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1 NEW CHALLENGES FOR

EMULSION SCIENCE

“Oil and water do not mix” - this maxim is based on experiences of our every-day
life. It reflects the fact that hydrocarbon liquids and water differ in their chemical
polarity, ultimately resulting in weak interactions and low solubilities in each other.
However, immiscible liquids can transiently coexist in a mixture in the form of an
emulsion, where one liquid is dispersed, typically in the form of small droplets, into

the other.

Many products of our daily life are based on these disperse systems [1]. We
encounter emulsions often as food, for example when enjoying a glass of milk or an ice
cream. Furthermore, as a suitable platform for the efficient delivery of poorly water-
soluble compounds, they are of great importance in pharmaceuticals. Also, many
cosmetic products are based on their ability to deliver a wide variety of ingredients
quickly and conveniently to skin and hair. Finally, emulsions are of importance for

many industrial applications, such as polymer production and road surfacing.

As varied and interesting as the use of emulsions today is, the potential future
applications are at least as fascinating. In recent times, the enormous potential of
emulsion droplets as miniaturized reaction vessels has been exploited [2,3]. Interest-
ingly, the idea of using droplets as microreactors has already been brought up in the
middle of the 20" century [4]. However, the concept had its breakthrough only with
the recent advances in droplet-based microfluidic technology [5-8]. The technique
allows the production and precise manipulation of calibrated emulsion droplets at
high rates up to several kHz, unleashing an enormous potential for high-throughput
screening applications [9-14]. Based on that platform, applications such as single
cell [15], DNA [16] or drug screening [17] have already been demonstrated.

These emulsions are unconventional in the sense that each droplet typically has
an individual composition at every time step, depending on the initial loading of

compounds and on the biochemical processes taking place in the droplet. As a re-
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sult, new types of aging mechanisms are expected in these emulsions. In addition
to classical aging processes, such as flocculation, coalescence, gravitational separa-
tion, and Ostwald ripening, molecular transport driven by differences in chemical
potential of encapsulated molecules are driving the system towards its equilibrium.
Such transport processes lead to cross-talk between droplet microreactors [18-22].
As a consequence, the concept of using emulsion droplets as individual self-contained
systems does not necessarily hold, ultimately resulting in a breakdown of the com-
partmentalization approach. Hence, for the establishment of emulsion droplets as
a platform for biotechnological high-throughput applications, the understanding of
mass transfer in these emulsions is essential. Furthermore, the control of transport
processes between droplets can open new ways to temporally program the composi-
tion of droplet microreactors.

Microfluidic tools play an increasing role in the study of soft matter, as they
provide great control over system geometry and material conditions. Hence, physic-
ochemical processes are investigated in microfluidic systems with enormous preci-
sion [23]. Therefore, droplet-based microfluidic technology is not only a powerful
tool for high-throughput screening applications, but also offers new opportunities
for emulsion science [25]. In figure 1.1 emulsions obtained by inhomogeneous shear-
ing and by flow focusing in a microfluidic environment are shown. Emulsification
in microfluidics allows to form droplets with precisely defined size and composi-
tion, making it a very useful instrument for the quantitative investigation of the

physicochemical properties of emulsions.

Figure 1.1: Water-in-oil emulsions created by inhomogeneous shearing (left, figure taken
from [25]) and by homogeneous shearing in a microfluidic environment (right).




In this work, microfluidic tools are developed and applied to gain quantitative
insights into mass transport processes between emulsion droplets. Fundamental in-
formation, which is inherently difficult to access with classical methods of bulk anal-
ysis, become experimentally accessible following this approach. In addition, based
on these insights, novel concepts that allow a dynamic control of droplet composition
are introduced. Generally, the focus is on emulsions comprised of aqueous droplets
dispersed in fluorinated oils. Such systems are considered to be the most promising
platforms for droplet-based biotechnological applications of emulsions [26]. Hence,
the presented results directly impact the advancement of such systems and poten-
tially widen their field of application.

This work contains seven chapters. In the following chapter, basic concepts of
emulsions and droplet-based microfluidics are introduced. In chapter 3, an investi-
gation of the collective dynamics of molecular transport in a macroscopic emulsion is
presented. A complementary study of ‘minimal emulsions’ is introduced in chapter
4. In chapter 5, studies of the osmotically driven transport of water and the transfer
of inorganic ions between emulsion droplets are presented. Subsequently, in chapter
6 the influence of fluorosurfactants on the retention of solutes in emulsion droplets
is investigated. Finally, chapter 7 summarizes the main aspects of this work.

This work was performed as part of SFB 755.
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2 THEORETICAL BACKGROUND

In this chapter, fundamental principles of emulsions and basic mechanisms of mass
transport within these are discussed. Furthermore, microfluidics is introduced as a
powerful tool for emulsion science. Moreover, the special characteristics of organoflu-
orine compounds are discussed providing a foundation for the understanding of mass
transport in emulsions comprising a fluorous phase. Finally, the state of the art is

highlighted by discussing the most recent microfluidic studies of mass transport in

emulsion.
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2.1 Emulsions: Basicconcepts . . . .. ... ... ... ... 6
2.2 Microfluidics . . . . ... ... oo L oo e 7
2.2.1 Droplet-based microfluidics . . . . . ... ... ... ... 8
2.2.2 Directing droplets in surface energy landscapes . . . . . . 10
2.3 Basic aspects of mass transport in emulsions . . . . . .. 11
2.3.1 Ostwald ripening . . . . . . .. .. Lo oL, 12
2.3.2 Osmotically driven transport . . . .. .. .. .. .. ... 12
2.3.3 Solute transport . . . . . ... ... 14
2.3.4 Transport through bilayers of surfactant . . . . . . . . .. 16
2.4 Emulsions with a fluorous phase ... ... ........ 18
2.4.1 Organofluorine chemistry . . . .. .. .. ... ... ... 18
2.4.2 Phase partitioning into fluorous fluids . . . . .. ... .. 19
2.5 Mass transport in microfluidic environments . . . . . . . 21




CHAPTER 2. THEORETICAL BACKGROUND

2.1 Emulsions: Basic concepts

Emulsions are dispersions made out of two or more immiscible fluids. The fluid
being dispersed is called the dispersed phase while the surrounding fluid is termed
continuous phase. Emulsions are classically obtained by shearing the immiscible
liquids resulting in the fragmentation of one phase into the other [27]. This is

realized by for example shaking or stirring the fluids.

Different types of emulsions can be formed. For example, water and oil can
form water-in-oil emulsions (figure 2.1a) consisting of water droplets dispersed in
a continuous oil phase as well as oil-in-water emulsions (figure 2.1b) composed of
oil droplets surrounded by water. Furthermore, multiple emulsions can be formed,
where the droplets of the dispersed phase contain smaller droplets themselves (figure
2.1c). Such systems are typically obtained by a two step emulsification process,

where a primary emulsion is again dispersed in an external phase.

From a thermodynamic perspective, emulsions are out of equilibrium systems.
Over time they evolve towards a state where both phases are separated by an inter-
face of minimal energy. The time-scale for this process is linked to ageing mechanisms
such as Ostwald ripening and coalescence. Ostwald ripening occurs by diffusion of
the dispersed phase through the continuous phase resulting in an increase in the
average droplet diameter and a decrease in the number of droplets. Coalescence is

the process by which adjacent droplets fuse.
To increase the lifetime, emulsions are kinetically stabilised in a metastable state

by the use of surfactant molecules. Surfactant is the contraction of ‘surface active

agent’ [28] reflecting the fact that these amphiphilic molecules tend to enrich at

@@).
.. .
.

(a) (b) (Cl

Figure 2.1: Schematic representation of different types of emulsions. (a) Water-in-oil
emulsion. (b) Oil-in-water emulsion. (c¢) Multiple emulsion. Images taken from [1].
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the interface of immiscible fluids. In the presence of surfactants, the coalescence of
droplets is inhibited. Two possible mechanisms have been proposed to explain this
phenomenon. One considers the steric repulsion between the surfactant molecules
adsorbed at the drop interface. The second is based on the hindrance of film drainage
during the approach of droplets. While droplets are approaching, a flow-induced
heterogeneous distribution of surfactant molecules at the droplet interfaces emerges,
resulting in a force counteracting the film drainage [29]. In summary, the addition of
surfactant molecules to emulsions generally results in an increase of the height of the
energy barrier between the local energy minima of the system and the equilibrium
state. This typically leads to a significant increase in the lifetime of emulsions. For

this reason surfactants are an essential part of most emulsification systems.

2.2 Microfluidics

Microfluidics is a multidisciplinary research field equally attracting scientists from
areas such as physics, engineering, chemistry or biotechnology. George Whitesides
defined microfluidics as “the science and technology of systems that process or manip-
ulate small (1079 to 107'® litres) amounts of fluids, using channels with dimensions
of tens to hundreds of micrometres” [30]. Because of the relatively small dimen-
sions, fluid flows in microfluidic environments are typically characterized by low
Reynolds numbers resulting in laminar flow. Consequently, mixing between parallel

fluid streams occurs generally via diffusion (figure 2.2).

Figure 2.2: Images of microfluidic devices and channels. (a) Example of a microfluidic
device used to grow and study bacteria. Image taken from [32]. (b) Dye solutions flowing
through a microfluidic channel demonstrating laminar flow. Image taken from [33]




CHAPTER 2. THEORETICAL BACKGROUND

The technology offers fundamentally new opportunities to spatially and tem-
porally control concentrations of molecules. Furthermore, experiments in a mi-
crofluidic environment require only small sample and reagent volumes and at the
same time enable fast and accurate detection. However, only with the advances in
micro-fabrication, allowing the convenient and inexpensive fabrication of microflu-
dic devices via soft lithography in polydimethylsiloxane (PDMS) [31], the technology
became easily accessible and subsequently spread to many research laboratories up

to industrial applications (Fluidigm Corporation, RainDance Technologies).

2.2.1 | Droplet-based microfluidics

Droplet-based microfluidics emerged at the very beginning of the 21 century as a
subdomain of microfluidics [5]. It employs immiscible phases that are flown through
microchannels such that homogeneous shearing of the liquids results in the for-
mation of emulsions with discrete monodisperse droplets. The most widely used
channel geometries for microfluidic droplet production are the T-junction and the
flow-focussing geometry (figure 2.3). At a T-junction, the breakup of a stream of a
first fluid is induced by shearing with a cross flow of a second fluid [5]. In a flow-
focusing geometry, one fluid is sheared off from two sides by a second fluid [34]. In
this geometry the two fluids are often flown through an orifice. In both cases highly
monodisperse droplets are formed due to the homogeneous shearing. The flow rates
can be easily adjusted by syringe or pressure driven pumps to obtain droplet produc-
tion frequencies ranging from a few to more than 10 kHz [35]. This approach allows

to form droplets with volumes down to the femtolitre range [36]. Alternatively, step

(b)

Figure 2.3: Different geometries for droplet production in microfluidics. (a) Droplet
production in a flow focussing geometry. (b) Droplet generation at a T-junction.
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emulsification can be applied. Here the droplet production relies on an a step change
in the height of a microchannel [37].

Besides generating droplets, several techniques have been developed to reliably
manipulate droplets in microfluidic devices. Many methods have been presented that
allow to sort, split, trap or fuse droplets. For example acoustic waves [38], single-layer
membrane valves [39], local heating by focused laser [40] or electrowetting [41] have
been exploited to manipulate droplets. However, probably the most popular method
for the manipulation of droplets in microfluidics is to apply electric fields. This is
based on the incorporation of electrodes, which are fabricated by injecting molten
solder into microfluidic channels resulting in precisely aligned electrodes [42,43].
Electric fields can be applied for example to sort droplets according to their optical
properties [6,44] or to inject reagents [7] (figure 2.4).

The injection of fluids is based on flowing droplets through a microchannel with
a small orifice containing a pressurized reagent. As the droplets are stabilized by
surfactants, no injection of fluid is observed normally. Only in the presence of an
electric field, destabilizing the surfactant layers [8], injection of the fluid to the
passing droplets is achieved.

Droplet sorting is based on dielectrophoresis, exploiting the circumstance that
immiscible phases mostly have different dielectric constants. The principle is based

on the dispersed phase having a higher polarizability than the continuous phase. In

(a) (b)

Figure 2.4: Images of picoinjection and droplet sorting. (a) Injection of fluids from a
channel containing a pressurized fluid to bypassing droplets is obtained in the presence of
an electric field destabilizing the surfactant layers. (b) Droplets passing the sorting junc-
tion are deflected towards the upper, narrower channel in the presence on an AC electric
field. In the absence of an electric field, droplets follow the path of lower hydrodynamic
resistance into the wider microfluidic channel.
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such case, the presence of an electric field results in an attractive force pulling the
droplets towards the electrodes. Applying this principle allows the efficient sorting

of droplets with distinct properties from a monodisperse emulsion [15,24].

2.2.2 Directing droplets in surface energy landscapes

For both, addressing fundamental questions in emulsion science as well as for biotech-
nological applications, it is of great interest to hold droplets stationary. Immobi-
lizing, arranging and spacing droplets in a predefined way, allows to significantly
reduce the degree of freedom of an emulsion system. Such a level of control is only
accessible applying microfludic tools. Several approaches to hold droplets stationary
have been presented such as localized laser heating [46] or micromechanical obsta-
cles [45,47-49]. However, these methods either require a constant energy input or
rely on physical boundaries between the droplets. In both cases the applicability of
such methods for addressing physicochemical phenomena in emulsion is restricted.
Recently, it was shown that droplets can be trapped and guided along gradients
of surface energy [50-52]. The principle is based on the fact that the deformation
of a droplet from a spherical shape into another, for example a pancake-like shape,
leads to an increase of interfacial area A resulting in an increase in surface energy

E,, proportional to the interfacial tension ~:

E,=~A (2.1)

Hence, a decrease in surface energy is obtained when a droplet, constraint in a
microchannel enters regions of lower confinement. For instance, droplets can be
immobilized in the presence of circular regions of increased channel height called
anchor (figure 2.5). Similarly, grooves can act as rails for guiding droplets [50].
Dangla et al. [52] have shown that the anchoring force F, exerted to a squeezed

droplet in the presence of a circular well with a diameter w can be described as:

/2
AE,| 7, b 4 b2\’
F, x " ~v2h 57 3 1 1 1 (2.2)

with h as the height of the microfluidic channel and b as the quotient of w and h.

Whether or not a droplet remains anchored depends on the ratio of the anchoring

force and the hydrodynamic drag force Fy, exerted to an immobilized droplet in an

10
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"

Droplet
2r | interface

(a) (b) (c)

Anchor

Figure 2.5: Sketch and images of droplets immobilized in wells of the surface energy. (a)
Top view of a droplet held stationary against an external flow in the presence of an anchor
(picture taken from [52]). (b) Schematic side view of a droplet with radius R squeezed
in a microchannel of height h, in the presence of an anchor with diameter d and depth e
(picture taken from [52]). (c) Droplets arrayed in a surface energy landscape designed for
square packing.

external flow field. This force is proportional to the viscosity n and the flow velocity

U of the continuous phase [52]:

n Ur?
h

with 7 as the droplet radius. As a consequence, if the flow rate exceeds a critical

FdO(

(2.3)

value, an immobilized droplet will be released from an anchor.

In practical droplet-based microfluidic applications, trains of droplets are pro-
duced. In the presence of anchors, droplets will tend to collide with each other.
Depending on the flow velocity, droplets can be entering a ‘buffering’ or a ‘parking’
mode [50]. In ‘parking’ mode, an anchored droplet will remain immobilized even if
other droplets collide with it. In the buffering mode, anchored droplets are pushed
off the well in surface energy and the incoming droplets take their place. This
characteristics can be exploited to create arrays of droplets. Moreover, selective

manipulation of droplets can be achieved with localized laser heating [51].

2.3 Basic aspects of mass transport in emulsions

Mass transfer between emulsion droplets occurs as a result of phase partitioning due
to a finite solubility of the dispersed phase respectively its solutes in the continuous
phase [63,64] or alternatively through bilayers of surfactant molecules [65], possibly
forming when droplets are closely packed.

In the following sections, various mechanisms resulting in mass transfer in emul-

sion will be discussed. First, the mass transport of the dispersed phase as a result of

11
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heterogeneities in the distribution of droplet sizes, known as Ostwald ripening is dis-
cussed. Subsequently, mass transfer of the dispersed phase driven by heterogeneities
in the chemical composition of droplets is described (osmotically driven transport).
Afterwards, the transport of solutes between droplets is discussed. Finally, the

transport of molecules occurring through bilayers of surfactant is thematized.

2.3.1 Ostwald ripening

The chemical potential of molecules of the dispersed phase is dependent on the size

of the droplets, respectively their radius [53, 54]:

29V,
T

() = poo + (2.4)

with p(r) as the chemical potential of molecules in an emulsion droplet of radius
T, lso as the chemical potential in bulk, V,, as their molar volume and v as the
interfacial tension. The additional pressure within a droplet is also known as Laplace
pressure (27y/r). The dependence of the solubility S of an emulsion droplet on its
size can be described by the Kelvin equation [55,56]:

2V

S(r) = S exp BT

(2.5)

with S, as the bulk solubility of the dispersed in the continuous phase, R as the
ideal gas constant and 7" as the absolute temperature.

Hence, polydisperse emulsion systems are characterized by heterogeneities in
chemical potential, respectively solubility. The equilibration process of these dif-
ferences is called Ostwald ripening. Diffusion of dispersed phase molecules phase
through the continuous phase results in a net mass transport from smaller to larger
droplets. Hence, small droplets shrink on the expense of larger droplets that grow
in size, ultimately resulting in an temporal increase of the average droplet size and

a reduction of the interfacial area of the emulsion.

2.3.2 Osmotically driven transport

Mass transport of the dispersed phase may also be induced by heterogeneities in
chemical potential resulting from different droplet compositions. In this context,

the concept of osmotic pressure is discussed.

12
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Empirically it was found that a pressure difference between two fluid reservoirs
divided by a semi-permeable membrane with uneven solute concentrations exists
[57]. In 1887, Van’t Hoff described this pressure difference, also named osmotic
pressure II, to be dependent on the concentration difference Ac of nonpermeable

solutes across a membrane [58]:

Il = RTAc (2.6)

This equation holds for dilute solutions [57]. Interestingly, it has been demonstrated
that the osmotic pressure is independent on the nature of the solute molecules in
the limit of infinitely diluted solutions [59]. Instead, it is only dependent on the
ratio of solvent and osmotically active solute molecules. The molecular mechanism
causing osmosis remains unclear [60,61]. However, from a thermodynamic point of
view, osmosis is well understood.

According to equation 2.6, an osmotic pressure exists between two droplets with
different solute concentrations. This difference can be explained considering the

dependence of the chemical potential on the activity a of a species i in a mixture [62]:

where 1, is a constant standard chemical potential at any given temperature and
pressure. Correspondingly, a difference in chemical potential arises from differences
in activity:

(791

Hi1 — Hi2 = RT In (28)

i 2

)

Furthermore, assuming the system to be isothermal, the variation of chemical po-

tential with the pressure p can be related with the partial molal volume V;:

Consequently, the difference in activity results in a pressure difference:

T .
_ BT (2.10)

Vi a2

Ap

13
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The activity of a species can be expressed as the product of its mole fraction z; and

the activity coefficient I';, accounting for deviations from ideal behaviour:

The mole fraction of the solvent decreases with increasing solute concentration.
Hence, its activity and therefore its chemical potential, decreases with increasing
solute concentration. For ideal solutions, respectively in first approximation for very
diluted solutions, the activity coefficient I'; can be assumed to be independent on the
mole fraction x;. In such case, the activity of the solvent is inversely proportional to
the solute concentration. With this assumption equation 2.10 is simplified to van’t

Hoft’s law of osmotic pressure (eq. 2.6) [62].

2.3.3 Solute transport

According to the considerations in the previous section, the net transport of solutes
between emulsion droplets is a consequence of heterogeneities in chemical potential
of solutes among the droplets.

A finite solubility of solutes in the continuous phase generally results in the leak-
age of compounds from emulsion droplets. The release rate was described to be
dependent on the partition coefficient of the solutes between the dispersed and the
continuous phase [63,64]. However, in several studies it has been suggested that addi-
tionally the interfacial properties of the emulsion influence the rate of release [66-71].
Typically, changes in the compositional properties of the system were considered to
affect the permeability of the interface and would influence the rate of release of
molecules from emulsion droplets for that reason. However, it should be noted that
a change of the composition variables might also alter the partition coefficient of
the solutes. In addition, a decrease in the rate of release was observed when replac-
ing hydrogenated with fluorinated components as the continuous phase [67,71,72].
This effect was attributed to changes in the interfacial tension, the size of the sur-
factant molecules and a higher cohesive energy between the fluorinated surfactant
molecules [70]. However, the partitioning coefficient of most organic molecules in
the investigated water-in-oil emulsions would be significantly altered when replacing
hydrogenated with fluorinated components [73, 74].

