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Abstract

We consider the dynamics of equilibration of the chemical potential of a fluorophore in a
monodisperse emulsion containing droplets with two initially different concentrations of the
fluorophore. Although the exchange mechanism involves a single time-scale at the droplet
(microscopic) level, the organisation of the droplets determines the exchange dynamics at the
population (macroscopic) level. The micelle concentration in the continuous phase and the
chemistry of the fluorophore control the microscopic exchange rate while the disorder of the
initial condition determines the power-law of the long-time scale, recovered in a minimal an-
alytical model. We also show here that an additive in the droplet such as Bovine Serum Al-
bumine (BSA) acts on the microscopic exchange rate and slows down the exchange process,
by increasing the solubility of the fluorophore in the dispersed phase rather than creating a

viscoelastic layer at the droplet interface.

Introduction

Droplet-based microfluidics has proven a very effective tool for the miniaturisation and automation
of biological assays, for single cell analysis, DNA screening or drug screening !~3. In order to reli-
ably function, the droplets have to fulfill three major conditions: they must be stable against coales-
cence, biocompatible, and their components must remain encapsulated over time, three properties
controlled by the surfactant molecules (see*> and reference therein). Understanding the transport
of molecules between dispersed microcontainers is not only beneficial for the optimization of mi-
croreactors for biochemical applications !, but is also of relevance to other encapsulation systems
which — for example — rely on controlled release of the encapsulated material® such as drug deliv-
ery systems’, for applications such as emulsion polymerisation, or for cell physics®. The stability
of droplets is an old problem linked to the ageing of emulsions®!'?. In the case of a cream, a may-
onnaise or a pharmaceutical formulation, all droplets of the sample contain the same material and
ageing is linked to the transport of the dispersed phase through the continuous phase or through

the bilayers that can form between droplets'!. With the recent applications of droplet emulsions



for biotechnological applications, the paradigm for emulsion ageing has slightly shifted. In the
case of storage of a chemical compound library or a library of single genes in droplets, all droplets
contain different molecules, possibly at different concentrations '>~1°. It becomes then important
to understand and control the ageing of such emulsions by the exchange of solute.

The fine control of droplet actuation and of droplet size distribution, and the accessibility of
short timescales (~ ms) in microfluidic emulsification — difficult to achieve in bulk-emulsification
— makes it appealing as a new tool to quantitatively study the physics and physical chemistry of
interfaces and emulsions!'’~2?. Studies on solute exchange have already been performed in bulk
emulsions 2420, but these studies do not capture the microscopic details of the exchange at the
single droplet or interface level. Such insights are now accessible by the microfluidic control
of droplets!'!-21:?7_but the understanding of collective dynamics in population of droplets is still
lacking?8.

In the present manuscript, we address the dynamics of molecular exchange between droplets
in a mixed emulsion. We measure experimentally the relaxation of concentration differences in
an emulsion (produced in microfluidics) initially containing droplets with two different concen-
trations of a fluorescent dye and make the link between the microscopic exchange between two
adjacent droplets and the macroscopic kinetics (at the scale of the emulsion). We study the case of
water in fluorinated oil inverse emulsion as they represent the most promising systems for biotech-
nology applications”. Fluorinated oils are used to circumvent the exchange of molecules between
droplets since organic compounds are highly insoluble in these oils?: the chemical stability of

encapsulation is improved compared to mineral or organic oils.

Materials and methods

Chemicals

Resorufin sodium salt, fluorescein sodium salt, rhodamine 101 inner salt, sulforhodamine 101 were

purchased from Sigma-Aldrich. Solution were prepared by dilution in Phosphate Buffer Saline



(PBS) 1x, obtained by a 10 fold dilution in millipore water of a PBS solution (10x, Roth). Bovine

Serum Albumine (BSA) was purchased from Acros Organics (Albumine bovine, fraction V).

Surfactant

We used droplets of water in a fluorinated oil (HFE-7500, 3M) stabilised against coalescence by
a block-copolymer surfactant, see Figure 1(a). The surfactant was prepared from the commer-
cially available carboxylic acid Krytox 157-FSH (Dupont) and Jeffamine polyetheramines (ED
600, Huntsmann). We used surfactant solution prepared from two different batches and refered
in the following as KryJeffa(l) and KryJeffa(Z). The synthesis scheme was based on the synthesis

described in Holtze et al.°.

