
process with a chrome mask. (Fig. Se).

To  summarize, aqueous femtolitre droplets are
thermodynamically stable, provided the aqueous phase
contains a low concentration of solute. Under these conditions
femtolitre droplets can be incubated for a few days off chip
and reinjected on-chip for further analysis. This stability
ensures that incubation of biochemical reactions can be
performed inside femtolitre droplets, as presented below.

Polymerase chain reaction (PCR) in femtolitre droplets

The Polymerase chain reaction (PCR) is one of the most
important biochemical reactions, allowing exponential
amplification of target DNA via cycles of enzymatic
polymerisation with temperature cycling. However, one can
question the impact of droplet miniaturization on the
amplification yield, since the surface to volume ratio varies
inversely to the droplet radius, and surface effects are
expected to become increasingly important.

Droplets of 20 or 65 fL volume containing PCR reagents were
produced using the parallelized step-emulsification device
described above (Fig. 5a-b). PCR was performed on a 2660
bp pUCI18 plasmid, out of which a 129 bp PCR product was
amplified with M13 Forward and Reverse primers. Several
measures were taken to overcome adsorption issues. The
reaction mixture was supplemented with 0.2% F68 Pluronic
and Drosophila total RNA was added to the DNA dilutions
and to the PCR mix at a final concentration of 340 pg/uL.
Silanization of the polypropylene reservoirs was also
performed, using dimethyldichlorosilane and a classical
protocol®. The template DNA concentration was varied from
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10 pg/uL to 200 pg/pL which corresponds to a mean number
of template DNA molecules per 65 fL droplet, A, ranging
from 0.22 to 4.5.
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Figure 6. PCR in droplets. (a). Picture of a PCR emulsion after
thermocycling. (b) Example of analysis by agarose gel electrophoresis
of PCR in 20 fL droplets, mean number of template DNA molecules
per droplet 2 = 1.85. (c) Final yield of DNA after PCR versus the mean
number of template DNA molecules, A, per 65 fL reaction volume in
bulk (stars), and in 65 fL droplets (dots). Dotted lines represent the
mean amplification in bulk, and the expected Poisson distribution in
emulsion.

After production, droplets were collected in a 200 uL
Eppendorf tube and covered with heavy mineral oil to avoid
evaporation. PCR was then performed in a thermocycler off-
chip. Figure 6a depicts a typical example of the emulsion
distribution after thermocycling: the emulsions suffered very
few coalescence events during the cycling (0.3%). After
thermocycling, the emulsion was broken by adding 30 to 60
pL  of perfluorooctanol, and analyzed by agarose gel
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electrophoresis together with the same reaction performed in
bulk (Fig. 6b). Primers were the limiting reagent in this PCR
reaction. As a consequence, in bulk the final yield of DNA
does not depend upon the initial DNA concentration. (Fig.
6¢).

In droplets, however, the final yield of DNA is expected to
drop quickly when A < 1. This is because the template DNA
should be distributed into droplets following a Poisson
distribution and when A < 1 an important fraction of droplets
does not contain a template DNA molecule (33% at 4 = 1).
The final yield of DNA should fit the curve describing the
fraction of drops containing >1 template DNA molecules f, =
1—e*

The yield of amplified DNA at A = 4.5 in femtolitre droplets
was similar to in bulk, but dropped off as A decreased, closely
fitting the curve described by a Poisson distribution without
loss of template DNA. These results indicate that femtolitre
droplets can be used for quantitative biological assays, despite
the high surface to volume ratio.

Conclusion

We have built a femtolitre droplet toolbox of basics droplet-
based microfluidic operations (Fig. 7). Despite the small size
of the droplets, we obtained a level of control comparable to
that obtained for nanolitre and picolitre droplets, while still
fabricating the chips wusing standard soft-lithography
techniques and rapid PDMS technology. The ability to
perform biochemical reactions in femtolitre droplets was
checked by performing PCR in the droplets: no loss of
reagents was observed and the reaction was equally as
efficient as in bulk, despite the high surface to volume ratio.
Some operations were more difficult to achieve such as
splitting, which is accessible only in the obstructed regime.
However, in some other cases miniaturization to femtolitre
droplets offered significant advantages. Notably, mixing time
was only 45 ps, the shortest reported time in a droplet
microreactor. We envisage that the new capabilities to
manipulate femtolitre droplets we demonstrate here will
inspire the development of novel and innovative systems, able
to operate under ultrahigh-throughput conditions using
unprecedentedly low volumes of reagents (~one billion times
lower than in conventional microtitre-plate based systems).

Production and mixing

Reagent
Reagent g Reagent

2]

Reinjection

Active coalescence

Splitting

Down to 35 fL daughter droplets

Active sortlng

AN

Off-chip incubation

PCRin 25 fL droplets

Figure 7. Femtolitre toolbox of unit operations for droplet-based microfluidics.
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