Interestingly, the before frequently stated finding that an interface acts as an

14
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effective barrier to the diffusion of molecules was withdrawn by some authors re-
cently [75]. This understanding was based on a model revealing that the diffusion of
a reagent across the continuous phase is the rate-limiting step, suggesting that no
significant energy barrier for molecules crossing an interface exists [76]. In such case,
the transport of molecules between emulsion droplets is limited by the diffusive flux

J in the continuous phase predicted by Fick’s law:

dc
J=—-D— 2.12
e (2.12)
where % is the concentration gradient and D is the diffusion coefficient of the solute
in the continuous phase. The temporal equilibration of the concentration difference
% can accordingly be described with Fick’s second law of diffusion:
dc 9c
—=D— 2.13
ot d*x (2.13)

Assuming that no significant energy barrier for solutes crossing the interface exists,
the concentration of solutes close to the interface can be derived from the concen-
tration in the dispersed phase by taking the partition coefficient K between the

continuous phase and the dispersed phase into account.

J=-KDo (2.14)

Where K is defined as the quotient of the equilibrium solute concentrations in the

continuous Ceqcont and the dispersed phase ceq gisp:

K = Ceacont (2.15)

Ceq,disp
As a consequence the timescale of equilibration of concentration differences between
two fluid reservoirs is proportional to the diffusion coefficient of solutes in the contin-
uous phase D, the partition coefficent K and inversely proportional to their distance
d. As a time-independent parameter reflecting the timescale of equilibration the per-

meability P is introduced:

_KD
- d

Equation 2.16 is also known as Overton’s rule, frequently used to described the rate

P (2.16)

of transport through biological membranes [79,80].
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However, in literature other models claim that the rate limiting step of solute
transfer between droplets is the transport across the droplet boundary [77]. Such
deviations may arise from the fact that the characteristics of the concerned emulsion
systems are not identical in all cases. To clarify such fundamental questions, a
precise method to experimentally determine the rate limiting step of mass transport
between emulsion droplets is needed. However, a method decoupling potential rate
limiting steps from each other has not yet been presented. In this work, a reliable
method allowing to experimentally determine the rate limiting step of mass transport
between emulsion droplets will be presented.

Additional aspects concerning the release and transport of solutes from emulsion
droplets have not been clarified yet. For example the effect of the nature of the solute
on the rate of release remains unclear [75]. Generally, great variations are found for
the rate of release depending on the molecular properties [72]. While the specific
effect of for example molecular weight and interfacial activity remain unclear, there
is clear evidence about rate of release being affected by the solubility of the solute in
the continuous phase. For example it has been shown that the release of an organic
molecule was significantly altered by changing the pH of the dispersed phase. This
effect was attributed to a modification of the partitioning coefficient [78]. Hence,
inducing solubility changes results in a modified rate of release respectively exchange

rate [22].

2.3.4 Transport through bilayers of surfactant

Alternatively to the transport processes based on phase partitioning, molecular ex-
change between droplets might also arise from transport through bilayers of surfac-
tant possibly forming between emulsion droplets [65]. Such bilayers form upon the
interaction of surfactant monolayers adsorbed at the interface of emulsion droplets
[81,82]. After formation of a bilayer, the droplets become strongly adhesive with-
out coalescing, as a result of the molecular interactions between the surfactant
molecules [81]. In figure 2.6, images of adhesive droplets upon bilayer formation
are shown.

Whether or not bilayers of surfactants form in a given emulsion system is depen-
dent on several parameters. For example, the solubility of the surfactant molecules
in the continuous phase plays an important role. It was shown that changing the

composition of the continuous phase significantly alters the adhesion energy between
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Figure 2.6: Images of bilayer formation between aqueous droplets dispersed in squalane.
Monoolein is used as surfactant. (a) Image sequence of two droplets approaching and
subsequently forming a bilayer (sequence frame rate: 0.5 frames per second). (b) Assembly
of strongly adhesive droplets obtained after bilayer formation. (c) Bilayer formation and
phase coupling of chemical oscillators (figure taken from [83]).

the droplets. In fact, the energy of adhesion is essentially zero in good solvents [81]
resulting in the absence of bilayers. Hence, the adhesion energy between monolayers
of surfactant molecules is significantly increased by decreasing the solubility of the
surfactants in the continuous phase [65].

For mass transport across bilayers two distinct mechanisms have been suggested.
One is based on the partitioning into and diffusion through the bilayer [84], the other
one is based on transient pores in the bilayer occurring due to thermal fluctuations
[85]. It has been suggested that the transient pore mechanism is dominant for
inorganic ions while the partitioning and diffusion mechanism is more relevant for
neutral molecules [86].

In more recent studies, it has been shown that the permeability of the bilayer
is linked to its adhesion energy. It was found that an increase in adhesion energy
results in a lower membrane fluidity and ultimately in a lower permeability [65].
Remarkably, it was also found that molecular transport through a bilayer membranes
can result in the phase coupling of chemical oscillators opening the way for multi-

functional, self-assembling emulsion-based systems [83].
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2.4 Emulsions with a fluorous phase

2.4.1 Organofluorine chemistry

Usually organic compounds containing fluorine are considered to be hydrocarbon
derivatives. However, highly fluorinated molecules are typically called organofluorine
compounds. Most organofluorine molecules can be classified either as fluorocarbon
or as perfluorinated compounds. While fluorocarbons exclusively contain carbon
and fluorine, perfluorinated compounds are characterized be the replacement of all
carbon-hydrogen bonds with carbon-fluorine bonds. Therefore fluorocarbons, in
contrast to perfluorinated compounds, do not contain atoms such as nitrogen or
oxygen. However, it should be noted that this terminology is not necessarily strictly
followed [87].

For the understanding of some of the properties of organofluorine compounds, a
discussion of the fundamental unit of these compounds, the carbon-fluorine bond, is
required. The C-F-bond is highly polarized due to the high electronegativity of the
fluorine. Despite that fact, fluorine is not characterized by a very good hydrogen
bond donor ability. This can be reasoned by the fact that the lone pairs of the
fluorine, due to the high electronegativity of the atom, do not significantly interact
with hydrogen-bonding acceptors [88]. Further, the low polarizability of the fluo-
rine atom, respectively the C-F-bond, results in relatively weak London dispersion
forces between the molecules, which are scaling with the square of polarizability [87].
In fact, perfluorocarbon compounds were reported as “extremely nonpolar” [89] re-
spectively the least polar existing fluids [90]. For example Teflon has a relative
permittivity of only 2.1 [91].

As a consequence of the generally very weak interactions of fluorinated com-
pounds with other molecules, most organic compounds are practically insoluble in
fluorous fluids [73,74]. This is also reflected by the fact that fluorinated compounds
are not only immiscible with water but also with most organic solvents.

Moreover, the weak intermolecular forces result in a relatively high compress-
ibility of the fluids, which reflects the availability of interstitial space [87]. For that
reason, respiratory gases such as oxygen and carbon dioxide are generally highly sol-
uble in fluorous fluids. In fact, the solubility of oxygen in fluorocarbons is about three
to ten times higher than in the parent hydrocarbons [94]. This characteristics makes

them highly valuable for the use as blood substitutes or breathing liquids [95-97].
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2.4. EMULSIONS WITH A FLUOROUS PHASE

Furthermore, using perfluorinated compounds as a continuous phase, cells can be
cultured in aqueous emulsion droplets [50,92,93].

In summary, perfluorination of organic compounds generally results in signifi-
cantly altered chemical and physical properties. As a result of their weak intermolec-
ular interactions, they generally possess an outstanding gas-dissolving capacity and
are simultaneously hydro- and lipophobic.

For droplet-based screening applications these properties are highly valuable.
The low solubility of organic molecules in fluorous fluids results in restricted cross-
talk between emulsion droplets [20] while the high solubility of respiratory gases is a
key for cell survival in droplets [98-101]. Furthermore, while conventional hydrocar-
bon compounds may swell the microfluidic core material PDMS, leading to device
delamination or channel deformation, fluorinated compounds are highly compati-
ble with PDMS [102]. Water-in-fluorinated-oil emulsions are therefore considered
to be the most promising systems for the miniaturization of biochemical assays in

emulsion droplets [26].

2.4.2 Phase partitioning into fluorous fluids

Due to the very low polarizability, fluorinated compounds are generally of extremely
nonpolar character. Therefore, only molecules with a similar character or in other
words, molecules that are fluorophilic enough, are efficiently phase partitioned from
a more protic solvent. In fact nonfluorous solutes, with the exception of small gases,
are in general virtually insoluble in fluorous solvents [103]. Thus these liquids can be
valuable for the selective extraction of molecules covalently modified with fluorous
tags [104-110].

Furthermore, it has been shown that specific noncovalent interactions can result
in an increased solubility of organic molecules in fluorous liquids [90]. The increased
solubility is the result of noncovalent associations of perfluororinated molecules and
organic molecules based on hydrogen bonding or ion pairing. Attention has for ex-
ample been drawn to fluorous carboxylic acids. They were shown to act as molecular
receptor for organic molecules significantly increasing their solubility in fluorous lig-
uids. One of the first reports came from Palomo et al. [111]. The authors found a
dramatic solubility increase in fluorous solvents for fluorinated urea in the presence

of fluorinated carboxylic acids (Fig. 2.7).
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In the absence of any other functional groups, carboxylic acids were shown to
exist as hydrogen bonded dimers in fluorous fluids [113]. However, it has been
demonstrated that hydrogen bonds with the lone pair of nitrogen are more stable
than the hydrogen bonds present in cyclic carboxylic acid dimers [114,115]. As a
consequence, most nitrogen H-bond acceptors are more successful at competing for
the carboxylic acid H-bonds than the carboxylic acids themselves [112]. This in
turn results in the effective extraction of organic molecules comprising Lewis base
characteristics as shown for pyridines [103,112]. In fact, the presence of equimolar
amounts of fluorinated carboxylic acids in the fluorous phase leads to an almost
complete extraction (up to 99%) of pyridine derivatives from chlorofrom into the
fluorous phase [112]. Furthermore, it was demonstrated that the extraction of aniline
in similar conditions is much less efficient (5%). This was explained by the fact
that pyridyl nitrogen acts as a better hydrogen bond donor than primary amines.
Moreover, it was argued that the highly selective and effective extraction is based
on the fact that the substrate-receptor interactions are reinforced in fluorous liquids,

as they are considered to be ultimate noncompetitive solvents [103].

In summary, noncovalent interactions significantly improve the extraction of or-
ganic molecules into a fluorous phase. The efficiency is strongly dependent on the
compatibility of substrate and receptor. Particularly fluorous carboxylic acids have
been studied that were shown to form strong hydrogen bonds with nitrogen contain-

ing Lewis Bases.
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Figure 2.7: Sketch of solubility enhancement of fluorinated urea in a fluorous solvent,
in the presence of fluorinated carboxylic acids. Solubility increase was observed for N,N-
di(polyfluoroalkyl)ureas due to hydrogen binding with perfluoroalkanoic acid scavengers.
Image taken from reference [111].
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2.5 Mass transport in microfluidic environments

One of the first microfluidic studies about mass transfer in two-phase systems was
presented by Burns et al. [116]. The authors have shown that in droplet-based mi-
crofluidic systems the mass transfer rates between the continuous and the dispersed
phase can be up to several orders of magnitude faster than in non-miniaturized sys-
tems. Similar studies were presented by Mary et al. [117] (figure 2.8a) and Xu et
al. [118]. The enhancement in the interfacial mass transfer was reasoned by internal

convective circulation resulting from shear forces [116,119,120].

Courtois et al. [19] were among the first to study the retention of organic molecules
in emulsion droplets in microfluidic environments. The investigated emulsions were
comprised of aqueous droplets dispersed in mineral oil and stabilized by a silicon-
based surfactant. Experimentally, droplets were produced and stored in a reservoir
on a microfluidic chip (figure 2.8b). Qualitatively it was shown that the mass trans-
fer of fluorophores between aqueous droplets dispersed in mineral oil was dependent
on the nature of the compounds, the surfactant concentration and the number and
composition of neighbouring droplets. Furthermore, it was stated that the release of
fluorophores to the continuous phase “is a consequence of diffusion into the oil phase
as well as formation of reverse micelles”. However, the mechanism of mass transfer
remains mostly unclear. Moreover, a method based on the addition of the protein
bovine serum albumin was presented to decrease the leakage of compounds from
aqueous emulsion droplets. The effect was considered to be based on the formation

of a protein layer at the droplet interface acting as a kinetic barrier.
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Figure 2.8: Microfluidic studies of mass transfer in two-phase systems. (a) Extraction
and purification of compounds from/in emulsion droplets shown at different times. Image
taken from [117]. (b) Fluorescence images of emulsion droplets incubated on a microfluidic
chip, immediately after droplet formation (left) and after 6 hours of incubation (right).
Image taken from [19].
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Bai et al. [20] have developed a double droplet trap system to study mass
transport between emulsion droplets. The authors suggested that the transport of
small molecules is occurring “across the resultant surfactant bilayers formed between
droplet pairs”. This was justified with the observation that “the droplets were clearly
deformed, strongly suggesting the formation of a surfactant bilayer”. However, as
their trapping strategy is relying on constant fluid flow through the experimental
zone to keep the droplets in contact, such deformations might be the result of the hy-
drodynamic drag force acting on the droplets (figure 2.9a). In contrast, undoubtedly
it was shown that the transport of the fluorophore fluorescein between neighbouring
droplets is significantly faster when the continuous phase is based on hydrocarbon
liquids (mineral oil, 1% Span80) than when its based on perfluorinated compounds
(FC-77, 1% "EA’ surfactant) (figure 2.9b). It was reasoned that “the nature of the
bilayer determines the transfer rate of molecules”. In detail it was stated that “Span
80 has a high fluidity at the water/oil interface and shows high leakage of entrapped
water-soluble dye molecules. In contrast, the RainDance surfactant leads to more
stable droplets and provides a superior sealing of the interface [...].”. However, the
solubility of fluorescein in hydrocarbon and fluorocarbon liquids is expected to differ
dramatically. Therefore it can not be excluded that these observations are a result of
a transport mechanism based on phase partitioning rather than transport through

surfactant bilayers.

Woronoff et al. [22] have shown in their experiments that the exchange rate of
small molecules between droplets is dependent on their hydrophobicity. Their study

was based on the measurement of the retention of several coumarin derivatives in
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Figure 2.9: Images and results of a microfluidic double droplet trap system. (a) Two
droplets trapped in microfluidic obstacles at an oil flow rate of 8000 pL h™'. (b) Transfer
of fluorescein between two trapped droplets for a hydrocarbon continuous phase (left) and
a perfluorinated continuous phase (right). Images taken from [20].
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water-in-fluorinated-oil emulsion droplets. A direct link between half-life of retention
of the fluorophores in the emulsion droplets and the predicted partition coefficient
of the dye was found.

Besides experimental studies giving insight into solute transport processes be-
tween monodisperse emulsion droplets, theoretical studies have been presented [76,
77]. Interestingly, the results of these studies are radically different. While Chen et al.
report the rate limiting step of transport between emulsion droplets to be the trans-
port of solutes across the droplet boundary, Dunstan et al. report it to be the solute
diffusion through the continuous phase.

Chen et al. [77] used numerical methods to model the transport of fluorophores
between water-in-hydrocarbon oil or alternatively in water-in-fluorinated oil emul-
sion droplets arranged in a two-dimensional hexagonal packing. The authors are
using a model assuming an effective permeability of fluorophores across the droplet
interface of 10™® m s~!, which is based on the permeability of rhodamine B across
the cornea, measured in another study [121]. The authors found, for the examined
case, that “the leakage process was rate-limited by the transport of the probe across
the droplet boundary, rather than by diffusion through the continuous phase [...]”.

Dunstan et al. [76] presented a study, which was as well investigating the trans-
port of reagents between water-in-hydrocarbon oil emulsion droplets in two-dimensional
hexagonal packing. Their model is based on the assumption that no significant en-
ergy barrier for molecules crossing the droplet interface exists. Accordingly they
find that the rate limiting step of transport is the diffusion across the continuous
phase.

In summary, albeit the recent progress using microfluidic tools, fundamental
understanding about the mechanism of mass transport in emulsion is still lacking.
In literature, the interpretation of experimental data as well as theoretical models,
trying to access fundamental information about the mechanism of mass transport,
are contradictory. Especially the discussion about the rate limiting step of transport
and the role of the surfactant in mediating mass transfer in emulsion is controversial.

However, exploiting the full potential of microfluidic tools allows to create more
sophisticated systems than the ones that have been presented. Controlling not only
the composition and the size but also the spacing and packing of emulsion droplets

allows to access these fundamental issues as shown in this work.
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3 DYNAMICS OF MOLECULAR

TRANSPORT IN EMULSION

Philipp Gruner, Yousr Skhiri, Benoit Semin, Quentin Brousseau

and Jean-Christophe Baret

In this chapter, microfluidic tools are applied to produce and analyse emulsions
with hundreds of thousands of calibrated droplets. The transport of solutes between
droplets is investigated by measuring the equilibration of fluorophore concentration
differences. The key characteristics affecting the timescale and dynamics of fluo-
rophore exchange are revealed and discussed in light of an analytical model based

on a discrete diffusion equation. The results presented in this chapter have been

published in Reference [122].
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3.1. ABSTRACT

3.1 Abstract

The dynamics of solute transport between two populations of randomly ordered
monodisperse emulsion droplets, initially containing different solute concentrations,
are investigated. The exchange rate is found to be dependent on the chemistry of the
solute and proportional to the surfactant concentration in the continuous phase for
the investigated water-in-fluorinated-oil emulsion. Furthermore it is demonstrated
how the organisation of the droplets affects the exchange dynamics with the help of
an analytical model. Additionally, it is shown that additives such as Bovine Serum
Albumin (BSA) can significantly slow down the exchange process. This effect is
relying on an increased solubility of the solutes in the aqueous droplets rather than

on creating a barrier at the droplet interface as frequently described in literature.

3.2 Introduction

The understanding of mass transport processes between emulsion droplets is cru-
cial for the optimization of various emulsion-based products in areas such as food,
cosmetics or pharmaceuticals. However, in the case of a mayonnaise, a cream or a
pharmaceutical formulation, all droplets have the same composition and the age-
ing is mainly linked to mass transfer of the dispersed phase through the continuous
phase or through bilayers possibly forming between the emulsion droplets.

With the recent applications of emulsion droplets for biotechnological applica-
tions, the paradigm for emulsion ageing has slightly shifted. Here each emulsion
droplet has typically an individual composition at every time step depending on the
initial loading of compounds and on the biochemical processes taking place inside
the droplets [123,124]. Hence, in these systems the exchange of solutes has to be
considered as an additional ageing process, which leads to the equilibration of solute
concentrations among the emulsion droplets and ultimately to a breakdown of the
compartmentalization concept. As a consequence, it becomes important to under-
stand such transport processes possibly enabling the control of molecular transfer
between emulsion droplets [159]. However, understanding the transport of solutes in
emulsions is not only essential for the optimization of microreactors for biochemical
applications, but is also of great importance for other encapsulation systems which
rely on controlled release such as drug delivery systems [125-129).

Several studies investigating the exchange of solutes between emulsion droplets
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have already been performed without the help of microfluidic tools [130-132]. How-
ever, these studies do not capture the microscopic details of the mass transport
process at the single droplet level. Using microfluidic tools does not only allow
measurements at the single droplet level, but also provides a fine control of the
droplet actuation and size as well as an access to short timescales (~ ms). Hence, it
has become an appealing new tool to quantitatively study the physics and physical
chemistry of interfaces and emulsions [133-138]. The transport of solutes between
emulsion droplets was also investigated with the help of microfluidic tools [19-22].
However, the understanding of the mechanism of mass transport and the collective
dynamics in populations of droplets is still lacking.

In this chapter, the dynamics of molecular exchange between hundreds of thou-
sands of droplets containing different fluorophore concentrations is addressed. The
relaxation of these concentration differences is measured experimentally and with
the help of an analytical model the link between the microscopic exchange between
two adjacent droplets and the collective dynamics at the scale of the entire emulsion
is made. While the incubation of the emulsion takes place in a reservoir off chip,
the droplets are produced and analysed in a microfluidic environment. The case of
water-in-fluorinated-oil emulsions is studied, as they represent the most promising

systems for biotechnological applications [26].