Surfactant characterizations

To characterize our system, the surface tension at different surfactant concentrations were mea-
sured for the KryJeffa - HFE mixtures using pendant droplet method (DataPhysics OCA). Equilib-
ria are reached after a time of the order of several minutes to several hours, depending on surfactant
concentration for droplets of volumes of ~ 1 to 20 uL. Using Dynamics Light Scattering (Malvern
Zetasizer), we measured the scattered intensity of the surfactant solution as a function of concen-
tration. We used the automatized optimised mode for signal acquisition and rescaled the data by
the corresponding gain provided by the manufacturer. From the scattered intensity, we deduced
the Critical Micellar Concentration (CMC) of the surfactant. The size of the scattering objects was
obtained by the time-correlation of the scattered signal. The two methods lead to a value of CMC
of the surfactant in HFE-7500 in the range 0.02-0.04% (Figure 1(b,c)). The DLS measurements
also showed an increase of the scattering signal corresponding to an increase of the number of
objects with the surfactant concentration (quasi-linear relationship) with a weak change in the size
of the reverse micelles at higher concentrations (from a radius of 80 nm to 120 nm over 3 decades

in concentration).



Microfabrication

Microchannels of depth 60 um were produced with standard soft-lithography techniques of replica
molding of a SU-8 master in Polydimethylsiloxane3!. The PDMS stamp was then bound to glass
after oxygen plasma activation and hydrophobized using a commercial coating agent (Aquapel,
PPG Industries). A collection vial was prepared using a 1 mL plastic syringe (BBraun) cut at
both ends with a scalpel. Two cylindrical PDMS blocks cut from a crosslinked PDMS slab were
prepared: in one PDMS cylinder, one hole was punched with a Harris Unicore biopsy punch (0.75
mm diameter) to allow a connection with a teflon tubing. Two holes were punched in the second

cylinder. Both cylinders were then used to close both ends of the vial.

Chip connection

All flow rates were controlled by Nemesys syringe pumps (Cetoni GmbH). The bottom of the
collection vial was connected to the outlet of the droplet production device at one hole and to
a syringe at the second one. The syringe was actuated by the syringe pumps to either push or
withdraw liquid (Control Pump). The top of the collection vial was connected back to the chip. In

a preliminary phase the collection vial was filled with oil-surfactant solution (Figure 2 (a)).

Droplet production, collection and reinjection

Droplet-based microfluidic systems were used to produce monodisperse emulsion. Droplets of
resorufin in PBS solutions (0 uM and 10 uM) were produced in parallel at two different noz-
zles by flow focusing in a fluorinated oil (HFE-7500, 3M). The droplets contained a fluorescein
concentration used to encode the droplet type (150 nM and 50 nM). The measurement of the flu-
orescein fluorescence provided a way to determine if droplets initially contained O uM or 10 uM
resorufin, even after the resorufin has equilibrated and the concentration in all droplets is identical.
The oil flow rate was 100 uL/min (except when BSA is used, the oil flow rate being increased to

200 uL/min), and each acqueous flow rate 50 pL/min corresponding to droplet volume of 0.3 nL.



Droplets were stabilised against coalescence by the surfactant at concentrations ranging from 0.1%
(limit of emulsion stability) to 5% (w/w). No coalescence was observed on chip. As demonstrated
in a previous study>?, preventing droplets from touching each other after generation increases
emulsion stability. Therefore we designed the channels with an incubation line of about 1 cen-
timeter to increase droplet stability. During the stabilization time of the whole system, the Control
Pump CP (Figure 2(b)) was set up to ’infuse‘ and the droplet flow towards the outlet. When the
system was stabilised, CP was set to "withdraw*‘ with a flow rate tuned to stop the flow at the outlet
of the collection vial. The emulsion was collected in the vial. After a few minutes (typically 5
minutes), a volume of about 500 microlitres of emulsion was stored in the vial (~ 10° droplets).
The production of the droplets was stopped, CP was set to ’infuse‘ (typically at 1 uL/min). The
droplets were then flowing out of the collection vial towards the reinjection part of the chip where
the fluorescence readout took place (typically at 10 - 100 droplets per second). The delay time

between the first droplet was produced and the first droplet was measured is typically 5 minutes.