3.3 Materials and methods

3.3.1 Chemicals

Resorufin sodium salt and fluorescein sodium salt were purchased from Sigma-
Aldrich. The solutions 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 Albumin (BSA) was purchased from Acros Organics (Albumin bovine,

fraction V).

3.3.2 Surfactant

Aqueous droplets were produced in a hydrofluoroether (HFE-7500, 3M) and sta-
bilised against coalescence by a block-copolymer surfactant (see Figure 3.1). The
surfactant was prepared from the commercially available fluorous carboxylic acid

Krytox 157-FSH (Dupont) and Jeffamine polyether diamines (ED 600, Huntsmann).

28



3.3. MATERIALS AND METHODS

Surfactant solutions prepared from two different batches and referred in the follow-
ing as KryJeffa® and KryJeffa® were used. The synthesis scheme was based on
the synthesis described in Holtze et al. [139]. The surfactants used in this chapter
are kindly provided by Dr. E. Mayot (Universite de Strasbourg).
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Figure 3.1: Structural formula of the used surfactant. It is a Krytox-Jeffamine block-
copolymer (z + z =~ 3.6, y = 9.0, n =35-40).

3.3.3 Surfactant characterizations

To characterize our system, the surface tension was measured for varying concentra-
tions of surfactant using the pendant droplet method (DataPhysics OCA). Equilibria
are reached after a time on the order of several minutes to several hours, depend-
ing on the surfactant concentration for droplets of volumes of ~ 1 to 20 uL. Using
Dynamics Light Scattering (Malvern Zetasizer), the scattered intensity of the sur-
factant solution was measured as a function of concentration. The automatized
optimised mode for signal acquisition was used and the data were rescaled by the
corresponding gain provided by the manufacturer. From the scattered intensity, a
critical concentration for the formation of surfactant assemblies was conducted. The
size of the scattering objects was obtained by the time-correlation of the scattered
signal. Both methods suggest a critical surfactant concentration in HFE-7500 in
the range of 0.02-0.04 wt% (Figure 3.2). The Dynamics Light Scattering (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 re-
lationship) with a weak change in the size of the assemblies at higher concentrations

(from a radius of 80 nm to 120 nm over 3 decades in concentration).
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Figure 3.2: Surfactant characterization by surface tension and dynamic light scattering.
(a) Equilibrium surface tension for the water/HFET7500 interface in the presence of the
surfactant at different concentrations. The reproducibility of the synthesis was checked
with two batches of surfactant (+ and x). (b) Dynamic Light Scattering of HFE7500
containing various concentrations of surfactant. 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 wt%), the scattered
count rate is in the oil background. Above 0.02 wt%, the count rate of the diffused light
is quasi-linear (exponent 1.13). Inset: The radius p of surfactant assemblies measured
by correlation of the scattering signal is slightly increasing from around p = 80 nm at
0.02 wt% to 120 nm at 5 wt%. In some runs at 0.02 wt% the background was too large
to obtain a proper correlation. Combining both methods leads to a critical surfactant
concentration in the range to 0.02 - 0.04 wt%. Measurements were conducted by Quentin
Brousseau.

3.3.4 Microfabrication

Microchannels of depth 60 pm were produced with standard soft-lithography tech-
niques by replica molding of a SU-8 master in Polydimethylsiloxane [140]. The
PDMS stamp was then bound to glass after oxygen plasma activation and hydropho-
bized 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.
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3.3.5 Chip connection

All flow rates were controlled by Nemesys syringe pumps (Cetoni GmbH). The bot-
tom 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 (Control Pump) to either push or withdraw liquid. The top
of the collection vial was connected back to the chip. Before each experiment the
collection vial was filled with HFE-7500 containing surfactant in a concentration

specific for each experiment.
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Figure 3.3: Sketch of the microfluidic device used for the production of calibrated emul-
sions with two populations of droplets containing two different fluorophore concentrations
with zooms on the parts of interest. The microfluidic chip does have two separate parts.
The production unit is shown in black and the reinjection unit is colored in red. In the
production unit, the aqueous solutions are injected to inlets A and B. Inlet C is the inlet
for the fluorous phase. The droplets flow towards outlet D. At the outlet D, the droplet
are collected in the vial. After incubation in a vial, the droplets are reinjected into inlet E
and flow towards outlet G. F is an additional inlet for the fluorous phase, required to suf-
ficiently space droplets for a precise measurement of the fluorescence signals of individual
droplets.

3.3.6 Droplet production, collection and reinjection

Droplet-based microfluidic systems were used to produce a monodisperse emulsion.
The droplets were containing specific concentrations of resorufin sodium salt in PBS

(either 0 uM or 10 uM). Both droplet types were produced in parallel with the
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Figure 3.4: Overview of the experimental procedure. Two populations of droplets are
produced on chip, incubated off chip and reinjected back into the microfluidic chip, where
the fluorescent read-out takes place. The arrows indicate the fluid flows. The control
pump is used to pump liquids into (reinjection mode) or out (filling mode) of the vial.

same size and frequency at two nozzles by flow focusing in a fluorinated oil (HFE-
7500, 3M). The droplets additionally contained a specific concentration of fluorescein
sodium salt used for long-term encoding of the droplet type (150 nM and 50 nM). The
measurement of the fluorescein fluorescence provided a way to determine if droplets
initially contained 0 uM or 10 uM resorufin, even after the resorufin concentrations
among the droplets are equilibrated. The oil flow rate was set to 100 pL/min
(except when BSA is used, the oil flow rate being increased to 200 pL/min) and
each aqueous flow rate was set to 50 pL/min resulting in droplet volumes of 0.3 nL.
The droplets were stabilised against coalescence by the surfactant at concentrations
ranging from 0.1 wt% (limit of emulsion stability) to 5 wt%. With the chosen
conditions no coalescence events were observed. As demonstrated in a previous

study [137], preventing droplets from touching each other after generation increases
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emulsion stability. Therefore the microfluidic device was designed with an incubation
line of about 1 centimeter to increase droplet stability (see figure 3.3). During the
stabilization time of the whole system, the Control Pump (CP) was set up to ‘infuse’
and the droplet flow through the collection vial 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 and collect the emulsion in the vial (see figure 3.4).
After typically 5 minutes, a volume of about 500 microlitres of emulsion was stored
(~ 105 droplets). Subsequently, the production of the droplets was stopped and
CP was set to ‘infuse’ (typically at 1 pl/min). As a consequence, the droplets
were flowing out of the collection vial back into the microfluidic chip towards the
reinjection part where the fluorescence readout took place. The fluorescence signal
of typically 10 - 100 droplets per second was measured. The delay time between
the first droplet being produced and the first droplet being measured was typically

5 minutes.

3.3.7 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 a 473
nm and a 532 nm laser (DragonLaser) and photomultiplier tube (PMT, Hamma-
matsu)(Figure 3.5). The laser spot size was focused to be only a few microns in
diameter and hence much smaller than both the droplets and the microfluidic chan-
nels, which have a width of 100 ym. The optical filters and dichroics were purchased
from AHF, the mounts and optical accessories from Thorlabs. For each droplet, the
maximum fluorescence intensity in the green (fluorescein signal) and the orange (re-
sorufin signal) channel was recorded. The relative fluorescence unit RFU is here
defined as the measured voltage U rescaled by the Gain G as: RFU = U/G%®. The
exponent 6.8 depends on the type of PMT used. It has been experimentally verified
to correspond to the data of the manufacturer. The droplet intensity as a function of
time is recorded in real-time by 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 the FPGA board (up to several
thousands of droplets per second processed in real time). It should be noted that it is
sometimes sensitive to noise levels and laser instabilities leading to small variations

in the measurements (of maximum 10 percent). However, the ratio of signals stays
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Figure 3.5: Optical setup used for the measurement of fluorophore concentrations in
emulsion droplets. (a) Sketch of the laser-induced fluorescence setup for high-throughput
single droplet measurement at two different wavelengths. Droplets flowing through laser
spots focused into a microfluidic channel emit fluorescent signals according to their flu-
orophore concentrations. The signals are separated by dichroic mirrors and detected by
PMTs. (b) Transmission spectra of the applied optical components.

34



3.4. EXPERIMENTAL RESULTS

constant. The single point measurement provides a tool to measure the dynamics
of equilibration of the chemical potential of the fluorophores on the single droplet

level.

3.3.8 Data processing

Data were post-processed with home-made scripts using standard toolbox in MAT-
LAB. First the green fluorescence was analysed to distinguish the two populations
of droplets. These signals were constant at the time-scale of our experiments. The
orange fluorescence of both populations was fitted by Gaussian distributions to ob-
tain the means m; and my of each droplet population. The fluorescence signals
were found to be proportional to the fluorophore concentrations. Therefore the
value mo — my is proportional to the difference of fluorophore concentrations Ac
between the two populations. By rescaling the data, we obtained a measurement
of the concentration difference rescaled by the initial concentration difference Acy:
Ac/Acy = (mg —my)/(mg — mq)o. This parameter is equal to 1 at the beginning of
the experiment and reaches 0 when the fluorophore concentrations are equilibrated.
This approach provides means to compare experiments performed for different flu-

orophores and different initial ratios of fluorophore concentrations.

3.4 Experimental results

In the presented study, resorufin sodium salt was chosen as a model fluorophore that
is exchanged between aqueous droplets dispersed in fluorinated oils. The fluorophore
was chosen for two reasons. First it is often used for biochemical assays frequently
applied in the field of droplet-based microfluidics [141,142]. Second, the timescale
of equilibration for systems comprising heterogeneous concentrations of the fluo-
rophore was reported to be on the order of a few hours in water-in-fluorinated-oil
emulsions [18], perfectly suited to precisely access the dynamics of the exchange
process. Additionally, it was reported that no detectable exchange of fluorescein
was found in the concerned system [18]. These findings were verified in preliminary
experiments (see Fig. 3.6). For these experiments, similar to the experimental proce-
dure described by Courtois et al. [19], droplets containing two distinct concentrations
of a fluorophore were incubated in a microfluidic chamber and the fluorescent signals

of the two droplet populations were measured as a function of time.
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Figure 3.6: Qualitative results of fluorophore exchange. The surfactant concentration in
the continuous phase (HFE7500) was 1 wt%. Aqueous droplets were containing PBS (1x)
and initially a fluorophore concentration of 100 M or 10 pM. (a) No detectable exchange
of fluorescein sodium salt was observed on a timescale of 4 hours. (b) Equilibration of
resorufin sodium salt concentrations between two droplet populations on a timescale of 4
hours.

As reported in literature [18] it was observed that the chemistry of the fluorophore
influences the rate of exchange. This confirms previously published results [22] sug-
gesting that the exchange rate of organic molecules increases with their hydrophobic-
ity. In fact, in simple partitioning experiments it can be shown that resorufin sodium
salt is more hydrophobic than fluorescein sodium salt. The partition-coefficient of
organic molecules between an aqueous phase and octanol is generally accepted as
a measure of how hydrophobic a chemical substance is [143]. In figure 3.7, such
partitioning experiments are shown for various fluorophore molecules.

The partition coefficient is calculated by measuring the fluorophore concentration
via fluorescence intensity in the aqueous phase with a microplate reader (Spectra
Max Paradigm, Molecular Devices). Concretely, the partition-coefficient log P is
calculated as the logarithm of the ratio of fluorophore concentrations in the octanol
Coct and in the aqueous phase ¢,y in equilibrium: log P = log CCOTC; The exchange

rate of the fluorophores was accessed qualitatively as quantitative measurements on
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Figure 3.7: Impact of fluorophore chemistry on rate of exchange. (a) Determination of
octanol-water-partition-coefficent log P for various fluorophores. Aqueous solutions con-
taining initially a fluorophore concentration of 100 uM were exposed to octanol and incu-
bated for 72 hours. (b) Qualtitative measurements of the exchange timescale, measured
with the same procedure as described in the ‘Materials and Methods’ section and a sur-
factant concentration of 1 wt%. (c) Structural formula of the investigated fluorophores.
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a much longer (several days) and or a much shorter timescale (few minutes) require

a different approach for the incubation of droplets.

In agreement with the results obtained by Woronoff et al. [22] a clear trend,
suggesting that the rate of exchange is increasing with the log P value (increasing
hydrophobicity) of the fluorophore, is found. Higher log P values reflect an increased
tendency of the molecule to be partitioned from the aqueous phase into another
phase due to more favourable interactions with the alternative solvent. The observed
dependency of the exchange rate on the hydrophobicity of the molecule is suggesting

a mass transport mechanism based on phase partitioning.

However, it is important to note that other properties of the molecule might
also affect the rate of exchange. For example, in the case of Rose Bengal a log P
value on the order of resorufin sodium salt was measured, but the exchange rate is
significantly smaller. It is therefore suspected that additionally specific non-covalent
interactions between organic molecules and the fluorous surfactant molecules affect

the rate of exchange. This topic is discussed in detail in chapter 5.

To quantitatively study the equilibration of fluorophore concentration differences
in a macroscopic emulsion, an approach was developed allowing the precise measure-
ment of fluorophore concentrations in single droplets as a function of time. Here,
two populations of monodisperse droplets with a volume of about 0.3 nL are pro-
duced and mixed on a microfluidic chip. One population contains resorufin sodium
salt (10 pM) while the other does not contain this fluorophore. However, both pop-
ulations contain a specific, relatively low concentration of fluorescein sodium salt
(150 uM and 50 pM), used to encode the droplet type. The equilibration of the
fluorophore concentrations, are accessed by measuring the fluorescent signals of the
droplets as they are flown through a laser spot. In figure 3.8a a typical time trace
of the droplets flowing through the measurement point is shown. Figure 3.8b shows
the typical time distributions of the droplet fluorescence over a few hours for a sur-
factant concentration of C' = 0.5 wt%. From the raw data, the time distribution of
the fluorescence signal were generated by binning typically 2000 droplets. In this
manner color plots corresponding to the time evolution of the histogram can be

generated (figure 3.8c).

The sum of the fluorescence signals of the two populations was constant through-
out the measurements indicating that the fluorophore is preserved (no chemical mod-

ification nor bleaching). This also indicates that the fluorophore mainly remains in
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Figure 3.8: Fluorescence measurement and data analysis. (a) Signals measured on
the PMTs after droplet production and mixing. Droplets containing 10 uM of resorufin
(droplets 1, 2, 5, 7 and 8) are encoded with 150 nM of fluorescein sodium salt. The
droplets initially containing no resorufin (3, 4 and 6) are encoded with 50 nM of fluorescein
sodium salt. (b) Histogram of resorufin fluorescence at different reinjection times for
C = 0.5 wt% of KryJeffa. The histograms are obtained from about 2000 droplets
each. (c) Full time histogram (colorplot) of the resorufin fluorescence recorded over ~ 4
hours in HFE-7500 with C' = 0.5 wt% of KryJeffa()-surfactant. (d) Equilibration of the
normalized concentration difference Ac/Acy between the two droplet populations. The red
dots correspond to the experimentally obtained values. The dashed line corresponds to a
fit of the early time kinetics with an exponential function, with A as a fitting parameter.
The relaxation dynamics are recovered by an analytical model indicated by the green dots.
The model is introduced in section ‘Modelling’.

the aqueous compartments. We further observed that the initial fluorophore con-
centration did not significantly impact the time-scale of the process which justifies
the rescaling of the concentration difference by the initial concentration ¢y. In addi-
tion, no change of droplet size was observed over the time-scale of the experiments.

The transport of water between the droplets was prevented due to the fact that all

39



CHAPTER 3. DYNAMICS OF MOLECULAR TRANSPORT IN EMULSION

droplets contain PBS buffer, effectively fixing the chemical potential of the water
molecules in both populations.

The relaxation of the fluorophore concentration differences among the droplets
fits an exponential decay only in the early time kinetics (figure 3.8d). The exponen-
tial decay is not maintained at longer time-scale. This finding is explained taking the
random distribution of micro-environments of the droplets into account. The con-
nection between the relaxation dynamics and the micro-environments of the droplets
is explained in detail in the ‘Modelling’ section.

Accessing the late kinetics of the process is not necessarily straight-forward as the
fluorescence distributions of both populations overlap before equilibrium is reached.
The ability to measure the mean fluorescence signal of each population in the late ki-
netics of the relaxation process relies on the encoding of the droplet populations with
fluorescein sodium salt, whose exchange is negligible on the timescale of the experi-
ment. The concentration difference in fluorescein sodium salt is therefore preserved
throughout the experiment and allows to correlate each droplet to its respective
population even when the resorufin sodium salt concentrations are equilibrated.

Experiments were performed for several surfactant concentrations above the crit-
ical surfactant assembly concentration, found by surface tension and light scattering
measurements. Figure 3.9a shows the time variation of the concentration differ-
ence over several hours of incubation for various surfactant concentrations. Clearly,
the rate of fluorophore exchange increases with the surfactant concentration. Inter-
estingly, all the experimental data collapse on a single master curve (Figure 3.9b)
using a single time-scale 7, for each surfactant concentration. This is indicating that
the mechanism for the fluorophore exchange is similar at all measured surfactant
concentrations. The late kinetics follow a power-law with an exponent -3/2. This
behaviour is recovered in the analytical model introduced in the section ‘Modelling’.

The perhaps most important finding is that 7. is inversely proportional to the
surfactant concentration (Figure 3.10) over almost two orders of magnitude. Hence,
in contrast to other systems where the exchange is linked to bilayer formation [65],
the investigated emulsion system shows the importance of the surfactant molecules
remaining in the continuous phase on the transport process. Here, the transport of
the fluorophores is primarily mediated by surfactant molecules apparently mediating

solubility in the fluorous phase.
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Figure 3.9: Kinetics of the relaxation of fluorophore concentration differences as a func-
tion of surfactant concentration. (a) Measurement of the normalized concentration differ-
ence Ac/cg of the two populations of droplets for increasing surfactant concentration. The
kinetics are faster for larger surfactant concentrations. (b) Rescaling of the experimental
data by the time-scale 7. (given in figure 3.10) and comparison with an analytical model
considering the relaxation in a 3-dimensional 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 resulting from the reinjection of the last
droplets from the vial.

107 TR
- o
A \
M\ N
\\\ 1 .
N
® -~ .
1 ‘ﬂl L -
10 & \\ he 9
= i
IEI \\ x 18
w \\ b
2 0 \\
10} e Kryleffa’ M ]
;. Kry.lci"fam \u\ ]
" O Kryleffa'' + BSA N3
. Kr}'.leffa{“
=100 | L L
10 o 0 ]
10 10 10
C [%]

Figure 3.10: Time-scale 7. of the exchange process as a function of surfactant concentra-
tion C. The data were obtained with with 10 yM initial resorufin concentration, except
for the diamond, where for a 1 pM resorufin initial concentration was used. The open
circles correspond to the rescaling in presence of Bovine Serum Albumin (the dashed line
and the dotted-dashed line correspond to a linear relationship and the ratio of both is 18).
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Ultimately, the obtained results suggest that assemblies of surfactant molecules
act as nanoscopic environments for the solubilization of organic compounds in the

fluorous phase [132].

As a method to significantly slow down the exchange of organic molecules be-
tween emulsion droplets it was suggested to add the protein bovine serum albumin
(BSA) to the dispersed phase [19]. Indeed, this effect was also found in the inves-
tigated emulsion system. More precisely, by adding BSA to the aqueous phase at
a concentration of 25 mg/mL, an 18 fold decrease of the exchange rate of resorufin
was obtained. However, the exchange rate is still proportional to the surfactant

concentration (Figure 3.11).

The decelerated exchange process in the presence of BSA was reasoned by the
formation of a “strong film” [19] at the oil-water interface acting as a barrier to
the transport of organic molecules across the droplet boundary. Interestingly, in
such case one would not expect a dependency on the surfactant concentration in
the presence of BSA as the fluorophore transfer across the droplet boundary would
be the rate limiting step of transfer. To clarify the role of BSA in the exchange
of organic molecules between emulsion droplets, the following experiment was per-
formed: All droplets contained initially the same resorufin concentration but the
BSA (25 mg/mL) was present in only one droplet population. Those droplets were
encoded with 150 nM fluorescein. Droplets containing no BSA contain only 50 nM
fluorescein encoding the presence respectively the absence of the protein. Within
this system the variation of the resorufin fluorescence signal was measured as a
function of time. Surprisingly, it is observed that the relaxation process leads to
an a priori counter-intuitive result: the difference in fluorophore concentrations is
increasing during incubation with a relatively short time-scale on the order of 50
minutes (figure 3.11a). At equilibrium, the fluorescence signals of the two droplet
populations are different by a factor of 15 (figure 3.11b) and the most fluorescent
droplets are the ones containing BSA. Hence, after equilibration of the chemical
potential of the fluorophores, the concentration in the droplets containing BSA is

about 15 fold larger than in droplets containing no BSA.

These experimental results clearly contradict the assumption that BSA slows
down the exchange process by creating a viscoelastic layer at the droplet interface
acting as a kinetic barrier. If the BSA would only act as a barrier to exchange,

the chemical potential of the fluorophores in the droplets would be initially at equi-

42



3.5. MODELLING

2000

=) 15}

i

. . ,

= 130 1500

g I

5 10} -

“ o

g 100 1000 o ¢

g =, <

(] o

a . 5|

o 50 500

o

=

w

0 0 0 1 I .
50 100 150 0 50 100 150
Reinjection time [min] Reinjection time [min]
(a) (b)

Figure 3.11: Modification of exchange kinetics in the presence of heterogeneous concen-
trations of bovine serum albumin. (a) Full time histogram (colorplot) of the resorufin flu-
orescence recorded over ~ 3 hours in HFE-7500 with C' = 2 wt% of KryJeffa(!-surfactant
when all droplet initially contain 5 M resorufin sodium salt and additionally half of the
droplets contain 25 mg/mL of BSA. (b) Ratio of resorufin fluorescence between the two
droplet populations as a function of time. ¢, is the fluorophore concentration in the
droplet with BSA and ¢, without BSA. In equilibrium a 15 times higher concentration
of resorufin sodium salt in droplets containing BSA compared to droplets not containing
the protein is obtained.

librium. In such case the fluorescence signals in both populations should remain
constant. Furthermore the time-scale of the equilibration process is similar to the
time-scale of exchange previously measured for the corresponding surfactant concen-
tration (2 wt%), which indicates that the mechanism of transport by the surfactant
molecules is not affected by the presence of BSA. Finally, the obtained fluores-
cence ratio between the droplet populations in equilibrium matches quantitatively
the decrease of the exchange rate upon addition of BSA. In conclusion, this ex-
periment shows unambiguously that BSA acts on the partitioning behaviour of the
fluorophores and therefore has the ability to slow down the exchange process rather
than by creating energy barriers at the droplet interface. This topic is discussed in

more detail in the section ‘Discussion’.

3.5 Modelling

A model to describe the fluorophore exchange process recovering the collective relax-
ation dynamics in emulsions was developed. An ensemble of droplets separated by
a porous membrane of thickness L [144] is considered. Furthermore, for simplicity,

droplets arranged on the nodes of a three dimensional square lattice are considered.
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Figure 3.12: Schematic illustration of the model for molecular exchange between emul-
sion droplets. (a) For a porous membrane separating two compartments, the flux J de-
pends on the concentration difference and geometry parameters (s, L). (b) For droplet
pairs a similar description is used, where the flux is proportional to the concentration dif-
ference. In an ensemble of droplets, the exchange occurs with the nearest neighbours: (c)
corresponds to a one-dimensional case, and (d) to the two-dimensional case on a square
lattice.

The droplet on the node (k,l,m) contains molecules in a solvent at concentration
Cr1m and exchanges molecules with its 6 first neighbours only (4 neighbours in 2
dimensions, 2 neighbours in 1 dimension). The area of contact between the com-
partments is s (a fraction of the droplet surface area S) and the volume of the
compartment is V' (figure 3.12).

The difference in the chemical potential of the fluorophores between the two
compartments is responsible for the diffusive flux J along each axis proportional to
the concentration difference dc between neighbours as described for membranes or
bilayers [65,145, 146]:

J = —Péc (3.1)

' m~2, the concentrations in mol m— and the permeability

J is expressed in mol s~
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
—_—= = A .2

where A is a discrete Laplacian and ¢ = t/7 is the dimensionless time with 7 =
V/(Ps).
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For periodic boundary conditions, the eigenvalues of the discrete Laplace operator

are in three dimensions:

Apgr = —4 X lsin2 (ngg:) + sin? (ngg) + sin? (W&)] (3.3)

(for 0 < p,q,r < N — 1) and the eigenvectors
w," (3.4)

with
w, = exp(2imp/N,) (3.5)

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) = Fle)ervart (3.6)

where ¢; is the initial distribution and F denotes the Discrete Fourier Transform.
Since equation (3.2) is linear, in the following the mean value of concentration are
subtracted and normalized to 1 to represent concentrations between -1 and 1, defin-

ing the two subpopulations of droplets.

The smallest eigenvalue of the Laplace operator is -12 (in three dimensions) cor-
responding to the fastest decaying mode. In two dimensions the smallest eigenvalue
is -8, in one dimension -4 and -2 for a single droplet pair. It corresponds in all di-
mensions to an eigenmode of a perfectly alternating array, where an empty droplet is
surrounded solely by filled droplets and vice versa. In chapter 4 it will be shown that
it is actually possible to construct an emulsion showing this eigenmode relaxation.
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 exci-
tation of the eigenmodes 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, equation 3.2 is solved for a completely
random and uncorrelated initial condition. The scaling law is then recovered ana-
lytically. Since the value of the initial concentrations is 1 or —1 depending on the

subpopulation, Ac/cy is proportional to the scalar product of ¢ by ¢;. Using Par-

45



CHAPTER 3. DYNAMICS OF MOLECULAR TRANSPORT IN EMULSION

seval’s theorem, this scalar product can be computed in the Fourier space. In 3-d,

one obtains:

Ac 7
— oc ) [Fng)Petrart (3.7)
o D.q,T

Due to the completely random initial condition, all the modes are statistically excited
with the same weight and Ac/co < 3, , e*rarl At long time, only the modes with

the smaller eigenvalues remain, so that
Apgr ~ =47 ((p/Ne)* + (a/Ny)* + (r/N2)?) (3.8)
and the sum can be extended to +o0o. For large systems, we can use a continuum

approximation, and

Ac

+oo ptoo ptoo -
~ / / o~ 4T/ N2 (70/ Ny +r /N1 4yl gy (3.9)
Co 0 0 0

which scales as t~%/2 (for the 3-dimensional case). Figure 3.13 shows a summary

of the model data in the three dimensional case and the corresponding asymptotic
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Figure 3.13: The model is solved for a three-dimensional packing on a square lattice.
The results of the model in the three-dimensional case are shown. In agreement with the
experimental findings, the early kinetics follow an exponential behaviour while the late
kinetics follow a the power law with an exponent -3/2.
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regimes. The model can also be solved for the 1-dimensional and the 2-dimensional
cases and for any set of initial conditions using similar schemes. Similarly, it is
recovered analytically that Ac/cy scales in 1-d like as 7%/2, and in 2-d as £~'. At
short-times, an argument similar to the one at large time-scales leads to Ac/cy ~
> par erart, Expanding the exponential close to 0 leads to Ac/cy ~ 1 — A\t, 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 dimension). 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 corresponding
dimension. In summary, the relaxation of the chemical potential at the emulsion
level is a function of the initial distribution of the droplets in the packing. The
maximum rate is obtained for an alternating 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 magnitude longer. These results are generic and do not rely on the exact

description of the exchange mechanism at the droplet level.

3.6 Discussion

The relaxation of heterogeneous fluorophore concentrations in water-in-fluorinated-
oil-emulsions was investigated. It was shown that in the investigated system surfac-
tant molecules play the key role for the transport of a model fluorophore, presumably
by mediating solubility in the continuous phase. Additionally the role of additives
such as BSA in slowing down the exchange process was clarified. Furthermore, with
the help of an analytical model, it was presented how the organisation of the droplets

affect the kinetics of equilibration. These key findings are discussed in the following.

3.6.1 Rate limiting step of transport

It was measured how the time-scale of the relaxation of heterogeneous fluorophore
concentrations is influenced by surfactant concentration, the chemistry of the trans-
ported molecules and the presence of additives such as BSA in the aqueous phase.

The obtained results are in agreement with models of membrane permeability [25,
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145,146]. When the rate-limiting step is the diffusion in the continuous phase respec-
tively in a 'membrane’ (case I of Zwolinksi et al. [145]), the membrane permeability
can be expressed as P = K D/L [145], K being the partition coefficient of the trans-
ported molecule between the continuous and the dispersed phase, D the diffusion
coefficient of the transported species and L the membrane thickness. Here, the
partition coefficient between the compartment and the membrane is an important
parameter affecting the timescale of the transport process. Non-fluorinated organic
molecules, such as resorufin, are typically highly insoluble in fluorinated oils. How-
ever, it is assumed that the used surfactant molecules, comprising an organic part,
are mediating solubility in a fluorous phase. Hence an increase in surfactant con-
centrations results in an increased solubility of organic molecules in the continuous
phase and consequently in a modified partitioning coefficient K, ultimately leading
to an increased exchange rate as experimentally observed.

Furthermore, performing an experiment with BSA in half of the droplets pro-
vided 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 15 fold higher concentration of
resorufin in the droplets containing BSA than in those containing no BSA. There-
fore adding BSA provides a means to modify the parameter K without modifying
the fluorophore or the continuous phase. Exchange experiments performed with 25
mg/mL BSA in all droplets and with resorufin in only 50 % led to a decrease of the
exchange rate by a factor of about 18, which matches quantitatively the correspond-
ing decrease of K. The obtained experimental results are therefore consistent with
a diffusion-limited permeability model.

This mechanism is also consistent with the results obtained with other fluo-
rophores showing an increased exchange rate with increasing hydrophobicity: if the
solubility in the aqueous phase increases, K decreases and hence the rate of ex-

change.

3.6.2 Mechansim of molecular transport

While in other studies the permeability of a bilayer membrane has been linked to
its fluidity [65], in the presented case, the surfactant molecules do not form bilayers.

Instead, the surfactant in the fluorous phase plays the key role for the transport
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process. In fact, the exchange rate was found to be proportional to the surfactant
concentration, suggesting that the solubility in the continuous phase is increasing
linearly with the surfactant concentration. Therefore the likely mechanism for trans-
port is through the solubilisation of the fluorophore molecules into assemblies of
surfactant molecules, which can act as relatively large (~ 100 nm diameter) carrier
of organic molecules between aqueous droplets. That assemblies of surfactants and
not single surfactant molecules are mediating the transport is also supported by the
fact that above the critical surfactant assembly concentration, the free surfactant
concentration is generally considered to be constant. Hence, no significant influence
of the surfactant concentration on the rate of exchange would be expected in such
case. The shape and size of the surfactant assemblies should be considered as an
important parameter to control the transport of molecules between microreactors.

In chapter 3, additional experiments are presented supporting these assumptions.

3.6.3 The role of BSA in affecting the rate of molecular

exchange

The decrease of solute exchange mediated by BSA has here been quantitatively
measured with fluorinated oils as the continuous phase, but was previously reported
for non fluorinated oils [19]. One of the initial explanation 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 [19]. This
layer would decrease the permeability of the medium between the droplets [147].
In this case, the rate-limiting step would be the diffusion through the BSA layer
(case II or III of Zwolinksi et al. [145]). 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 between droplets with and without BSA. The presented
experiments therefore show unambiguously that BSA acts on the solubility of the
fluorophore (a thermodynamic property) rather than on kinetic parameters such
as energy barriers. The quantitative link between the equilibrium concentration
ratio of resorufin in aqueous droplets with and without BSA and the exchange rate
with BSA is consistent with a porous membranes model, where the permeability is
controlled by the partition coefficient between the aqueous phase (the droplets) and

the continuous phase (fluorinated oil containing surfactant). It is speculated that
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the change in the partition coefficient of resorufin in the presence of BSA may be due
to the remarkable capacity of serum albumins to bind a structurally diverse set of
small molecules, including many drugs [148]. Such binding processes of resorufin, or
other solutes, to BSA could potentially increase its solubility in the aqueous phase

and hence lead to a decreased rate of exchange as experimentally observed.

3.6.4 Geometrical considerations

For a given emulsification system, the time-scale 7 = V/(Ps) controls the exchange,
with a prefactor corresponding to the number of nearest neighbours. It is assumed
that the surface area s is proportional to the droplet area scaling with the square of
the droplet radius R2. Therefore 7 is expected to scale with the droplet size. Hence,
a decrease of droplet size results in an increase of the molecular exchange rate. Other
geometric parameters such as the droplet spacing distance or the dimensionality of
the system are also expected to influence the rate of exchange. Further experiments
investigating these scalings are presented in chapter 4, where the permeability P is

clarified to be a function of geometrical parameters.

3.6.5 Outlook

Microfluidic experiments provide means to study isolated assemblies of droplets re-
ceptively to generate a controlled packing in one, two or three dimensions. By
measuring the exchange kinetics in different dimensions 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 sys-
tems have a huge potential to address the remaining open questions by the possible
on-chip control of packing geometries, droplet spacing or sizes for a deeper under-
standing of such transport phenomena. In chapter 4, as a next step, the effect of the
packing geometry on the dynamics of the relaxation as well as the effect of specific
droplet arrangements is studied.

Microfluidics provides a very powerful platform for the study of such transport
problems by the possible control of droplet packing and lateral ordering of the
droplets [50,92,149]. Finally, the mechanisms involved in this study are generic
(a diffusive process) and could potentially be applied to a better control of collec-

tive effects in droplet population, for example, in active emulsions [83, 150, 151], to
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control signalling in cell populations (chemotaxis, quorum sensing) entrapped in dif-
ferent 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 appli-

cations for separation.

3.7 Conclusion

In summary, microfluidics provides the tools to produce calibrated emulsions and
to analyse hundreds of thousands of droplets at very high-throughput opening the
way to quantitatively address physicochemical processes on the single droplet level
in macroscopic emulsions.

Here, experimentally the equilibration of the chemical potential of organic molecules
in an emulsion initially composed of two droplet-populations characterized by dif-
ferent fluorophore concentrations was measured. Interestingly, it was found that in
the investigated system the transport of organic molecules is practically exclusively
mediated by surfactant molecules. The exchange timescale is controlled by the sur-
factant concentration in the continuous phase and relates to a classical description of
a porous membranes, where transport is occurring through partitioning of molecules
between the dispersed and continuous phase. The obtained results suggest that or-
ganic molecules are transported with assemblies of surfactant molecules acting as
nanoscopic environments for the solubilization in fluorinated oils and that the rate
limiting step of transport is there diffusion through the continuous phase.

Furthermore it was shown 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 behaviour of the system. Addi-
tionally it was demonstrated how the initial distribution of droplets can affect the
time-scale of the exchange process. The early time kinetics in a mixed emulsion are
twice slower than the maximum rate, obtained for a perfectly organized alternating
packing. Most of the important physics of the relaxation is contained in an analyti-
cal model: the equilibration process is a classical diffusion process through a Laplace
equation from which emerge a dimension-dependent power-law.

Finally, the role of additives such as BSA in modulating the timescale of fluo-
rophore transport was investigated. In contrast to reports in literature [19], here

this effect is found to be relying on an increased solubility of the fluorophores in
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the aqueous droplets rather than on creating a barrier at the droplet interface. Our
findings have led other authors to suggested that “This hypothesis, usually adopted
in the field, probably needs being revisited.” [175].

By clarifying the role of BSA in affecting mass transport processes, new strate-
gies, based on selective mass transport may be obtained by controlling the concen-
tration of specific additives in the droplets to enrich a compound of interest. Such
approach may be used for a versatile control of solute concentrations in emulsion

droplets.
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MOLECULAR TRANSPORT IN

‘MINIMAL EMULSIONS’

Philipp Gruner and Jean-Christophe Baret

In Chapter 3, the dynamics of molecular transport between hundreds of thousands of

randomly packed droplets were investigated. In this chapter the concept of ‘minimal

emulsions’ is introduced. These emulsions are characterized by a small number of

droplets precisely ordered and spaced. The investigation of these systems allows to

precisely access fundamental information about the mechanism of mass transport in

emulsions.
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CHAPTER 4. MOLECULAR TRANSPORT IN ‘MINIMAL EMULSIONS’

4.1 Abstract

Emulsions are complex out of equilibrium multiphase systems. The complexity of
these systems makes quantitative studies of dynamic physiochemical processes on a
microscopic level difficult. To minimize the degree of complexity microfluidic tools
are applied to produce and arrange calibrated emulsion droplets on a microarray. In
this manner emulsions are simplified down to a level where the chemical composition
and the microenvironment of each droplet is precisely controlled. The introduction of
these ‘minimal emulsions’ provides new methods to access fundamental information
about mass transport processes between emulsion droplets.

In this chapter the transport of fluorophores between two populations of droplets
arranged in an alternating order on a one-dimensional array is investigated. In-
creasing the spacing distance between the droplets is slowing down the transport
process as predicted by a diffusion-limited model describing the mass transfer by a
purely diffusive transport through the continuous phase. The timescale of the pro-
cess is inversely proportional with the surfactant concentration reflecting the fact
that the solubility in the fluorinated oil is mediated by surfactant molecules. The
methodology furthermore provides a measurement of the translational diffusion co-
efficient of the fluorophores in the continuous phase. We obtain a value of about
8x107 em? s7! suggesting that the fluorophore transport occurs via assemblies
of surfactant molecules. Furthermore an approach to actively feed droplets with
chemicals contained in neighboring droplets is suggested. This targeted delivery
strategy is based on the use of additives and provides a simple solution to program

the transport of compounds to droplet microreactors.

4.2 Introduction

In chapter 3, the dynamics of molecular transport in emulsion were investigated.
Although the application of microfluidic tools allowed the production of calibrated
emulsion droplets and the precise temporal measurement of solute concentrations
in single droplets, the rate-limiting step of transport could not be directly identi-
fied with this approach. In fact, experimentally accessing the rate-limiting step of
mass transport in emulsion is not straight-forward. In literature recent theoretical
models suggested that the rate determining step is either the transport of molecules

across the droplet boundary [77] or alternatively the diffusion through the contin-
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uous phase [76] for water-in-hydrocarbon-oil emulsions. Although, naturally this
might depend on the specific emulsion system and mass transport process that is
considered, there is no common agreement on whether a significant energy barrier
for molecules crossing a surfactant-stabilized interface exists.

To experimentally access such fundamental information the microenvironments
of the droplets must be precisely controlled to allow quantitative analysis. In this
context the concept of ‘minimal emulsions’, made of an assembly of monodisperse
droplets with defined order, composition and center-to-center distances, is intro-
duced. In contrast to classical approaches where emulsions are created in a top-
down manner by e.g. bulk or membrane emulsification, these minimal emulsions
are constructed in a bottom-up way using microfluidic tools. Here the complexity
of the emulsified system is reduced down to a level where the microenvironment of
each droplet is precisely controlled: both composition and size of each droplet as
well as the packing of the emulsion is fully controlled. By controlling all geometrical
aspects, the complexity of the resulting emulsion is reduced to its minimum set of
relevant parameters. Such a level of control is unreachable in bulk emulsification.
By arranging trains of droplets with alternating distinct properties on a predefined
array, the kinetics of equilibration are drastically simplified. Further by varying the
distance between the droplets, fundamental information on the mechanisms of the
mass transfer process, such as the rate-determining step of transport, are becoming
experimentally accessible. The obtained information is applied to design effective

strategies for the control of solute concentrations in emulsion droplets.

4.3 Minimal emulsions

Emulsions are usually prepared by applying external forces to a mixture of oil and
water to disperse one fluid into the other. When co-flown in a microfluidic en-
vironment, the homogeneous shearing of the liquids results in the production of
highly monodisperse emulsion droplets. While following the microfluidic approach,
the size of the droplets is precisely adjusted, other aspects affecting the timescale
of physicochemical processes in emulsions, such as droplet spacing distance, system
dimensionality or droplet order, are experimentally hardly controllable. Due to the
lack of control on these parameters only a limited insight into the mechanism of mass
transport processes can be achieved. Until now the rate determining step of molec-

ular transport in water-in-oil emulsions has not been experimentally unambiguously
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00008 e0e

Figure 4.1: Schematic of the structure of a minimal emulsion. One dimensional row of
droplets with alternating properties. The array can be expressed as the sum of identical
microenvironments with the given geometrical characteristics: r as the droplet radius, d.
as the centre-to-centre distance between the droplets and d, as the distance between the
interfaces in the direction of x being a function of direction y.

identified. Often it is assumed that the transport of molecules across the phase
boundary is rate limiting the mass transfer between the droplets. This viewpoint is
supported by recent results from numerical simulations [77]. However, the experi-
mental results presented in chapter 3 for a water-in-fluorinated-oil emulsion suggest
that the diffusion of solutes through the continuous phase is the rate determining
step of transport.