Fluorescence measurement

The fluorescence signal of each droplet was measured as it was flowing through the microfluidic
channel using a laser-induced fluorescence setup equipped with a473 nm and a 532 nm laser (Drag-
onLaser) and photomultiplier tube (PMT, Hammamatsu) in a system similar to the one described
in Baret er al. 12 (Figure 2 (b,c)). The laser spot size was a few microns in diameter, much smaller
than both the droplet and the channels (typically 100 microns). The optical filters and dichroics
were purchased from AHF, the mounts and optical accessories from Thorlabs. Figure 3(a) shows
a typical time trace of the droplets as they flow through the laser. For each droplet, we recorded
the maximum fluorescence intensity in the green (fluorescein signal) and orange (resorufin sig-
nal) colors. We define the relative fluorescence unit as the measured voltage (U, from the PMT)
rescaled by the Gain G as: RFU =U/ G%8. The exponent 6.8 depends on the PMT type, has been
checked experimentally and corresponds to the data of the manufacturer. We recorded in real-

time the droplet intensity as a function of time using a FPGA board (cRIO, National Instruments)



controlled by a home-made Labview routine. The measurement of the maximum of the signal is
optimized for fast processing with our FPGA board (up to several thousands of droplets per second
processed in real time) but is sometimes sensitive to noise levels and laser instabilities leading to
small variations in the measurements (of maximum 10 percent). The single point measurement

provided a tool to measure the kinetics of equilibration of the emulsion.

Data processing

Data were post-processed with home-made scripts using standard toolbox in Matlab. From the
raw data, we generated the time distribution of the fluorescence by binning typically 2000 droplets
(Figure 3(b)). We generated color plots corresponding to the time evolution of the histogram
(Figure 3(c)). From the signals, we first analysed the green fluorescence to distinguish the two
populations of droplets. We checked that fluorescein signals were constant at the time-scale of our
experiments. The orange fluorescence of both population was then fitted by Gaussian distributions
to obtain the means m and m, of each droplet population. In the linear regime of fluorescence (as
it is the case here), the fluorescence was proportional to dye concentration. Therefore the value
my —m is proportional to the difference of concentration of the dye. By rescaling the data by
the initial value, we obtained a measurement of the concentration difference rescaled by the initial
concentration: Ac/co = (my —my)/(my —my)p. This parameter — equal to 1 at the beginning of
the experiment and to O when the concentrations are equilibrated — provided means to compare

experiments performed for different dyes and different initial ratio of dye concentrations.

Experimental results

We performed the exchange experiments with resorufin. Two populations of monodisperse droplets
(0.3 nL) with different concentration of resorufin encoded by fluorescein are mixed. We measured
the kinetics of equilibration of the chemical potential of the resorufin by fluorescence. Figure 3(b)

and (c) show the typical time distribution of the droplet fluorescence over a few hours for C = 0.5



Poy, )\~ Starting from two distinct populations of droplets, the equilibrium was reached after several
hours. The average value of the fluorescence signal of the two populations was constant through-
out the measurement indicating that the dye is preserved (no chemical modification nor bleaching).
This also indicates that the dye mainly remains in the aqueous compartments. We observed that
the initial dye concentration did not significantly impact the time-scale of the process which jus-
tifies the rescaling of the concentration difference by the initial concentration ¢ (Figure 4(b)). In
addition, the droplet size was not changing over the time-scale of the experiments and no trans-
port of water was observed between the droplet: the transport of water is prevented by the high
concentration of salts in the PBS buffer which was the same in all droplets!!23.

We performed the experiments for several surfactant concentrations above the CMC of the sur-
factant in HFE-7500. Figure 3(d) shows the time variation of the concentration difference over
several hours of incubation. The rate of the equilibration increases with the surfactant concen-
tration. All the experimental data collapse on a single master curve (Figure 4(a)) using a single
time-scale 7, for each concentration indicating a similar process for the exchange at all concentra-
tions above the CMC. 7, is inversely proportional to the surfactant concentration (Figure 4(b)) over
almost two orders of magnitude in surfactant concentration. In contrast to other systems where the

exchange is linked to bilayer formation!!