To clarify the mechanism of mass transfer, microfluidic tools were developed,
allowing to arrange calibrated emulsion droplets on a microarray in a controlled
manner. In contrast to earlier approaches, in these ‘minimal emulsions’ spacing dis-
tance and order of the droplets can be controlled. The simplest emulsion system for
such a study is a one-dimensional array of droplets with alternating properties. Such
a ‘minimal emulsion’ behaves as the superimposition of identical microenvironments
(figure 4.1), or in other terms, the behaviour of a one-dimensional droplet array with
alternating properties is an eigenmode of the discrete Laplace equation of diffusion.

Three basic operations are required for creating the presented type of emulsion:
(I) Production of a train of monodisperse droplets with alternating properties, (II)
On-demand direction of droplets towards an experimental zone, (IIT) Controlled im-
mobilization of droplets. For an alternating droplet production a geometry with two
opposing T-junctions was selected. When one of the aqueous fluids is advancing
into the cross-section, the other stream is hindered resulting in a reliable produc-
tion of droplets with alternating properties [152-154]. To implement a function for
on-demand direction of droplets, hydrodynamic flow switching was applied. Here

the fluid flow is split up into two microfluidic channels of different width. In the
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absence of any additionally applied pressure, the droplets will be directed towards
the wider microfluidic channel due to a lower hydrodynamic resistance [13]. How-
ever, by increasing the pressure level in the wider microfluidic channel, droplets can
be directed towards the narrower channel. The alternating droplet order resulting
from production remains unaffected in this case. For the immobilization of droplets
in microfluidic environments several techniques have been suggested [45-49]. Re-
cently it was shown that droplets can be trapped and guided along gradients of
surface energy [50-52]. This principle is based on the fact that droplets created in
microfluidic environments are typically squeezed and therefore holes fabricated into
a microchannel can act as anchors while grooves can act as rails for guiding droplets
due to the reduction in surface energy. Making use of this principle a surface en-
ergy landscape made of rails and traps, where droplets can buffer each other from
one towards the next local minimum in surface energy, was designed. In combina-
tion the presented microfluidic tools allow a controlled immobilization of droplets

with alternating properties and defined spacing and hence the creation of ‘minimal

emulsions’.
4.4 Materials and methods
4.4.1 Chemicals

Droplets partially containing resorufin sodium salt (Sigma Aldrich) and in some cases
sodium chloride (Sigma Aldrich) were produced in fluorinated oil (HFE-7500, 3M)
and stabilised against coalescence by a home made block-copolymer surfactant. The
surfactant was prepared from Krytox (157-FSH, Dupont) and Jeffamine polyether
diamines (ED 600, Huntsmann). The synthesis scheme was based on the synthesis
described in Holtze et al. [139].

4.4.2 Microfluidic device fabrication

Chips were made of Norland Optical Adhesive 81 (NOAS81). Briefly, a positive SU-8
mold is made by 2-layer photolithography to fabricate a negative PDMS stamp by
replica molding. A drop of NOAS] is deposited on the patterned PDMS substrate.
For curing, the liquid film is covered with a blank PDMS substrate and exposed to
UV light (4 minutes, Polylux PT, Dreve). For fluidic connection, holes are punched
into the crosslinked NOAS81 layer (Harris Uni-Core Punch, 0.75 mm). Subsequentely,
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the layer is sticked to a glass substrate, which was previously coated with a thin, spin
coated layer of NOAS1 glue (500 rpm) and then crosslinked improving the bonding
of the patterned NOA structure to the substrate. Ports (Upchurch) are glued on
top of the punched holes. A second layer of NOA81, made in the same way is put in
contact with the first layer to provide overlying microfluidic chambers that can be
filled with water during the experiment. The completed chip is exposed to UV light
for 40 minutes. To treat the internal channel surface fluorophilic, Aquapel (PPG

Industries) is flown through the microchannel.

4.4.3 Hydrodynamic switch

Droplets are produced in an alternating order in a microfluidic cross section by
coflowing two aqueous streams with a stream of fluorinated oil (HFE7500) contain-
ing surfactant (1 wt%, 2 wt% or 5 wt%) as shown in figure 4.2. The following delay
line is designed to allow surfactant adsorption and to increase the hydrodynamic
resistance. This increase in resistance is essential as pressure variations in other
parts of the microfluidic chip would otherwise have a tremendous effect on droplet

production. At the hydrodynamic switch, droplets can either flow through a wide or
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Figure 4.2: Working principle of the applied hydrodynamic switch. (Left) Droplets
follow the path of lower hydrodynamic resistance towards the wider switch channel in the
absence of any additionally applied pressure. (Right) Droplets pass through the narrow
switch channel and are directed to the experimental zone as a result of an increased
pressure in the wider microfluidic channel.
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a narrow microfluidic channel. In the absence of any additionally applied pressure
droplets follow the path of lower hydrodynamic resistance through the wider mi-
crofluidic channel. When a sufficiently high pressure is applied in the wider channel,
droplets pass through the narrow channel and are directed to the experimental zone.
The typical pressures levels applied for droplet production were 280 mbar for each
aqueous phase and 260 mbar for the fluorinated oil phase. When the pressure level
in the wider microfluidic channel is increased to above 110 mbar, all droplets pass

through the narrow microfluidic channel.

4.4.4 Device operation

A pressure driven pump (Fluigent, MFCS-8C) was used to control the fluid flows in
the microfluidic device (figure 4.3). For droplet production, two aqueous solutions
were co-flown with the fluorinated oil containing a distinct concentration of surfac-
tant (1 wt%, 2 wt% or 5 wt%). A stable alternating droplet production is obtained
when applying a pressure level of 280 mbar for each aqueous phases and a pressure
of 260 mbar for the oil phase. For an on-demand delivery of droplets towards the
experimental zone of the microfluidic chip, a hydrodynamic switch was applied. By
controlling the pressure level in one arm of this switch, the delivery of droplets to-
wards the experimental zone can be efficiently switched on and off. Until applying

an additional pressure of up to 110 mbar all droplets are directed towards the wider
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Figure 4.3: Sketch of the microfluidic device used to create ‘minimal emulsions’. (a) Mi-
crofluidic chip design for the controlled immobilization of droplets with alternating prop-
erties in one-dimensional microarrays. A and B are inlets for the two aqueous streams,
the fluorous phase is introduced at inlet C. E is used to control the pressure level at the
hydrodynamic switch and can act as both inlet and outlet. Droplets flowing through
the experimental zone are leaving the chip through outlet D. (b) Three-dimensional view
on the experimental zone. Droplets are trapped in wells of surface energy. The spacing
distance between the droplets varies for each row.
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Figure 4.4: Schematic of the construction of minimal emulsion. (a) Three dimensional
view (left) and top and side view of a typical surface energy landscape (right). (h.=20
pm, h,=15 pm, w,=20 pm, w;=80 pm, w,=100 pum, [ varies between 6 and 36 pm). (b)
Working principle of the experimental zone. Droplets buffer each other from one towards
the next local minimum in surface energy (sequence frame rate: 10 frames per second)

microfluidic channel and do not enter the experimental zone. When increasing the
pressure to about 130 mbar, the behaviour is inverted such that all droplets are di-
rected towards the experimental zone of the chip. Here they buffer each other from
one towards the next local minimum in surface energy (see figure 4.4). Lowering the
switch pressure to 50 mbar will lead to an immediate stop of the delivery of droplets
towards the experimental zone. However, the remaining pressure difference between
the inlets and outlets results in a flow, such that the droplets are still buffering
each other from one local minium in surface energy to the next one. As a result,
no droplets will be immobilized in between the local minima of surface energy. By
coupling several microarrays with each other, trains of droplets were immobilized
in 5 independent one-dimensional microarrays, each with varying distances between
the droplets (1, 4, 10, 15 and 30 pum edge-edge distance). Each microarray consists
of 13 to 15 droplets (figure 4.5).

4.4.5 Fluorescence measurement and data processing

Images were taken every 5 minutes with a digital camera (Canon, EOS D600).
A light emitting diode (CoolLED pE-2, 550 nm) was used for excitation of the
fluorophores. The camera and the LED were synchronized and triggered with a
home made LabVIEW program. The recorded intensity in the red channel was
found to be proportional with the dye concentration in the relevant range (0.1 - 100

uM). Images were analysed with home made scripts using MATLAB.
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(b)

Figure 4.5: Multiple coupled one-dimensional droplet arrays. (a) White light picture
of a train of droplets with alternating properties running through the experimental zone,
composed of several coupled one-dimensional droplet arrays. The arrows indicate the fluid
flows. (b) Combined white light and fluorescence picture of immobilized droplets in the 5
microarrays with varying droplet spacing distances.

4.4.6 Partition coefficient measurement

The partition coefficient between the aqueous and the fluorinated phase was deter-
mined by the shake flask method. 500 uL. of HFE-7500 with a distinct concentration
of surfactant (0.5 - 5 wt%) and the same amount of millipore water containing 100
M of resorufin sodium salt and additionally in some cases sodium chloride (0 - 25
mg/mL) dissolved in millipore water were put into contact in a glass vial. Careful
pipetting ensures that no emulsification is obtained. The mixture of the two liquids
is incubated for at least 72 hours. The partition coefficient is calculated by mea-
suring the change in fluorescence intensity of the aqueous phase with a microplate

reader (Spectra Max Paradigm, Molecular Devices).

4.5 Experimental results and discussion

In all experiments the transport of fluorophores between two populations of droplets
immobilized on a microfluidic chip is observed. While all droplets are equivalent in
size, only one population is initially fluorescent (resorufin sodium salt, 100 pM).
The droplets are arranged in an alternating order on one-dimensional microarrays
resulting in an emulsion with simple identical microenvironments. The dynamics
of fluorophore transport from initially "filled” towards initially "empty” drops are
accessed by analysing a time sequence of fluorescence images (figure 4.6).

The intensity of the emitted fluorescent light was found to be proportional with
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the fluorophore concentration in the relevant concentration range between 0.1 and
100 uM. Hence the concentration of the fluorophores in single droplets can be quan-
tified in a straight-forward way by analysing the fluorescence intensity. Fluorescence
images are taken every 5 minutes until the fluorophore concentrations between the
two populations are equilibrated. As the sum of intensity over all droplets stays
constant during the experiment, a significant effect of photobleaching or chemical
modification of the fluorophores is excluded.

Considering the fact that mass transfer between droplets spaced by the oil phase
is observed, it can be concluded that the mechanism of fluorophore transport includes
the following steps: (I) Diffusion of fluorophores towards the water-oil interface. (II)
Partitioning of fluorophores from the aqueous towards the oil phase. (III) Diffusion
of fluorophores through the oil phase towards a neighbouring droplet. (IV) Parti-
tioning of fluorophores from the oil towards the aqueous phase. The observed rate
of transport is determined by the rate-limiting step. However, from observing mass
transfer in a single microarray it can not be concluded which step is rate limiting
the transport.

To decouple potentially rate limiting steps from each other, several microarrays
with varying spacing distances between the droplets were observed simultaneously.
The decoupling is based on the idea that the spacing distance between the droplets
is affecting the timescale of transport through the continuous phase (step III) while
the timescale of the transport across the droplet interface (step II & IV) remains

unaffected.

Time

Figure 4.6: White light picture and time sequence of fluorescence pictures of a minimal
emulsion. Top: white-light picture of an immobilized row of droplets spaced by 4 pm.
Bottom: Time sequence of fluorescence images of an immobilized row of droplets (0, 1.5,
3, 6, 12 and 24 h after immobilization)
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(a) (b) (c)

Figure 4.7: Time sequences of fluorescence pictures (0, 1.5, 3, 6, 12 and 24 h after
immobilization) of minimal emulsions with varying droplet spacing distances. Edge-to-
edge droplet spacing distance varies as (a) 1 pm, (b) 10 um, (c) 30 pm.

With the minimal emulsion approach, it is experimentally unambiguously shown,
that the timescale of the transport process is dependent on the spacing distance
between the droplets (figure 4.7). The rate of transport increases with decreasing
droplet spacing distance, which suggests that the transport through the continuous
phase (step III) is rate limiting the transfer of fluorophores between the droplets.

For all investigated droplet spacing distances, including cases where the droplets
are separated by a several pym thick oil layer and cases where the droplet interfaces
are pushed into close contact, an exponential decaying behaviour is observed (figure
4.8). In chapter 3 it was shown that the spatial organization of droplets has a major
influence on the exchange dynamics. In that study, the dynamics of equilibration in
an emulsion with randomly distributed microenvironments did not follow a simple
exponential decay but was slowed down to a power-law. In contrast, here an expo-
nential decay over the whole relaxation dynamics is found, reflecting the fact that
the emulsion is made of identical microenvironments.

To understand the influence of the droplet spacing distance on the timescale of
transport an analytical model, where it is assumed that the transfer of fluorophores
from one droplet to another is entirely rate limited by the diffusive transport through
the continuous phase, was developed. For simplicity it is approximated that the
immobilized droplets have the shape of cylinders. Due to the symmetrical structure
of the emulsion, the relaxation dynamics of the whole droplet array is identical with
a single self-contained microenvironment as shown in figure 4.1. Here, the molar flux
of fluorophores J between the two aqueous reservoirs can be described with Fick’s

first law as the product of concentration gradient ﬁ—; and the diffusion coefficient D.
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Figure 4.8: Characteristics of molecular transport in minimal emulsions. (a) The exper-
imentally observed exponential decay of the normalized concentration difference Ac/Acy
between the two populations of droplets is recovered by an exponential fit with a timescale
T as a fitting parameter. The inset shows the equilibration of the fluorophore concentra-
tions. One population of droplets initially contains 100 pM resorufin sodium salt (orange)
while the other population consists of millipore water (green). (b) Relaxation dynamics
of 5 one-dimensional droplet microarrays with varying droplet spacing distances d.. The
edge-to-edge distance between the droplets varies as 30 pm (black), 15 pm (red circles),
10 um (blue circles), 4 um (pink circles) and 1 pum (olive circles). The relaxation in every
array can by recovered by an exponential fit with timescale 7 as fitting parameter (dashed
lines).

To give respect to the fluorophore concentration in the oil phase the partitioning
coefficient K between the oil phase and the aqueous phase has to be taken into

account.

Ac(t)
Ax

In this diffusion limited approach, chemical equilibria across the interfaces are present

J(t)=-KD (4.1)

at all time. K is here defined as the quotient of the fluorophore concentrations in

the oil c.q i and the aqueous phase cgg 44 in equilibrium:

K = oot (4.2)

Ceq,aq

The distance d, between the interfaces of droplets, in the direction of the flux z, can

do(y) = de = 2/12 — 12 (4.3)

With d. as the centre-to-centre distance between the droplets and the droplet radius

be described as:
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4.5. EXPERIMENTAL RESULTS AND DISCUSSION

r. With equation (4.1) and (4.3), the molar flux is expressed as the sum of all

infinitesimal fluxes of the elements dy:

r 1

1
J(t)=—K D Ac(t) — d 4.4
(v 05 | (1.4
After integration the following expression is obtained:
d. (7r + 2 arctan —=~ 2) — Ty /d2 — 4r?
J(t) = —K D Ac(t) VAT (4.5)

i JB —ar

To propose a time-independent parameter that reflects the rate of fluorophore ex-
change, the permeability P as the quotient of —J(¢) and Ac() is introduced (see
section 2.3.3 ‘Solute transport’). The permeability is inversely proportional to the

timescale of transport.

d <7T + 2 arctan —=2= — m/d? — 4r?
¢ N/ d2—4r? ¢

dry/d? — 4r?

The resulting expression describes the dependency of the permeability P on the

P=KD (4.6)

centre-to-centre distance d. between the droplets for the presented one-dimensional
droplet array. The permeability as a function of d. rescaled by the droplet diameter
2r is shown in figure 4.9. Experimentally the permeability is accessed by calculating
the quotient of the molar flux of fluorophores J(t) and the concentration difference
Ac(t) obtained by analysing the recorded time sequence of fluorescence images. The
timescale of fluorophore transport respectively the permeability of the system is,
besides the spacing distance between the droplets, also influenced by the partitioning
coefficient K and the diffusion coefficient of the fluorophores in the oil phase D. To
be able to fit the experimentally obtained data with the theoretical description,
the partition coefficient between the oil and the aqueous phase was measured by
the shake-flask method via Vis-spectroscopy. In a first approximation, a linear
relationship of K with the surfactant concentration is found (figure 4.10), which
confirms that surfactant molecules mediate solubility in the fluorinated oil. Being
able to experimentally access the partition coefficient K, the experimental data are
fitted with the theoretical prediction for the permeability (eq. 4.6) with the diffusion

coefficient D as a fitting parameter.
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Figure 4.9: Permeability of the membrane separating two droplets in a diffusion limited
model as a function of the droplet spacing distance. The permeability diverges for touching
droplets (d./2r = 1). The asympotic scaling shows a -1/2 power law exponent for touching
droplets and a -1 exponent for spaced droplets (d./2r — o).
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Figure 4.10: Correlation of experimentally obtained and theoretically predicted values
for the permeability as a function of droplet spacing distance. Left: Theoretical descrip-
tion (dashed lines) and experimentally observed values (circles) for the permeability P
as a function of the centre-to-centre distance between the droplets d. normalized by the
droplet diameter 2r. Three data sets are shown corresponding to different surfactant con-
centrations. The error bars correspond to the standard deviation resulting from three
independent experiments. Right: Partition coefficient of resorufin sodium salt between
the fluorous phase and the aqueous phase measured via shake flask method as a function
of surfactant concentration.

66



4.5. EXPERIMENTAL RESULTS AND DISCUSSION

In all investigated cases, the obtained experimental data fit well with the an-
alytical expression (equation 4.6) describing the transport as rate limited by the
diffusive transport through the oil phase. Hence, the transport of fluorophores is
rate limited by the diffusion of fluorophores through the oil phase rather than by the
transport across the droplet interface. As a consequence and in agreement with Dun-
stan et al. [76], no significant energy barrier influencing the timescale of exchange
for molecules crossing the droplet interface exists - at least in the here investigated
case.

The permeability of the system, as a function of the droplet spacing distance,
was measured for three different concentrations of surfactant (1 wt%, 2 wt% and
5 wt%). In agreement with the results presented in chapter 3, the permeability
respectively the rate of transport is found to be proportional with the surfactant

concentration.

Furthermore, the fitting yields in all cases a diffusion coefficient of about 1078 m? s~

The translational diffusion coefficient D of a spherical particle with a radius R in

liquids at low Reynolds numbers is estimated by the Stokes-Einstein equation:

kgT
D= 4.7
6™ R (47)

with the Boltzmann constant kg = 1.38x 1072 J K~1, the dynamic viscosity n of
the medium of n = 1.24 cP (HFE7500, 3M) and the absolute temperature 7', which
was in all experiments about 294 K. Under these conditions the diffusion coefficient
of a single fluorophore molecule with a diameter of about 1 nm is estimated to
be D = 3,5 x 107% ecm?s™!. In agreement with literature values for surfactants of
the same type and in the same solvent [122,138], the average diameter of surfactant
assemblies, measured by dynamic light scattering is about 250 nm as shown in figure
4.11.

The corresponding average diffusion coefficient of surfactant assemblies with such
dimensions is estimated to be 1,4 x 10~® cm? s~!. The measured diffusion coefficient

2 57! correlates well with the expected value

in minimal emulsions of about 107% cm? s~
for surfactant assemblies. Hence, the obtained results suggest that the fluorophores
are diffusing through the fluorous phase as part of surfactant assemblies.

In agreement with the results obtained in chapter 3, it is concluded that as-
semblies of surfactant molecules such as reverse micelles or vesicles are providing

a nanoscopic environment for the solubilization of organic molecules in fluorinated
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Figure 4.11: Size distribution of surfactant assemblies at surfactant concentrations of 1
wt%, 2 wt% and 5 wt% in HFE 7500 determined by dynamic light scattering.

oils, which ultimately results in cross-talk between droplets. Further it was demon-
strated that the mass transfer of small organic molecules such as resorufin sodium
salt in fluorinated emulsions is rate limited by the diffusion through the continuous
phase rather than by the transfer across the droplet boundary. Therefore increasing
the spacing distance between droplets is an efficient strategy to reduce cross-talk be-
tween droplet microreactors while strategies focusing on slowing down the transport

of molecules across the droplet interface might be less effective.

Having the mechanism of mass transfer clarified, methods to control the trans-
port of chemicals in emulsions are considered. The partition coefficient between the
aqueous and the fluorinated phase is an important parameter affecting the rate of
transport. This parameter is influenced by altering the surfactant concentration or
alternatively by the addition of chemicals to droplets. For example Bovine serum
albumin (BSA) can be added to slow down the rate of transport. The protein is act-
ing on the partitioning behaviour of the dye such that droplets containing BSA will
enrich with fluorophore molecules while droplets not containing the protein become
impoverished (see chapter 3). The solubility of organic molecules in an aqueous
medium can also be altered by the addition of inorganic salts [155]. The decrease
of the aqueous solubility of organic molecules in the presence of inorganic salts such
as sodium chloride is commonly known as the "salting out” effect. The addition of
sodium chloride results in the formation of hydration shells around the inorganic
ions, which effectively reduces the availability of water molecules dissolving other
molecules. As a result the aqueous solubility of fluorophores decreases with increas-
ing sodium chloride concentration. That principle was used to alter the partition

coefficients of the solutes such that a scenario is created, where an almost complete
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4.5. EXPERIMENTAL RESULTS AND DISCUSSION

transfer of fluorophore molecules from a first towards a second population of droplets

is obtained (figure 4.12).

As presented before, droplets are immobilized in an alternating order on an
one-dimensional microarray. The two droplet populations are now initially not
only different in the concentration of fluorophores but also in the concentration
of sodium chloride. Droplets initially containing fluorophores are additionally con-
taining sodium chloride (1 to 25 mg/mL). The other droplet population initially

neither contains fluorophores nor sodium chloride.

Under such conditions, the fluorophore molecules enrich in droplets that do not
contain sodium chloride. Hence, an almost complete transport of fluorophores from
a first towards a second population of droplets is obtained. Hence, the value for the
concentration difference Ac normalized by the initial concentration difference Acy
is changing from +1 to approximately -1 with time (figure 4.13a). As expected, in
the presented ‘minimal emulsions’, the dynamics of the fluorophore transport are
described by an exponential law. However, it is assumed that the equilibration of
sodium chloride concentrations between the droplet populations results in equal so-
lute concentrations in all droplets, occurring on a much longer timescale than here
the investigated fluorophore transport. Furthermore the variety of solute concentra-
tions among the droplets is expected to result in a net transport of water molecules
between the populations. However, here no significant effect of an osmotically driven

water transport was observed on the timescale of the experiment. The transport of

Time

Figure 4.12: Fluorophore transport in minimal emulsions modified with additives. While
one droplet population initially contains fluorophores (Resorufin sodium salt 100 xM) and
sodium chloride (10 mg/mL), the other droplet population does not contain any solutes.
Top: white-light picture of an immobilized row of droplets spaced by 15 um. Bottom:
Time sequence of fluorescence images (0, 0.5, 1, 1.5, 2, 2.5 and 3 h after immobilization).
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CHAPTER 4. MOLECULAR TRANSPORT IN ‘MINIMAL EMULSIONS’

water between droplets, driven by different solute concentrations, is investigated in
chapter 5. Due to the dependence of the partition coefficient on the concentration
of sodium chloride, the transport process is accelerated with increasing salt concen-
tration. As predicted by equation 4.6 the measured permeability of the system is

proportional to the partition coefficient (figure 4.13b).

In conclusion, additives such as sodium chloride or bovine serum albumin affect
the rate of transport of organic molecules in emulsions by acting on the partition
coefficient. Heterogeneously distributed among the emulsion droplets, the use of
additives allows to influence the transport dynamics and the temporal distribution
of organic molecules. Hence, controlling the concentrations of additives or combina-
tions of additives opens new ways to temporally program the composition of droplet

microreactors.

The use of additives is one approach to temporally control solute concentrations
in emulsion droplets. Another way is to control the chemical consumption of the
continuous phase. Driving the system out of equilibrium by abruptly changing the
solute concentrations in the continuous phase will result in an uptake respectively

release of solutes from the droplets as a consequence of the equilibration process.
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Figure 4.13: Influence of additives on the characteristics of fluorophore transport in
minimal emulsions. (a) Dynamics of fluorophore transfer between the droplet populations
described by an exponential law with the timescale 7 as a fitting parameter. Inset: fluo-
rophore concentrations in the two populations as a function of time. One population of
droplets initially contains 100 uM resorufin sodium salt and 10 mg/mL sodium chloride
(filled circles) while the other population consists of millipore water (empty circles). (b)
Linear dependency of the permeability P on the partitioning coefficient K. The partition-
ing coefficient was altered by adding various amounts of sodium chloride to the aqueous
solution.
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4.5. EXPERIMENTAL RESULTS AND DISCUSSION

Such an approach was demonstrated by controlling the fluorophore concentration in
the environment of an immobilized droplet (figure 4.14).

Fluorophores were transferred into the fluorous phase by phase partitioning in
the presence of surfactants before each experiment (shake flask method as described
in section 4.4.6). The droplets were immobilized with the help of circular wells in

the microchannel (‘anchor’, see section 2.2.2) having a diameter of 40 pm. Expos-

e [ roplet interface

p— [ roplet anchor

it

; Flow exposed |,
PDMS to droplet PDMS

Figure 4.14: Schematic representation of the control of the chemical composition of a
droplet by controlling the composition of the continuous phase that the droplet is exposed
to. Droplets are immobilized with the help of a circular channel depressions (‘droplet an-
chors’) and exposed to a flow of the continuous phase with a specific chemical composition.
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Figure 4.15: Uptake of resorufin sodium salt of an immobilized droplet exposed to a
continuous flow (0.2 pL/min) of a fluorophore containing fluorous phase (1 wt% surfac-
tant, exposed to 100 M resorufin sodium salt). (a) Time sequence of fluorescence images
demonstrating the temporal increase of the fluorophore concentration in the immobilized
droplet. Droplet diameter corresponds to 100um. (b) The fluorophore concentration ¢ as
a function of time t is shown. The experimentally obtained data fit with an exponential
asymptotic function with 7 as a fitting parameter and ¢y as the intial fluorophore concen-
tration in the aqueous phase (here 100 xM). The fluorophore concentration in the droplet
was determined by calibration of the fluorescent signal with the fluorescence intensity.
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ing a droplet, initially not containing fluorophores, to a flow of the fluorous phase
containing fluorophores results in the uptake of fluorophore molecules as illustrated
by a temporal increase of the droplets fluorescent signal (figure 4.15).

The timescale for the fluorophore uptake under the given conditions (~ min-
utes) is significantly smaller than the timescale measured for the exchange between
droplets (~ hours) reflecting the fact that the transport of fluorophores between
droplets is rate limited by their diffusion in the continuous phase and not by the
transport across the droplet interface. Hence, constantly renewing the environment
of a droplet by exposing it to a constant flow, results in an accelerated fluorophore
uptake. The transport may here be considered as an equilibration between two fluid
reservoirs, where one (the continuous phase) posses a constant fluorophore concen-
tration. Hence, the dynamics of transport are still recovered by an exponential fit.
Addressing individual droplets is achieved by locally controlling the solute concen-

trations in the continuous phase. Figure 4.16 shows a proof of principle experiment.

(a)

(b)

Time

Figure 4.16: Proof of principle experiment demonstrating the ability to control the com-
position of individual droplets. (a) Schematic representation of the conducted experiment
for targeted delivery. Droplets, initially not containing any fluorophores, are immobilized
in wells of surface energy and each is exposed to an individual flow of the continuous
phase containing either fluorescein sodium salt (green arrows) or resorufin sodium salt
(orange arrows). (b) Time sequence of fluorescence images (0, 30, 60 and 90 seconds after
the droplets were exposed to the fluorophore containing fluorous phase). The continuous
phase was in each case comprised of HFE 7500 containing 1 wt% of the PFPE-Jeffa600-
PFPE surfactant (see section 3.3). Each droplet was exposed to a flow rate of 0.2 pL/min
of the fluorous phase containing either fluorescein sodium salt or resorufin sodium salt.
The droplet diameters correspond to 100 pm.
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Here, four droplets are immobilized next to each other in a microfluidic channel. In
the laminar flow regime each droplet might be exposed to a different environment.
Concretely, two droplets were exposed to a fluorous phase containing fluorescein
sodium salt, the other droplets were exposed to a fluorous phase containing resorufin
sodium salt. To illustrate that such a strategy is suited for the targeted delivery of
molecules to droplets, these fluid flows were exposed in an alternating order. The
selective uptake of fluorophores, corresponding to the presence of the respective flu-
orescent molecules in the fluorous phase, is obtained. Hence, the approach allows

for a dynamic control of the concentration of compounds in individual droplets.

4.6 Conclusion

In this chapter ‘minimal emulsions’ were introduced. With the help of microfluidic
tools, calibrated droplets were produced, ordered and spaced in a controlled manner
such that emulsions with a precisely defined microstructure are obtained. Investigat-
ing such systems allows to directly experimentally access fundamental information
about molecular transport processes in emulsion on a microscopic level.

It was demonstrated that the transport of fluorophores in the investigated water-
in-fluorinated-oil emulsion is rate limited by the diffusive transport through the
continuous phase supporting the model of Dunstan et al. [76], where no significant
energy barrier for solutes crossing a droplet interface exists. As a consequence and
in contrast to the calculations of Chen et al. [77], the properties of continuous phase
are expected to affect the rate of solute exchange between emulsion droplets. Hence,
increasing the spacing distance between droplets is an efficient strategy to reduce
cross-talk between droplet microreactors. For such purpose, one approach is the
incubation of droplets in spatially separated wells of surface energy. Additionally,
the methodology allowed to determine the diffusion coefficient of the fluorophores in
the continuous phase, supporting a transport mechanism by assemblies of surfactant
molecules.

Understanding the mechanistic details of molecular transport in emulsion allows
to develop suited strategies to control the exchange of solutes between emulsion
droplets and to temporally control the chemical composition of droplet microreac-
tors. It was pointed out that the partitioning coefficient between the oil and the
aqueous phase is a key parameter to control the timescale of transport. Hence, using

additives, acting on the partitioning coefficient of solutes, is an effective strategy to
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influence the timescale of exchange between droplets. Furthermore a heterogeneous
distribution of additives allows to concentrate compounds in targeted droplets. In-
terestingly, such an approach also provides the tools to temporally program the com-
position of droplet microreactors by controlling the release and uptake of compounds.
Additionally, these findings are important for typical applications of droplet-based
microfluidics. Here the biological activity within droplets is coupled to a fluorescent
signal by biochemical assays [156,157]. However, it has to be taken into account
that the measured fluorescent signal is not only dependent on the performance of
the fluorometric assay but also on the individual solubility of the fluorophores in the
droplets.

An alternative approach to manipulate droplet compositions is to control the
consumption of the continuous phase. In such manner, compounds can be efficiently
delivered to emulsion droplets without the need to manipulate them individually.
This approach allows for example the constant delivery of nutrients to emulsion
droplets containing cells. Additionally, addressing droplets individually is enabled
by exploiting laminar flow in microfluidic environments.

In summary, these findings are not only relevant as a practical guideline to control
mass transport in droplet-based microfluidics but pave the way for a dynamic control

of droplet composition in emulsions.
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5 TRANSPORT OF WATER AND

INORGANIC IONS

Philipp Gruner and Jean-Christophe Baret

In chapter 3 and 4 the transport of organic solutes between emulsion droplets was
investigated. In this chapter, the developed methods are applied to investigate the
osmotically driven transport of water and the transport of magnesium ions between

emulsion droplets.
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CHAPTER 5. TRANSPORT OF WATER AND INORGANIC IONS

5.1 Abstract

The transport of water between two initially monodisperse droplet populations with
different solute concentrations is investigated. The mass transfer of the dispersed
phase results in significant changes of the droplet sizes and ultimately in a bidisperse
emulsion. The timescale of the transport process is found to be independent on the
surfactant concentration and dependent on the properties of the continuous phase,
giving rise to a transport mechanism by direct partitioning. The equilibration of
concentration differences among the droplets is found to take place by mass transfer
of water and solutes simultaneously. To quantify the transport of inorganic ions,
a fluorescent indicator, sensitive to the presence of magnesium ions, is used. The
experimental findings suggest that, depending on the characteristics and the con-
centration of the used surfactant, substantial fractions (> 90%) of the magnesium

ions are transferred to the continuous phase.

5.2 Introduction

Generally, the mass transport of water molecules in water-in-oil emulsions is ob-
served as a result of heterogeneities in the distribution of droplet sizes (Ostwald
ripening [53]) or heterogeneities in the chemical composition of the droplets (Os-
motically driven transport [158]). The transport either occurs by phase partitioning
and diffusion of water molecules through the continuous phase [54] or alternatively
through bilayers of surfactants forming between the droplets [65].

Recently, the osmosis-driven transport of water between emulsion droplets was
exploited to monitor biochemical processes occuring in droplets. For example the
metabolic activity of single cells was studied using such approach [158,159]. Here,
the underlying principle is that bioactivity in droplets lowers the solute concentra-
tions inducing a water flux towards droplets not containing cells. Hence, droplets
containing cells can be efficiently sorted from droplets without any bioactivity, for
example by deterministic lateral displacement [160]. Aside from being used to moni-
tor bioactivity in droplets and sort them accordingly, osmotically driven size changes
are also relevant for common droplet-based screening applications. Here, droplet vol-
ume variations result in the modification of fluorophore concentrations commonly
used to couple geno- and phenotype of a droplet. Hence the screening accuracy

might suffer from droplet size changes.
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5.3. MATERIALS AND METHODS

As the control of water transport processes between droplet microreactors be-
comes increasingly important, it is essential to understand the mechanism of water
mass transfer in such emulsions. Interestingly, there is no common opinion about the
mechanism in water-in-oil emulsions [54]. Some authors found that water transport
occurs mainly through the solubilization of water molecules in reverse surfactant
micelles [161,162], others proposed that the mass transfer occurs through hydrated
single surfactant molecules [163]. Furthermore, also mechanisms based on the dif-
fusion of single water molecules without the involvement of surfactants have been
proposed [164]. For water-in-fluorinated-oil emulsions it was hypothesized that water
transport takes place by diffusion of single water molecules [160] or alternatively by
solubilization in reverse surfactant micelles [165]. However, no experimental results

have been presented, supporting one of the two mechanisms.

In this chapter, to clarify the role of surfactants in mediating water transfer in
such emulsions, microfluidic tools, as introduced in chapter 3 and 4, are utilized.
The osmotically driven water transport as a result of heterogeneous concentrations
of inorganic ions among the droplets is investigated. However, it has to be consid-
ered that a simultaneous transport of water and the inorganic ions occurs as both
processes result in the equilibration of the chemical potentials in the emulsion. To
address the characteristics of the transport of inorganic ions, additionally the mass

transfer of magnesium ions is investigated.

5.3 Materials and methods

5.3.1 Chemicals

All aqueous solutions were prepared with deionized water (Milli-Q, Millipore). For
droplet encoding either a fluorescently labelled dextran (Dextran, Fluorescein, 3000
g/mol, Invitrogen) or fluorescently labelled microparticles (Fluoresbrite YG Micro-
spheres 2.00 pum, Polysciences) were used. Sodium chloride was purchased from
Sigma-Aldrich. The magnesium indicator was purchased from Invitrogen (Mag-
Fluo-4, Tetrapotassium Salt). The continuous phase was comprised of a hydrofluo-
roether (HFE-7500, 3M) or alternatively a perfluorinated oil (FC40, 3M) containing

a specific concentration of a non-ionic surfactant.
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5.3.2 Surfactant

In all experiments a home made non-ionic block-copolymer surfactant was used. The
surfactant was prepared from the commercially available fluorous carboxylic acid
Krytox 157-FSH (Dupont) and Jeffamine polyether diamines (ED 600, Huntsmann).
Surfactants from two different batches (batch 1 and 2) were used. The synthesis

scheme was based on the synthesis described in Holtze et al. [139].

5.3.3 Laser-based measurements

All laser-based measurements were performed in microfluidic devices with a chan-
nel depth 60 pm, produced with standard soft-lithography techniques. The devices
were made of PDMS that was bound to glass after oxygen plasma activation and hy-
drophobized using a commercial coating agent (Aquapel, PPG Industries). Droplets
were incubated in a collection vial as introduced in chapter 3. After droplet reinjec-
tion, the fluorescence signal of each droplet was measured as it was flowing through
the microfluidic channel using a laser-induced fluorescence setup (see chapter 3).
The laser spot size was focused to be only a few microns in diameter and hence
much smaller than both the droplets and the microfluidic channels, which have a
width of 100 pm. For each droplet, the maximum fluorescence intensity (fluorescein
signal) was recorded. The relative fluorescence unit RFU is here defined as the
measured voltage U rescaled by the Gain G as: RFU = U/G®3.

5.3.4 Measurements in ‘minimal emulsions’

Microfluidic chips for ‘minimal emulsions’ were made of Norland Optical Adhesive
81 (NOAS8I) as described in chapter 4. To treat the internal channel surface fluo-
rophilic, Aquapel (PPG Industries) is flown through the microchannel. Images were
taken with a digital camera (Canon, EOS D600). A light emitting diode (CoolLED
pE-2, 470 nm) was used for excitation of the fluorophores. The camera and the
LED were synchronized and triggered with a home made LabVIEW program. The
recorded intensity in the green channel was found to be proportional with the dye
concentration in the relevant range (0.1 - 100 xM). Images were analysed with home
made scripts using MATLAB.
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5.4 Experimental results and discussion

A similar technique as presented in chapter 3 is applied to access the dynamics of
water transport in emulsion. Two populations of monodisperse droplets are pro-
duced on a microfluidic chip and incubated off chip in a macroscopic vial. The
volume of the droplets is measured after re-injection of the droplets into the mi-
crofluidic chip. The water transport is driven by different concentrations of sodium
chloride among the droplets. To accurately determine the volume of the droplets,
fluorophores are added to the droplets. As the fluorophore concentration is inversely
proportional with the volume of the droplet, measuring the fluorescence signals of
the droplets as a function of time allows to access the dynamics of water transport
in a straight-forward way. However, that approach is relying on the assumption that
the fluorophore molecules are retained in the droplets and not released to the contin-
uous phase respectively exchanged between the droplets throughout the experiment.
In chapter 4 it has been shown that the presence of sodium chloride significantly
lowers the solubility of organic molecules in an aqueous phase and hence the rate of
exchange was found to be substantially enhanced. In fact, in the presence of high
concentrations of sodium chloride (100 mg/mL), fluorescein sodium salt was found
to be exchanged between the droplets on a relatively short timescale (~ minutes).
For this reason a fluorescently labelled dextran (Dextran, fluorescein labelled, 3000
g/mol, Invitrogen) was chosen as fluorophore encoding the size of droplets. No mass
transfer of these hydrophilic polysaccharides was obtained even in the presence of

high sodium chloride concentrations.

Among the two droplet populations, one contains sodium chloride (100 mg/mL)
and fluorescently labelled dextran (100 pM), while the other droplets consist of
deionized water. For the shrinking droplet population (deionized water), the mea-
surement of the fluorophore concentrations is not straight-forward. Below a critical
volume, the droplets are not confined between the channel walls anymore. In such a
case, the fluorescence signal is not accurately measured with the presented approach.
Therefore, fluorophores were only added to the population, whose droplet volume is

increasing with time (containing sodium chloride).

A decrease of the fluorescence signal of droplets containing sodium chloride is
observed, indicating an increase of the droplet volumes (figure 5.1a). Images taken

at different times after reinjection of the droplets confirm this finding (figure 5.1b).
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Figure 5.1: Measurement of osmotically driven water transport in emulsion. The trans-
port of water between two initially monodisperse populations of droplets is investigated.
While one populations initially contains sodium chloride (100 mg/mL) and fluorescently
labelled dextran (100 M) the other population consists of deionized water. (a) Full time
histogram (colorplot) of the fluorescence signal recorded over ~ 40 minutes in HFE-7500
with 1 wt% of surfactant of the droplets initially containing sodium chloride. No fluores-
cence signal was obtained for the other droplet population. (b) Combined fluorescence and
white-light image after droplet production (time = ¢y) and 5 minutes as well as 20 minutes
after incubation. Droplets containing fluorophores appear bright. Initial droplet diameters
correspond to 100 pm.