, our system shows the importance of the surfactant re-
maining in the continuous phase on the transport process. We observed no bilayers formed at any
of these surfactant concentrations, therefore our results suggest that reverse micelles behave as
nanocontainers increasing the solubility of the compound in the continuous phase?°. The rescaled
experimental data fit with an exponential decay only in the early time kinetics (Figure 4(a)). This
exponential decay is not maintained at longer time-scale (closer to equilibrium), where a power-
law behaviour is experimentally observed. In the region where the power-law is obtained, the
fluorescence distributions of both population overlap. Notably, we can still measure the mean of
each population due to the coding by fluorescein.

We also observed that the chemistry of the molecule influences the rate of exchange. As an

example, fluorescein exchange is barely detactable over 24 hours. The exchange rates of sulforho-



damine and dextran texas red are as well barely measurable on the time-scale of the experiments
while rhodamine 101 is fully exchanged within minutes. This confirms previously published re-
sults3? indicating that addition of sulfonate groups increases the chemical stability of the encap-
sulation. We also show that the time-scale 7, depends on the presence of Bovine Serum Albumin
(BSA) in the droplet. The decrease of exchange by bovine serum albumin has been previously
reported in mineral oils?®. Here we measured here a 18 fold decrease of the exchange rate of re-
sorufin by adding BSA in the droplet at a concentration of 25 mg/mL and the exchange rate is still
proportional to the surfactant concentration (Figure 4 (b)).

One hypothesis, proposed previously in mineral oil emulsion, is that BSA acts as a barrier
against exchange at the surface of the droplet?®. We performed the following experiment to test
this hypothesis and clarify the role of BSA in the control of exchange. All droplets contained the
same resorufin concentration but the BSA (25 mg/mL) was present in only one type of droplet
(Figure 4 (c,d)), those droplets being encoded with a 150 nM fluorescein code (droplet containing
no BSA also contain 50 nM fluorescein). We measured the variation of the resorufin fluorescence
signal as a function of time. In this experiment, we also observed the exchange of resorufin leading
to an a priori counter-intuitive result: the difference in fluorescence is increasing during incubation
(with a time-scale of order 20 minutes). At equilibrium, the fluorescence signals of the two types
of droplets are different by a factor of 15 (Figure 4 (d)) and the most fluorescent droplets are
those containing the BSA. The concentration of resorufin in the droplets containing BSA is 15
fold larger than in droplets containing no BSA. Our experimental results clearly contradicts the
assumption that BSA creates a thin viscoelastic layer at the interface of the droplets acting as a
kinetic barrier. If the BSA only acts as a barrier to exchange, the chemical potential of the resorufin
in the droplets being initially at equilibrium, the fluorescence signal should remain constant. The
time-scale of the exchange process is similar to the time-scale of exchange previously measured for
the corresponding surfactant concentration (2%) which indicates that the mechanism of transport
by surfactant is not affected by the presence of BSA. Finally, the ratio between the equilibrium

fluorescence of the two droplet populations matches quantitatively the decrease of exchange rate



obtained in Figure 4 (b). In this particular case, BSA is efficiently used to extract and concentrate

resorufin.

Modelling

The experimental results shown in figure 4(a) display a decay slower than exponential. For the
quantity of interest, i.e. the difference between the mean values of the two subpopulations Ac/co,
the system dimension affects the late kinetics with the power law Ac/co ~ t=3/2 (Figure 4(a)). We
developed a model to describe the exchange and explain the collective dynamics in the emulsion.
We consider now an ensemble of droplets separated by a porous membrane of thickness L3*.
For simplicity, let us consider droplets arranged on the nodes of a three dimensionnal square lat-
tice. The droplet on the node (k,/,m) contains molecules in a solvent at concentration ¢y , and
exchanges molecules with its 6 first neighbours only (4 neighbours in 2 dimensions, as displayed
in Figure 5, 2 neighbours in 1 dimension). The area of contact between the compartments is s (a
fraction of the droplet surface area S) and the volume of the compartment is V (Figure 5). The
difference in resorufin chemical potential between the two compartments is responsible for the
molecular flow with a flux J along each axis proportional to the concentration difference between

neighbours Sc as described for membranes or bilayers '-33-36:

J=—Poc

J is expressed in mol/s/m?, the concentrations in mol/m? and the permeability P has the dimension
of a speed (m/s). In this case the mass balance and Fick’s law leads to a discrete version of the heat
equation:

dc

57 —Ac, ey

where A is a discrete Laplacian and 7 =/ is the dimensionless time with 7=V /(Ps). For periodic

10



boundary conditions, the eigenvalues of the discrete Laplace operator are in three dimensions:

Apgr=—4Xx {sin2 <7‘CN£X) + sin® (nNiy) + sin? (niﬂ

(for 0 < p,q,r < N — 1) and the eigenvectors
Vp.ar(k,1,m) = ol o} ol

with

), = exp(2inp/Ny)

Due to the special form of the eigenvectors, the time evolution of the ensemble of N droplets is

analytically expressed in the Fourier space as:
F(c) = F(c;)errart

where ¢; is the initial distribution and .# denotes the Discrete Fourier Transform. Since Eq. 1 is
linear, we subtract in the following the mean value of concentration and normalize them to 1 to
represent concentrations between -1 and 1, defining two subpopulations of droplets.

The smallest eigenvalue of the Laplace operator is -12 (in three dimensions) corresponding to
the fastest decaying mode. The smallest eigenvalue is -8 in two dimensions, -4 for one dimension
and -2 for a single droplet pair. It corresponds in all dimensions to an eigenmode of perfectly
alternating array, where an empty droplet is surrounded solely by filled droplets and vice versa.
An alternated three dimensional packing would equilibrate following an exponential decay with a
time scale 7/12. All other configurations decay more slowly.

The relaxation kinetics towards a uniform concentration depends on the excitation of the eigen-
modes in the initial conditions. Experimentally, the mixing of droplets in the incubation vial leads
to a random distribution of droplet positions. To investigate the effect of the disorder, we solved

Eq. 1 for a completely random and uncorrelated initial condition. The scaling law can then be
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recovered analytically. Since the value of the initial concentrations is 1 or —1 depending on the
subpopulation, Ac/c is proportional to the scalar product of ¢ by ¢;. Using Parseval’s theorem,

this scalar product can be computed in the Fourier space. In 3-d, we have:

A .
% e Y |F (o) Pt
€0 par

Due to the completely random initial condition, all the modes are statistically excited with the

Ap

same weight (which is an unusual initial condition) and Ac/co <}, , € arl At long time, only

the modes with the smaller eigenvalues remain, so that

Apqr ~ =47 ((p/Ne)* + (q/Ny)* + (r/N:)?)

and the sum can be extended to 4<o. For large systems, we can use a continuum approximation,

and

+o0 o0 o0 ~
Ac | / / e mD N+ (10 Ny P /NI g
€0 0 0 0

which scales as 1 ~3/2 (in 3d). Figure 5(e) shows a summary of the model data in the three dimen-
sional case and the corresponding asymptotic regimes. Our model can also be solved in 1-d and
2-d cases and for any set of initial conditions using similar schemes. Similarly, we also recover
analytically that Ac/cq scales in 1-d like as 7~'/2, and in 2-d as 7~ 1.

At short-times, an argument similar to the one at large time-scales leads to Ac/co~ Y, , errart
Expanding the exponential close to 0 leads to Ac/co ~ 1 — A7, where A is the average value of the
eigenvalues, which is equal to -6 in three dimensions (-4 in two dimensions and -2 in one dimen-
sion). Therefore the early time kinetics in a random initial distribution is an exponential decay
two times slower than the exponential decay of the fastest mode (the alternating case) of the corre-
sponding dimension.