To investigate the role of the surfactant in the water transport process, the
dynamics were recorded for different surfactant concentrations (0.2 wt%, 1 wt%,
5 wt%). The volume of the droplets is assumed to be inversely proportional to
the measured fluorescence signal. The temporal increase of the droplet volume V
normalized by the initial droplet volume Vj is shown in figure 5.2a for different
surfactant concentrations. The timescale of the water transport process is found to
be independent on the surfactant concentration. Hence, the water solubility in the
continuous phase mediated by the surfactant is negligible. Instead, the obtained
results support a mechanism by direct partitioning as a result of a finite solubility
of water in the fluorinated oil (45 ppm by weight, value obtained from supplier
3M). When instead of the fluorinated oil HFE7500 an alternative fluorous fluid (FC-
40) is used, the water transport is significantly slowed down by a factor of ~ 2.5.
Interestingly, the viscosities of the two fluids differ approximately by the same factor.
The supplier states a viscosity of n = 1.24 c¢P for HFE7500 and n = 3.4 cP for FC40.
Rescaling by the viscosity results in a collapse of the experimental data as shown in
figure 5.2b.

80



5.4. EXPERIMENTAL RESULTS AND DISCUSSION

(a) 2,0 T T T T T (b) 2,0 T T g T T
18 o - 18 . -
o’ 00 A o
. w}‘&“ e ] ,,,-,;,-W:_« .
.#.. ) . o : ° v ‘I.: .
1,6 {4 d M 1,6 .
o o
S |2
&
14 e § 14 4
F . _
/” 0.2 wt% (HFE-7500) b, 0.2 wt% (HFE-7500)
12 . « 1.0 wt% (HFE-7500) o 12 « 1.0 wt% (HFE-7500) -
f’ e 5.0 wt% (HFE-7500) { e 5.0 wt% (HFE-7500)
I * 1.0 wt% (FC-40) | A 1.0 wt% (FC-40) |
1,0 . 1 L 1 " 1 I I 1,0 . 1 . 1 s 1 s 1 " 1

0 10 20 30 40 50 0 5 10 15 20 25 30

Time [min] Time/Viscosity [min/cP]

Figure 5.2: Volume increase of droplets containing sodium chloride by osmotically driven
water transport for different surfactant concentrations and in different fluorinated oils. The
data points correspond to the peaks of the Gaussian distributions. (a) Temporal increase
of the droplet volume V', normalized by the initial droplet volume Vj shown as a function
of surfactant concentration (0.2 wt%, 1.0 wt%, 5.0 wt%) in the fluorinated oils HFE-7500
and FC-40. (b) Temporal increase of the normalized droplet volume V/Vj rescaled by the
viscosity 1 of the continuous phase (HFE7500: n = 1.24 cP, FC40: n = 3.4 cP).

The dependence on the viscosity of the fluorinated oil suggests that the rate limiting

step of transport is the diffusion of water molecules through the continuous phase.

The osmotically driven water transport between droplets was also investigated
by applying the ‘minimal’ emulsion concept, introduced in chapter 4. Here, the
two droplet populations have been immobilized in an alternating order on a one-
dimensional microarray. The encoding of the droplet type was relying on fluorescent
microparticles present in the droplet type containing sodium chloride. The mass
transfer of water between droplets, spatially separated by the continuous phase, was
observed. Interestingly, when exclusively the transport of water molecules between
the droplet populations is considered, the population consisting of deionized water
is expected to dissolve completely as the absence of solutes as well as the decreasing
droplet size would result in a chemical potential of the water molecules constantly
being greater than in the droplets containing sodium chloride. However, stable
droplet sizes are obtained after about 12 hours of immobilization with the mini-
mal emulsion approach (figure 5.3) as well as for the quantitative measurement in
macroscopic emulsion after ~ 20 minutes of incubation indicated by the normalized
droplet volume V/Vj reaching a value of only ~ 1,7 (figure 5.2). If one population

completely dissolves into the other, the resulting droplet volume V' after equilibra-
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Time

Figure 5.3: Combined white light and fluorescence image of a one dimensional droplet
array. Droplets encoded with fluorescent microparticles (Fluoresbrite YG Microspheres
2.00 pm, Polysciences) contain 100 mg/mL sodium chloride. The other droplet population
consist of deionized water. The continuous phase consists of the fluorinated oil HFE7500
containing a surfactant concentration of 1 wt%. Images are shown after 0, 3, 6, 9, 12,
15 and 18 hours after droplet immobilization. Initial droplet diameters correspond to
approximately 80 pm.

tion of the chemical potentials is expected to be twice the initial droplet volume Vj,

corresponding to a value of 2 for V/Vj.

The equilibration of the chemical potentials, without one population completely
dissolving into the other, is explained when a simultaneous transport of sodium
chloride is considered. To characterize the transport of inorganic ions, the transport
of magnesium ions was investigated. To quantitatively determine its presence in
the droplets, a fluorescent indicator (Mag-Fluo-4 Tetrapotassium Salt, Invitrogen)
was used. The indicator is essentially non fluorescent in the absence of divalent
cations and strongly increases its fluorescence upon binding of magnesium ions. It
is sensitive to Mg*"-concentrations ranging from 0.1 to 10 mM (figure 5.4). The
indicator was chosen as it is, as a tricarboxylate, expected to be long-term retained
within the droplets due to the highly hydrophilic character.

The transport of magnesium ions between emulsion droplets was investigated
using the ‘minimal emulsion’ approach. Here, while one populations contains the

Mg?*-indicator (100 uM), the other population comprises magnesium sulphate (200
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Figure 5.4: Characterization of the fluorescent magnesium indicator (mag-fluo-4, Invit-
rogen). (a) Fluorescence emission spectra of the indicator (100 M) in the presence of
various concentrations of magnesium sulphate (0 to 50 mM). (b) The normalized fluores-
cence intensity Iy as a function of the magnesium concentration ¢j2+. Iy was obtained
by dividing the measured fluorescence intensity with the intensity in saturation of mag-
nesium (above 50 mM) at 524 nm. The experimental data fit with a rational function:

_ —2,38
In=1+ 5T ongar /5 cg corresponds to 1 mM.

mM) in deionized water. This approach allows to investigate the transport of mag-
nesium ions and the indicator simultaneously. While the transport of the inorganic
ions between the droplets results in an increase of the fluorescence signal in the
droplets containing the indicator, the transport of the indicator itself results in an

increase of the fluorescence signal in the droplets containing the inorganic salt.

Experimentally, an increase of the fluorescence signal of the droplets contain-
ing the indicator is observed, while droplets containing the inorganic salt remain
non-fluorescent throughout the timescale of the experiment (figure 5.5a). Hence,
while the indicator is efficiently retained within the droplets, the magnesium ions
are transported between the droplets. Surprisingly, the obtained increase of the flu-
orescence signal corresponds to an increase of the concentration of the magnesium
ions of only ~ 0.8 mM (figure 5.5b). As one droplet population was provided with a
significantly higher concentration of the inorganic salt (200 mM), it is assumed that

a major part is partitioned to the continuous phase.

To qualitatively validate this assumption an additional experiment was con-
ducted. Here, droplets initially containing indicator and magnesium sulphate were
produced on a microfluidic chip and the change of the fluorescence signal after
droplet production was examined. Droplets with different concentrations of magne-

sium sulphate (100 mM and 500 mM) were produced simultaneously in a microflu-
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Figure 5.5: Transport of magnesium ions between two droplet populations in a minimal
emulsion illustrated by a fluorescent indicator. (a) Combined white light and fluorescence
image (top) and fluorescence images (bottom) after 0, 10, 20, 30, 40 and 50 minutes of im-
mobilization. Throughout the experiment, no fluorescence signal is obtained in the droplet
population initially containing 200 mM of magnesium sulphate indicating that the fluores-
cent indicator is retained in the other droplet population. The increase of the fluorescence
signal of the droplets containing the indicator reflects the transport of magnesium ions
between the droplets. (b) Normalized fluorescence intensity Iy of the droplet population
containing the indicator as a function of time. The inset shows the corresponding temporal
increase of the magnesium concentration calculated with the calibration shown in figure
5.4b.

idic junction. The concentration of the fluorescent indicator was identical in both
populations (100 pM). A substantial decrease of the fluorescence signal after droplet
production is obtained for droplets containing 100 mM of magnesium sulphate, while
the fluorescence signal of droplets containing 500 mM of the inorganic salt remains
almost unaffected in the presence of 2 wt% surfactant (figure 5.6a). When lowering
the surfactant concentration to 0.2 wt%, this effect is significantly less pronounced
(figure 5.6b). Interestingly, a substantial decrease of fluorescence after droplet pro-
duction was only observed when specific batches of the surfactant were used. For
other batches, even in relatively high concentrations (2 wt%), no significant decrease

of the fluorescence signal was observed (figure 5.6¢).

It becomes clear that the decrease of the fluorescence signal after droplet forma-
tion is related to the characteristics and the concentration of the used surfactant.
It is standing to reason that the obtained decrease in fluorescence is a result of a
surfactant mediated mass transfer of magnesium ions to the continuous phase. In
fact, in other studies it was found that surfactants can facilitate the mass transfer

of inorganic ions from an aqueous to an oil phase [166,167]|. Here, such a transport
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Figure 5.6: Qualitative study of the mass transfer of magnesium ions to the continu-
ous phase during microfluidic droplet production. Fluorescence images are shown on the
left and the corresponding measured intensities before (dashed line) and after droplet for-
mation (full line) are shown on the right. Each aqueous phase contains 100 uM of the
fluorescent indicator mag-fluo-4 and either 500 mM and 100 mM of magnesium sulphate as
indicated in the images. (a) Droplet formation in the presence of 2 wt% of a KrytoxFSH-
Jeffa600-KrytoxFSH (batch 1) surfactant. (b) Droplet formation in the presence of 0.2
wt% of a KrytoxFSH-Jeffa600-KrytoxFSH (batch 1) surfactant. (c¢) Droplet formation in
the presence of 2 wt% of a KrytoxFSH-Jeffa600-KrytoxF'SH (batch 2) surfactant.

results in a decrease of the concentration of magnesium ions and hence in a decrease
of the fluorescence signal of the aqueous phase after droplet formation. The extent
of the immediate loss of the fluorescence signal of up to 80%, observed for droplets
initially containing a concentration of 100 mM of the inorganic salt suggests that
a substantial fraction (> 90%) is phase partitioned to the continuous phase. As
a consequence, relatively low concentrations of magnesium ions are present in the
aqueous droplets after equilibration of the chemical potentials confirming the results
of the ‘minimal emulsion’ approach. An alternative explanation for the decrease in

fluorescence signal after droplet formation is the quenching of the fluorophores by
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molecules partitioned from the oil to the aqueous phase. However, in such case one
would not expect the temporal increase of the fluorescence signal as shown in figure
5.0a.

Importantly, in this study it was shown that for different batches of surfactants
with the same structural formula ("KrytoxFSH-Jeffa600-KrytoxFSH’, see section 5.3
'Materials and Methods’) a highly diverse performance is obtained. It is assumed
that impurities remaining from the synthesis of these surfactants, specific for each
batch, highly affect its properties. This topic is investigated and discussed in detail

in the next chapter.

5.5 Conclusion

In this chapter, the osmotically driven transport of water between emulsion droplets
was investigated. As a consequence of the water transport, two initially monodis-
perse droplet populations with different solute concentrations, were undergoing sig-
nificant changes in droplet volume ultimately leading to a bidisperse emulsion. The
mass transfer of water was found to be independent on the surfactant concentra-
tion, but dependent on the properties of the fluorinated oil phase used, suggesting
that the transport of water molecules takes place by direct partitioning and diffu-
sion of water molecules through the oil phase. The droplet population consisting of
deionized water was not dissolving completely as a result of an exchange of solutes
between the droplets. The simultaneous transport of water and solutes allows to in-
directly investigate the mass transfer of solutes by analysing the volume changes that
the droplets undergo. To exclusively investigate the transport of water molecules
between droplets, highly hydrophilic solutes with a high molecular weight such as
polyethylenglycol or dextran might be chosen.

To investigate the mass transfer of inorganic ions, a fluorescent indicator, sensi-
tive to the presence of magnesium ions was used. The experimental findings suggest
that significant fractions (> 90%) may be extracted from the aqueous phase in the
presence of surfactants. However, the mass transfer was found to be sensitive to the
specific batch of surfactant that was used. It is assumed that impurities resulting
from the synthesis of the surfactant and specific for each batch, mediate solubility
for the inorganic ions in the continuous phase. This topic is discussed in more detail
in the next chapter. For the use of droplets as microreactors for biotechnological

applications, the leakage of magnesium ions to the continuous phase is of great rel-
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evance as key methods such as polymerase chain reaction in droplets are highly
sensitive to the concentration of magnesium ions. Significant concentration changes
after droplet formation will substantially affect the performance of for example DNA

screening in droplets [16].
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6 SURFACTANT-MEDIATED

SOLUBILITY IN FLUOROUS MEDIA

Philipp Gruner, Birte Riechers, Mira Prior, Jorg Enderlein and

Jean-Christophe Baret

In the previous chapters, it was shown that surfactants play a major role for the
transport of solutes between emulsion droplets. In this chapter, basic interactions

by which surfactants mediate solubility in fluorinated oils are described and charac-

terized.
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CHAPTER 6. SURFACTANT-MEDIATED SOLUBILITY IN FLUOROUS MEDIA

6.1 Abstract

The role of fluorosurfactants in mediating solubility for organic molecules in fluorous
media is investigated. Surfactants comprising a carboxylic acid head group are found
to be efficient in extracting the organic fluorophore rhodamine 6G from an aqueous
into a fluorous phase. The extracted fraction of the fluorophores is found to be
proportional with the surfactant concentration. An almost complete fluorophore
transfer is obtained when the molar concentration of the surfactant exceeds the
concentration of the fluorophore. The method of continuous variations is used to
determine the receptor-fluorophore complex stoichiometry of 1:1 suggesting that the
surfactant acts as a molecular receptor for the fluorophore. The diffusion coefficient
of the intermolecular association is determined to be D = 1.5 x 10~ %cm?s~! by dual-
focus fluorescence correlation spectroscopy . Interestingly, non-ionic block copolymer
surfactants are found to be much less effective in extracting the fluorophore from
an aqueous phase. Such biocompatible fluorosurfactants rely on the amidation of
fluorous carboxylic acids. Hence, impurities of the base material remaining after
synthesis significantly influence the retention of organic molecules within aqueous

droplets.

6.2 Introduction

Fluorinated oils are considered to be the most promising carrier fluids for aqueous
droplet microreactors [26]. This has two major reasons. On the one hand, organic
molecules are largely insoluble in perfluorinated oils [73,74], effectively reducing the
leakage of compounds from the droplets to the continuous phase. On the other hand,
respiratory gases are highly soluble in these media, which is a key for cell survival [98-
101]. Although water-in-fluorinated-oil emulsions represent a promising platform for
various screening applications, the range of commercially available fluorosurfactants,
required to stabilize the emulsion, is very limited. This is especially critical as the
properties of the applied surfactant have a wide influence on the performance of the
droplet-based system. Major requirements such as the emulsion stability against
coalescence, the bio-compatibility of the interface and encapsulation efficiency of
compounds over time are heavily dependent on the surfactant used [26].

It has been shown that surfactants with short fluorocarbon tails do not provide

long-term stability for emulsified systems [168-170]. In contrast, surfactants with
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long tails, such as perfluorinated polyethers (PFPE), are capable of providing ex-
cellent emulsion stability [139,171,172]. Furthermore, to ensure biocompatiblity, a
non-ionic head group of the surfactant is required as ionic headgroups have been
shown to interact with biomolecules, leading for example to the denaturation of
proteins [173,174].

Until now, only a few surfactants have been presented that were successfully
applied for droplet-based biotechnological applications [139,171,172]. Interestingly,
all of them are synthesized from a commercially available perfluorpolyether(PFPE)-
based surfactant comprising a carboxylic acid headgroup, brand named "Krytox
157FSH” by DuPont (referred to herein as “Krytox”). To impart biocompatibil-
ity, the head group of the surfactant is usually modified by synthesis [139,172] or
alternatively shielded by primary amines added to the aqueous phase [171].

In this work, block copolymer surfactants were used that have been synthesized
by coupling Krytox with polyetheramines. Interestingly, significant deviations con-
cerning the retention of molecules in the droplets were observed between several
batches of the synthesized surfactant. One of the major reasons for such variations
are deviating amounts of impurities of the base material ‘Krytox’ remaining after
synthesis of the non-ionic surfactant as shown in this work. This is raising the ques-
tion about why carboxylic acid surfactants are much more efficient in mediating
solubility than non-ionic block copolymer surfactants.

To gain insight into how the properties of the surfactants impacts the medi-
ation of solubility in fluorous media, a general understanding of the interactions
of fluorosurfactants with organic molecules is required. In this context, several
experiments were performed investigating molecular associations between fluorous

carboxylic acids and organic molecules.

6.3 Materials and methods

6.3.1 Chemicals

Rhodamine 6G was purchased from Sigma-Aldrich and dissolved in deionized wa-
ter (milli-Q, Millipore). Krytox 157FSH was obtained from DuPont and dissolved
in Novec 7500 Engineered Fluid (HFE-7500) purchased from 3M. For surfactant
synthesis, the fluorous fluids HFE7100 and FC3283 were used as solvents (Iolitec).
Oxalylchloride (98%), Triethylamine (> 98%), anhydrous THF (> 99.9%), Jeffa600
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and Celite 545 were obtained from Sigma Aldrich.

6.3.2 Microfluidic experiments

Microfluidic devices were produced by standard soft-lithography techniques using
polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit, Dow Corning).
The PDMS stamp was bound to glass by oxygen plasma activation and subse-
quentely hydrophobized using a commercial coating agent (Aquapel, PPG Indus-
tries). All flow rates were controlled by Nemesys syringe pumps (Cetoni GmbH).
All images were taken with a digital camera (Canon, EOS D600). A light emitting
diode (CoolLED pE-2, 470 nm) was used for excitation of the fluorophores.

6.3.3 Partitioning experiments

Partitioning experiments were realized by pipetting 500 pL of HFE-7500 with a dis-
tinct concentration of surfactant (0.001 - 0.5 wt%) together with the same amount
of milli-Q) water containing 100 uM of rhodamine 6G in a glass vial. Careful pipet-
ting ensures that no emulsification is obtained. The mixture of the two liquids is
incubated for at least 72 hours when no further change in the absorbance was ob-
served. The absorbance of the aqueous and the fluorous phase are measured with a

microplate reader (Spectra Max Paradigm, Molecular Devices).

6.3.4 Synthesis of the block copolymer surfactant

Krytox 157FSH (1 eq) is dissolved in HFE7100 under inert atmosphere (Argon).
Oxaylchloride (10 eq) is injected to the solution and a drop of Dimethylformamid
is added to catalyse the reaction. The mixture is stirred for several hours until
no further gas development is observed. Subsequently, all solvents are evaporated
and the product is redissolved in HFE7100. O, O’-Bis(2-aminopropyl)polypropylene
gylcol-block-polyethylene glycol-block-polypropylene glycol 500, trivial named ‘Jeffa
600’ (0.5 eq) is dissolved in anhydrous Tetrahydrofurane and Triethylamine (5 eq)
is added to the solution. The HFE7100 solution is then injected into the THF
solution while stirring. The solution is stirred over night and afterwards the product
is stable to be handled under atmospheric conditions. Subsequently, all solvents
are evaporated and the product is dissolved in FC3283, filtrated and washed (3x25

mL) over Celite 545 using a glass frit (porosity 2) before being dried under vaccum.
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A milky semisolid product is obtained with a yield of about 80%. Synthesis was
conducted by Birte Reichers. A simplified synthesis scheme is shown in figure 6.1.
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Figure 6.1: Simplified synthesis scheme of a non-ionic block copolymer surfactant per-
formed in a two step process: first the PFPE-carboxylic acid is converted to the cor-
responding acid chloride. This then reacts with a polyether diamine (Jeffa600) yield-
ing a peptide bond. The repeating unit m of Krytox was reported to be ~ 33 [112]
and ~ 29 [103]. The repeating units of the Jeffa 600 correspond to: x + z ~ 3.6, y ~ 9
according to the supplier.

6.3.5 NMR measurements

Krytox 157FSH was dissolved in a perfluorinated compound (FC-40, 3M). 1H-
NMR measurements were conducted with an internal tubule containing deuterated
dichlormethan as reference. 1H-NMR measurements were performed with Agilent
DD2 400MR (400 MHz).

6.3.6 Dual-focus fluorescence correlation spectroscopy

Samples of rhodamine 6G in the fluorinated compound (HFE7500, 3M) were pre-
pared by phase partitioning of the fluorophores from an aqueous solution with a

concentration of 1 nM of rhodamine 6G to the fluorous phase comprising 1 uM of
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KrytoxF'SH as described in section "Partitioning experiments’. Dual-focus fluores-
cence correlation spectroscopy (2fFCS) measurements were performed at an exci-
tation wavelength of 531 nm. The non-polarized light of a super-continuum laser
(repetition rate 20 MHz, SC400-2-PP, Fianium Ltd.) was divided by a polarizing
beam splitter into two linearly polarized beams. The beams were spectrally fil-
tered using an acousto-optical tunable filter (AOTFnC-400.650, AA sa) for each
beam. The light of the first branch was delayed by 25 ns (i.e. half of the laser
repetition rate) using a polarization-preserving optical fiber of appropriate length
(PMC-400Si, Schéfter und Kirchoff GmbH). For combining both beams before cou-
pling them into a polarization-preserving single-mode fiber (PMC-400Si, Schifter
und Kirchoff GmbH), a second polarizing beam splitter was used. At the fiber out-
put, the light formed a train of pulses (FWHM < 10 ps) with alternating polarization
and a temporal spacing of 25 ns. An average power of 50 W for each polarization
was chosen. At the fiber output, the light was collimated (1/e2 diameter ca. 4
mm) and reflected by a dichroic mirror (FF545/650-Di01, Semrock Inc.) towards
the microscopes water-immersion objective (UPLSAPO 60x W, 1.2 N.A., Olympus
Europe). Before entering the back aperture of the objective, the light was passed
through a Nomarski prism (U-DICTHC, Olympus Europe). In this way, two later-
ally shifted but overlapping excitation foci with about 477 nm center distance were
created. The centers of the two foci were positioned about 30 um above the glass
slide surface. Fluorescence was collected by the same objective (epi-fluorescence
mode), passed through the dichroic mirror, and focused through a single circular
aperture (diameter 150 pum). After the pinhole, the light was re-collimated, split
by a polarizing beam splitter cube, and refocused onto two SPADs (7-SPAD-50,
PicoQuant GmbH). Emission longpass filters HQ545LP (Chroma Technology Corp.,
Rockingham) were positioned directly in front of each detector. TCSPC electronics
(HydraHarp 400, PicoQuant GmbH) recorded the detected photons of both detec-
tors independently with an absolute temporal resolution of 2 ps on a common time
frame, allowing association of the detected photons with their corresponding exci-
tation pulse and focus. With this information the autocorrelation function for each
focus separately and the cross-correlation function between the foci were calculated.
Fluorescence correlation spectroscopy experiments and data analysis were performed

by Mira Prior.
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6.4 Experimental results

To illustrate the efficiency of fluorous carboxylic acid surfactants in extracting or-
ganic compounds from aqueous droplets, emulsions were formed with 0.5 wt% of
2 (synthesized block copolymer) comprising low (< 1 %) and high (30 %) mass
fractions of 1 (unreacted carboxylic acid surfactant). To visualize the leakage of
compounds from droplets, the organic fluorophore rhodamine 6G was added to the
aqueous phase. The fluorophore was chosen for two major reasons: (i) It is fluores-
cent in both: the aqueous and the fluorous phase. (ii) It is readily water soluble,
but sufficiently hydrophobic to be quickly partitioned into the fluorous phase in the
presence of 1. When low concentrations of 1 are present, no significant leakage of
compounds into the fluorous phase is obtained (figure 6.2a). In contrast, in the pres-
ence of high concentrations of 1, the fluorophores are almost completely extracted

into the fluorous phase within less than one second (figure 6.2b).

To quantitatively analyze the extraction of the fluorophores into the fluorous
phase, macroscopic partitioning experiments were conducted. Aqueous solutions

of rhodamine 6G (100 uM) are exposed to a fluorous phase (HFE7500) containing

(a)

(b)

Figure 6.2: Microfluidic production of emulsions containing low (< 1%) and high (30%)
mass fractions of 1. (a) Fluorescence images of droplet production in a flow focussing
geometry (left) and the resulting emulsion after production (right) in the presence of low
concentrations of 1 compared to the presence of high concentrations of 1 (b). Flow rates
were set to 1 pl min~! for the aqueous stream and 4 pl min~! for the fluorous phase.
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various concentrations of surfactant. In the absence of surfactant, no significant
extraction of molecules is observed. With increasing concentration of 1 the amount
of organic molecules being extracted into the fluorous phase is increasing up to a
level where an almost complete extraction (> 95 %) of molecules takes place (figure
6.3). The measured absorbance in the fluorous phase was found to be proportional
with the concentration of 1 up to about 100 uM. After exceeding a 1:1 molar ratio
of the fluorophore and 1 no further increase in absorbance, but a bathochromic shift
is observed. These observations are attributed to 1 acting as a molecular receptor
for rhodamine 6G resulting in the efficient extraction of the organic solutes into the

fluorous phase.
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Figure 6.3: Partitioning behaviour of rhodamine 6G between an aqueous phase and a
fluorous phase as a function of the applied surfactant and its concentration. (a) Absorption
spectra of the fluorous phase after partitioning of rhodamine 6G from the aqueous phase
towards the fluorous phase as a function of the surfactant concentration. The inset shows
the absorption at 500 nm. (b) Images of the partitioning experiments in equilibrium.
Aqueous solutions of rhodamine 6G (100 M) were exposed to a fluorous phase (Hydroflu-
orether, HFE7500) comprising various concentrations of surfactant. The concentration of
surfactant 1 increases from 1 to 9 as: 0 uM, 3.75 (0.001 wt%), 7.51 uM (0.002 wt%), 18.8
uM (0.005 wt%), 37.5 uM (0.01 wt%), 93.8 uM (0.02 wt%), 188 uM (0.05 wt%), 375 uM
(0.1 wt%), 751 uM (0.2 wt%). Solution 10 contains surfactant 2 in a concentration of 877
uM (0.5 wt%).
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6.4. EXPERIMENTAL RESULTS

To validate the stoichiometry of 1 and rhodamine 6G, a continuous variations
experiment is conducted (figure 6.4). Here, the total molar concentration of 1 and
the fluorophore is constant, but their mole fractions are varied. The maximum of
absorption in the fluorous phase is found at a 1:1 molar ratio indicating that a
complex with the corresponding stoichiometry is formed. Furthermore, dual-focus
fluorescence correlation spectroscopy (2fFCS) experiments were conducted to deter-
mine the diffusion coefficient of the intermolecular association in the fluorous phase.
This method is an extension of conventional fluorescence correlation spectroscopy
and allows for determining absolute values of diffusion coefficients with high preci-
sion [176,177]. A value of about 1.5 x 107% cm? s™! is obtained. This value is lower
than the diffusion coefficient of the freely diffusing fluorophore measured in water
of about 4 x 107¢ cm? s~ 1.

viscosities of the fluorous phase (1.24 cP at 25 °C) and water (0.89 cP at 25 °C),

Even when corrected for the slightly different solvent
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Figure 6.4: Determination of binding stoichiometry by the continuous variation method
(Job plot). (a) Absorption spectra of rhodamine 6G in the presence of 1 for various mole
fractions. Inset: Absorbance at 500 nm is shown as a function of the mole fraction of 1
(Job plot). (b) Images of the partitioning experiments in equilibrium. Samples 11 - 19
contain a constant total molar concentration of Rhodamine 6G and 1 (100 M), but their
mole fractions are varied. The fraction of 1 is increasing from 11 to 19 as: 0, 0.125, 0.25,
0.375, 0.5, 0.625, 0.75, 0.875, 1.0.
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CHAPTER 6. SURFACTANT-MEDIATED SOLUBILITY IN FLUOROUS MEDIA

a significant reduction in diffusivity of about 50% in the presence of 1 remains. A
decrease on this order is consistent with an interaction of fluorophores with single
surfactant molecules. On the other hand, the solubilization of the fluorophores in
surfactant assemblies such as reverse micelles or vesicles, where a significant reduc-
tion of diffusivity of at least one order of magnitude is expected, is excluded.

In literature it is reported that fluorosurfactants comprising a carboxylic acid
head group are capable of forming strong hydrogen bonds with organic molecules [103,
112]. The efficiency of such surfactants in acting as a molecular receptor was re-
ported to be based on their ability to act as a strong hydrogen bond donor in a
fluorous phase [90]. Hence, interactions with molecules that can act as a H-bond
acceptor such as tertiary amines are highly favourable. In our experiment, it is
anticipated that the fluorophores act as a hydrogen bond acceptor via their imine
group. Confirming these considerations, no significant extraction of the fluorophores
in the presence of surfactant 2 is found. Here, no highly favourable hydrogen bonds
can be formed between the surfactant and the fluorophores resulting in the retention
of organic molecules in the aqueous phase.

With respect to applications of droplet-based microfluidics it becomes clear that
impurities of 1 can have a tremendous effect on the performance of the compartmen-
talization system. Hence, characterizing the amount of 1 remaining after synthesis
is crucial. Various methods such as NMR- and IR- measurements may be applied.
However, these methods may not be sufficiently sensitive to trace impurities in a
concentration range relevant for typical assays applied for biotechnological purposes
(< 100 pM). With standard 1H-NMR the acidic proton of 1 is found at a chem-
ical shift in a range of 7.0 - 13.0 ppm. Here, signal broadening occurs due to the
dimerization of 1 [113]. Due to this fact, the presence of 1 in a fully fluorinated
fluorocarbon compound (FC-40, 3M) could only traced down to a concentration of
about 0.2 wt% (750 uM) with standard 1H-NMR. However, phase partitioning of
a fluorescent indicator, such as rhodamine 6G, from a more protic solvent may be

applied as a sensitive method for the determination of the concentration of 1.

6.5 Conclusions

In this chapter, it was shown that fluorosurfactants comprising a carboxylic acid
head group are efficient in extracting organic molecules, such as the fluorophore

rhodamine 6G, from an aqueous into a fluorous phase. The efficient extraction
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from a more protic solvent is based on the surfactants ability to act as a molecular
receptor. The interactions between solute and surfactant are found to be particularly
strong, which is a result of the non-competitive nature of the solvent.

In general, it is expected that the hydrogen bond donor and acceptor ability as
well as the compatibility of these properties for a given fluorosurfactant and a solute
are important characteristics, allowing to predict their interactions and hence the
partitioning behavior of solutes. Fluorosurfactants for droplet-based biotechnologi-
cal applications have in the past mainly been designed according to their influence on
surface tension and bio-compatibility. Since it now becomes clear that the retention
of molecules within droplet microreactors depends also on the molecular structure
of the applied surfactant, for example on the ability to form hydrogen bonds with
organic solutes, future fluorosurfactants may be designed accordingly.

Non-ionic fluorosurfactants, currently used in typical droplet-based microfluidic
applications, were found to be much less effective in extracting the organic fluo-
rophore reflecting the absence of strong hydrogen-bond acceptor functions. How-
ever, their synthesis is based on commercially available surfactants comprising a
carboxylic acid head group. Hence, the performance of these non-ionic surfactants
is sensitive to impurities of the base material (Krytox 157FSH). To minimize the
amount of Krytox remaining after synthesis, we consider that the hydrolysis of the
acid chloride has to be strictly avoided and that the amine should be added in
over-stoichiometric ratio.

In summary, in this chapter it has been shown how a specific fluorosurfactant
mediates solubility for the organic fluorophore rhodamine 6G. These insights are
valuable for a general prediction of the interactions between fluorosurfactants and
organic molecules in fluorous media. On a short timescale the performance of com-
monly applied fluorosurfactants may be improved by adjusting the protocol for the
synthesis. On a longer timescale, new fluorosurfactants and strategies for their syn-

thesis may be designed based on the insights gained in this work.
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7 CONCLUSIONS AND OUTLOOK

In this work, information about the mechanism of molecular transport between
emulsion droplets were experimentally accessed by applying microfluidic tools. The
ability to produce, manipulate and analyze calibrated droplets in a microfluidic
environment was shown to be a key to gain quantitative insights. Such insights
are inherently difficult to gain with a bulk approach as controlling the properties
and microenvironments of individual droplets is enormously challenging without

applying methods of fluidic micromanipulation.

Concretely, we have investigated molecular transport between aqueous droplets
dispersed in fluorinated oils, being the most promising platforms for biotechnological
applications of emulsions. The collective dynamics of solute transport in a whole
macroscopic emulsion were accessed following our microfluidic approach allowing
measurements on the single droplet level. We found that the timescale of transport
is inversely proportional to the surfactant concentration in the continuous phase
and relates to a classical description of a porous membrane, where mass transfer
occurs through the partitioning of molecules between the dispersed and continuous
phase. Furthermore, it was shown how the relaxation dynamics are influenced by
the packing of the emulsion droplets. In addition, our studies have clarified the role
of additives such as bovine serum albumin in modulating the timescale of solute
transport between droplets. In contrast to reports in literature [19], here this effect
was found to be relying on an increased solubility of solutes in the aqueous droplets
rather than on creating a barrier at the droplet interface. Accordingly, the concept

of using such additives may has to be revisited [175].

Furthermore, a microfluidic strategy allowing to create emulsions with a mini-
mized degree of complexity was introduced. Investigating such ‘minimal emulsions’
allows to experimentally access fundamental information about mass transport in
emulsion. Following this strategy, we were able to experimentally identify the rate
limiting step of mass transfer between emulsion droplets, which was controversially

debated in literature [75-77]. Our findings are in agreement with the suggestion of
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Dunstan et al. [76] stating that no significant energy barrier for solutes crossing the

droplet interface exists, unless charged species are concerned.

Consistent between all our studies, we found that solubility for organic molecules
in fluorous media was generally mediated by surfactants. Our studies support two
different mechanisms for the mediation of solubility. Depending on the type of
surfactant used, solubility is either mediated by the surfactants acting as a molecular
receptor for the solute or alternatively by forming assemblies creating a nanoscopic

environments for solubilization.

The developed microfluidic methods were also applied to investigate the osmot-
ically driven transport of water and inorganic ions between emulsion droplets. In-
terestingly, we found that the timescale for the transport of water molecules is
independent on the surfactant concentration, reflecting the fact that the presence
of surfactant does not significantly enhance their solubility in the fluourous phase.
In addition, we found that significant fractions of inorganic ions may be extracted
from aqueous droplets in the presence of surfactants. Such an extensive leakage
of inorganic ions from emulsion droplets has, to the best of our knowledge, not
been reported yet. As key methods of molecular biology, such as polymerase chain
reaction, are highly sensitive to specific ion concentrations, such mass transfer is
expected to significantly affect droplet-based biotechnological applications, such as

DNA screening.

Understanding the mechanistic details of molecular transport in emulsion allows
to develop suited strategies to control the exchange of solutes between droplets. For
example, demonstrating that solute transfer between droplets is rate limited by the
diffusive transport through the continuous phase reveals that increasing the spac-
ing distance between droplets is an effective strategy to reduce cross-talk whereas

strategies focusing on the droplet interface may be less effective.

On the one hand, we consider our results as a practical guideline for droplet-
based microfluidics, for example for the design of biochemical assays and droplet
incubation strategies. On the other hand, we believe that our findings pave the
way for a dynamic control of droplet composition. New strategies based on selective
transport are obtained by controlling the concentration of additives in the droplets
resulting in the enrichment or extraction of compounds of interest. Such an ap-
proach also provides the tools to dynamically program the composition of droplet

microreactors by temporally controlling the release and uptake of compounds. We
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consider such systems as a versatile platform for the control of solute concentrations
in emulsion droplets. Furthermore, we have also introduced an alternative concept
to dynamically manipulate droplet compositions. Here, mass transfer to aqueous
droplet microreactors relies on controlling the consumption of the continuous phase.
In such manner, compounds are efficiently delivered to or extracted from emulsion
droplets without the need of individual manipulation.

In summary, this work has three major aspects:
(i) It is demonstrated how microfluidic tools are applied to access fundamental in-
formation on mass transfer between emulsion droplets, which are inaccessible with
classical methods of bulk emulsification.
(ii) Our studies were focused on aqueous droplets dispersed in fluorinated oils, the
major platform for biotechnological applications of emulsions. Hence, our results
directly impact the development of efficient strategies to reduce cross-talk between
droplet microreactors, which is of great importance for the establishment of droplet-
based screening applications.
(iii) Based on the gained insights into the mechanistic details of mass transport in
emulsion, concepts for a dynamic control of droplet composition were introduced.
We consider that such strategies will allow to realize droplet-based investigations
as well as applications that have not been feasible so far in screening, diagnostics,

single cell manipulation and as tools for synthetic biology.
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A.l Micro-optical lens array for fluorescence detection

in droplet-based microfluidics

Jiseok Lim, Philipp Gruner, Manfred Konrad and Jean-Christophe
Baret

A strategy for the enhanced detection of fluorescent signals in droplet-based mi-
crofluidic devices is introduced. It is shown that the integration of microlenses and
mirror surfaces results in a significant increase in the fluorescence signal and in im-
proved spatial resolution. Furthermore, besides providing increased sensitivity and
resolution through the focusing of light by a single element, increased throughput
is achieved by integration of the lenses in an array. As a consequence, massively
parallel detection of droplets containing fluorescent dyes is achieved, leading to a

significantly increased detection throughput.

This work is published in reference [178].

Figure A.1: Droplets containing fluorophores (100 M resorufin or 100 uM fluorescein)
flowing through a microlens array. Droplets flow from right to left. A significant increase
of the fluorescent signal is obtained when the droplets enter the microoptical lens array.
Image is taken from reference [178].



A.2

Ultra-high throughout detection of single cell (-
galactosidase activity in droplets using micro-optical

lens array

Jiseok Lim, Jeremy Vrignon, Philipp Gruner, Christos Karamitros,
Manfred Konrad and Jean-Christophe Baret

In this work a micro-optical lens array is applied for the screening of enzymatic ac-

tivity of single cells in 100 pL droplets. The screening relies on the measurement of

a fluorescence-based assay in individual droplets. The measurement is parallelized

over 100 microlenses, recorded using a high-speed camera and analysed by image

processing. The emulsion is produced following the concept introduced in chapter

3. A throughput of 100 000 droplets per second is achieved by storing an emulsion

off chip and reinjecting as presented in chapter 3.

This work is published in reference [179].
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Figure A.2: Image showing a microfluidic chip with 100 parallel channels equipped with
micro-optical elements used for the determination of enzymatic activity of single cells.
Image is taken from reference [179].



A.3 Quantitative analysis of L-asparaginase at the sin-

gle cell level using droplet-based microfluidics

Jiseok Lim, Christos Karamitros, Philipp Gruner, Manfred Konrad
and Jean-Christophe Baret

In this study, enzymatic activity of the therapeutic enzyme L-asparaginase is mea-
sured in picoliter-sized droplets. Purified enzyme as well as single cells displaying
L-asparaginase in the inner membrane are investigated. Enzymatic activities are
obtained by using a three-step coupled-enzyme assay. Dynamic measurements be-
came accessible by using the methods and tools introduced in chapter 3. Here, the
emulsion is produced and stored off chip in a first step and subsequently reinjected
into the microfluidic chip such that the dynamics of the process become accessi-
ble. Following the strategies introduced in chapter 3, two populations of droplets
are produced in order to implement a negative control. We consider the results of
this study to be of general interest for quantitative measurements of single cells in
droplets and to pave the way for the directed evolution of the therapeutic enzyme

L-asparaginase using droplet-based microfluidics.
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Figure A.3: Direct kinetic measurement of L-Asparaginase in droplets. The fluorescent
signal is observed as a result of the presence of resorufin as the final product of the assay.
The data correspond to a measurement of droplets with and without the purified enzyme.



B LIST OF ABBREVIATIONS

a Activity

Interfacial Area
AC Alternating current
b Quotient of d and h
BSA Bovine Serum Albumin
c Molar concentration
CP Control pump
d Distance

dFCS  Dual-focus Fluorescence Correlation Spectroscopy
D Diffusion coefficient

DNA  Deoxyribonucleic acid

DLS Dynamic Light Scattering

E, Surface energy

Fy Hydrodynamic drag force

F, Anchoring force

FCS Fluorescence Correlation Spectroscopy
FPGA Field Programmable Gate Array
h height of microchannel

J Molar flux

kg Boltzmann constant

K Partitioning coefficient

L Membrane Thickness

NMR  Nuclear Magnetic Resonance

P Pressure

P Permeability

PBS Phosphate Buffer Saline
PCR  Polymerase Chain Reaction
PDMS Polydimethylsiloxane
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APPENDIX B. LIST OF ABBREVIATIONS

PMT  Photomultiplier tube
r Droplet radius
R Ideal gas constant

REFU  Relative fluorescence unit

t Time

T Absolute Temperature

U Flow velocity

\%4 Droplet volume

V Partial molal volume

Vi Molar volume

w diameter of a circular well
T Mole fraction

~ Interfacial tension

r Activity coefficient

n Absolute viscosity

L Chemical potential

oo Chemical potential in bulk
II Osmotic pressure

T Timescale
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