In summary, the relaxation of the chemical potential at the emulsion level is a function of the

initial distribution of the droplet in the packing. The maximum rate is obtained for an alternating
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packing and corresponds to the rate of exchange at the droplet pair level (corrected by the number
of nearest neighbours). The early time kinetics of a random distribution is twice slower but has
the same order of magnitude, while alternatively, the rate of exchange of an emulsion made of
two layers would equilibrate with a much longer time-scale, that can be several orders of magni-
tude longer. These results are generic and do not rely on the exact description of the exchange

mechanism at the droplet level.

Discussion

Our experiments show how the packing and the random organisation of the droplets affect the ki-
netics of equilibration of the emulsion. A single time-scale controls the exchange and we measured
how this time-scale is influenced by surfactant concentration, the chemistry of the molecules to be
transported and presence of additives such as BSA in the dispersed phase. We want here to relate
our experiments to models of membrane permeability 233336,

When the rate-limiting step is diffusion in the membrane (case I of Zwolinksi ez al.3%), the
membrane permeability is expressed as P = KD /L, K being the partition coefficient of the dye
between the reservoir and the membrane, D the diffusion coefficient of the dye and L the mem-
brane thickness. One of the control parameter is therefore the partition coefficient between the
compartment and the membrane. Non-fluorinated organic molecules, such as resorufin, are typ-
ically highly insoluble in fluorinated oils similar to those used for the continuous phase in this
study?’. We have not been able to directly measure the partition coefficient between the aqueous
phase and the oil, or the oil-surfactant mixtures as, (i) the optical properties of the dye seem to dif-
fer in water and in oil and (i1) the presence of surfactant makes such bulk measurement technically
challenging. Furthermore, performing an experiment with BSA in half of the droplets provided a
means to indirectly address the role of the partition coefficient. Starting from droplets which all
have an identical concentration of resorufin, but where half of the droplets contained 25 mg/mL of

BSA, the concentration of resorufin in the two populations diverged until, at equilibrium, there was

13



15 fold higher concentration of resorufin in the droplets containing BSA than in those containing
no BSA. Therefore adding BSA provides a means to modify the parameter K without modifying
the dye or the continuous phase. Exchange experiments performed with 25 mg/mL BSA in all
droplets and with resorufin in only half led to a decrease of exchange rate by a factor of about
18 which matches quantitatively the corresponding decrease of K. Our experiments are therefore
consistent with a diffusion-limited permeability model. This mechanism is also consistent with
the results obtained with other dyes showing a decrease of exchange when sulfonated groups are
added?3: if the solubility in the aqueous phase increases, the rate of exchange decreases.

The decrease of solute exchange mediated by BSA has here been quantitatively measured with
fluorinated oils, but was previously reported for non fluorinated oils?®. One of the initial expla-
nation for the effect of BSA is the creation of a protein layer at the inner surface of the droplets
which provides a barrier in a capsule-like manner as suggested earlier for mineral oils?®. This
layer would decrease the permeability of the medium between the droplets>. In this case, the rate-
limiting step would be the diffusion through the BSA layer (case II or III of Zwolinksi ez al.>3).
However with such picture one would not expect that (i) the surfactant concentration plays a role
in the presence of BSA and that (ii) starting from equilibrated concentrations, the final state shows
a concentration difference. Our experiments show unambiguously that BSA acts on the solubility
of the dye (a thermodynamic property) rather than on kinetic parameters such as energy barriers.
The quantitative link between the equilibrium concentration ratio of resorufin in aqueous droplet
with and witout BSA and the exchange rate with BSA is consistent with a model of porous mem-
branes where the permeability is controlled by partition coefficient between the aqueous phase
(the droplets) and the continuous phase (fluorinated oil containing surfactant). We speculate that
the change in partition coefficient of resorufin caused by BSA may be due to the remarkable ca-
pacity of serum albumins to bind a structurally diverse set of small molecules, including many
drugs38. The binding of resorufin, or other solutes, to BSA could potentially increase solubility in
the aquous phase and/or decrease solubility in the oil/surfactant phase.

Recently the permeability of a bilayer membrane has been linked to its fluidity!'!. In our
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case, the surfactant does not form bilayers and the micelle concentration in the oil phase plays a
significant role in the transport, the exchange rate being proportionnal to micelle concentration. It
indirectly shows that the solubility in the continuous phase is increasing linearly with surfactant
concentration. Therefore the likely mechanism for transport is through the solubilisation of the dye
molecule into the reverse micelles (above the CMC, the free surfactant concentration is constant)
which can act as relatively large (~ 100 nm diameter) carrier of molecules between droplets. The
shape and size of the micelles could also be an important control parameter in the transport and
further experiments investigating the structure of these micelles would be of interest.

Finally, for a given emulsification system, the time-scale T = V /(Ps) controls the exchange,
with a prefactor corresponding to the number of nearest neighbours. We anticipate that the area
controlling the transport is proportional to the droplet area R>. However, in the case of bilayers,
there is no reason to assume that P also scales with the droplet size. Therefore T probably has
a linear dependence with the droplet size T ~ R/P and we expect that a decrease of droplet size
will increase the rate of exchange. On the contrary, when no bilayers are formed P integrates a
geometric parameter such as the droplet-droplet distance and the scaling will be different. Further
experiments investigating these scalings will be of interest. The link between the exchange rates in
the different dimensions is determined by the physical details of the membrane between droplets.
Microfluidic experiments provide a means to control droplets to study isolated pairs or generate
controlled packing in 1d or 2d and 3d. By measuring the exchange kinetics in the different di-
mensions and varying the number of nearest neighbours, it will be possible to extract microscopic
information on the membrane (for example what is the exact description of P and s).

Microfluidic systems have a huge potential to address the remaining open questions by the pos-
sible on-chip control of packing geometries, droplet spacing or sizes for a deeper understanding
of such transport phenomenae. We plan as a next step to study the effect of the packing geometry
on the dynamics of the relaxation as well as the effect of targeted or random droplet rearrange-
ments: Inducing re-ordering of droplets while diffusion occurs might lead to interesting kinetics

d39

— especially when the droplet reshuffling can be controlled””. Microfluidics will provide, in the
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future, a very powerful platform for the study of such transport problems by the possible control

of droplet packing and lateral ordering of the droplets3®—!

. Finally, the mechanisms involved in
this study are generic (a diffusive process) and could potentially be applied to a better control of
collective effects in droplet population, for example, in active emulsions*>*~**, to control signaling
in cell populations (chemotaxis, quorum sensing) entrapped in different ecological niche (here the
droplets), or to design new systems for screening compounds by affinity. The ability to control the

transport by additives selectively encapsulated in specific droplets in the emulsion would also open

the door to applications for separation.

Conclusions

In summary, microfluidics provides the tools to produce calibrated emulsions and to analyse mil-
lions of droplets at very high-throughput. We have measured experimentally the equilibration of
the chemical potential of chemicals in an emulsion initially composed of two sub-populations of
different dye concentrations. We measured the exchange timescale for a three dimensional pack-
ing of randomly mixed droplets. We observed that the exchange timescale in a random packing
is controlled by the number of reverse micelles in the continuous phase and relates to a classical
description of porous membranes through partition coefficient between the dispersed and continu-
ous phase. We showed that — due to the disorder in the initial condition — the macroscopic kinetics
are not a simple exponential decay but a power-law and that the initial conditions have a major
influence on the behavior of the system. We also showed how the initial distribution of droplets
can affect the time-scale of the exchange. The early time kinetics in a mixed emulsion is only twice
slower than the maximum rate, obtained for a perfectly organized alternating packing. Most of the
important physics of the relaxation is contained in our simple model: the equilibration process is a
classical diffusion process through a Laplace equation from which emerge a dimension-dependent
power-law. The transport — as a passive process — leads to equilibration of concentration and can

be modulated by additives such as BSA. Selective transport is obtained by controlling the BSA en-
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capsulation in some droplets to concentrate the compound of interest, leading to a versatile control

of chemicals in emulsions.
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Figure 1 Surfactant solutions (a) The surfactant used in this study is a Krytox-Jeffamine block-copolymer
(x+z~3.6,y~ 9.0, n =35-40) solubilized in fluorinated oil (HFE-7500) (b). The fluorinated oil is used
for its low ability to solubilize organic compounds. (c¢) Equilibrium surface tension for the water/HFE
interface in presence of the surfactant at different concentrations. We checked the reproducibility of the
synthesis with two batches of surfactant (+ and x). (d) Dynamic Light Scattering on the oil - surfactant
solution. The background count rate of the pure oil is given by the horizontal full line. The grey area
represents the standard deviation for 10 measurements. At low surfactant concentrations (below 0.02%, the
scattered count rate is in the oil background). Above 0.02%, the count rate of the diffused light is
quasi-linear (exponent 1.13). Inset: The radius p of reverse micelles measured by correlation of the
scattering signal is slightly increasing around p = 80 nm up to 120 nm at 5%. The first concentration for
which a correlation is obtained is 0.02% although in some runs at 0.02% the background is too large to
obtain a proper correlation. Combining both methods leads to a CMC measurement in the range to 0.02 -
0.04%,,y,-
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Figure 2 Experimental setup. (a) Sketch of devices for the controlled production of emulsions with two
populations of droplets containing two different fluorophore concentrations with zooms on the parts of
interest. The chip is made of two parts, the production unit (black) and the reinjection unit (red). In the
production unit, the aqueous phase are injected in holes A1l and A2. B is not used here. C is the

oil-surfactant inlet. The droplet flow towards the outlet D. At the outlet D, the droplet are collected in the
vial (b). The arrows indicate that liquid can be pumped into (reinjection mode) or out (filling mode) of the

vial from the Control Pump CP. For reinjection, the droplet flow from the inlet E to the outlet G. F is an
additional oil inlet used to space droplets. (c) Sketch of the laser-induced fluorescence setup for single
droplet measurement on 2 colors. (d) Details of the optical components.
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Figure 3 Fluorescence measurement and Analysis (a) Signals measured on the PMT at droplet production.
Droplets containing 10uM of resorufin (droplets 1,2,5,7 and 8) are encoded with a high concentration of
fluorescein (150 nM). The droplet initially containing no resorufin (3,4 and 6) are encoded with a low
fluorescein concentration (50 nM). (b) Histogram of resorufin fluorescence at different reinjection time for
C=0.5%,,,, of KryJeffal!). The histograms are obtained from about 2000 droplets each. (c) Full time
histogram (colorplot) of the orange fluorescence recorded over ~ 8 hours for a mixed emulsion of resorufin
in HFE-7500 with C = 0.5%,,,, of KryJ effall)-surfactant showing the equilibration of resorufin chemical
potential. (d) Measurement of the concentration difference of the two populations of droplets for increasing
surfactant concentration. The kinetics are faster for larger surfactant concentrations.
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Figure 4 Rescaling of the exchange kinetics (a) Rescaling of the experimental data by the time-scale 7, and
comparison with our exchange model in the 3-d case with 6 neighbours (full line). At large time, the
kinetics follows a power-law with an exponent -3/2 (dashed line). The increase observed at the end of
certain runs are artefacts corresponding to the reinjection of the last droplets from the vial. (b) Time-scale
7T, of the exchange as a function of surfactant concentration C with 10 uM initial resorufin concentration.
The diamond has been obtained for a 1 uM resorufin initial concentration. The open circle correspond to
the rescaling in presence of Bovine Serum Albumine (the dashed line and the dotted-dashed line
correspond to a linear relationship and the ratio of both is 18). (c) Exchange kinetic at 2% surfactant
concentration when all droplet initially contain 5 uM resorufin but only half contain 25 mg/mL BSA. The
equilibrium shows a 15 fold ratio in concentration of resorufin between both types of droplets, c,, is the
resorufin concentration in the droplet with BSA and ¢, without BSA (d). This ratio closely matches the
ratio of 18 observed in the exchange rate of (b).
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Figure 5 Model for molecular exchange. (a) For a porous membrane separating two compartments, the
flux J depends on the concentration difference and geometry parameters (s, L). For droplet pairs we use a
similar description (b), the flux being proportional to the concentration difference. In an ensemble of
droplets, the exchange occurs with the nearest neighbors: (c) corresponds to a one-dimensional case, (d)
the two-dimensional case on a square lattice. (¢) The model is solved for a three-dimensional packing on a
square lattice. Results of the model and asymptotic regimes in the three-dimensional case.
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