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Abstract

The manipulation of monodisperse gel emulsions confined in amicrofluidic channel net-

work has been investigated. Monodisperse gel emulsions were organized by spatial confine-

ment as a function of dispersed phase volume fraction and manipulated using fixed ("passive")

and switchable ("active") channel geometries. Furthermore,quasi two-dimensional structural

transitions of static emulsion topologies have been studied as a function of lateral force. The

controlled droplet formation, targeted electrocoalescence of pairs of droplets, and manipula-

tion of the droplets using the channel geometry has been usedto study fibrin network formation

and manipulation within the droplet.

Transitions between certain arrangements in an emulsion flowing through a channel can be

induced, e.g. by varying the geometry of the channel along its length. Due to the finite energy

required to change a certain droplet arrangement, these transitions are inherently hysteretic and

depend not only on the droplet size but also on the volume fraction of the dispersed phase. We

studied these droplet rearrangements for various channel geometries including constrictions

and corners as a function of volume fraction and droplet size. The stability of certain droplet

arrangements and their transitions are discussed for static droplet arrangements. We studied

the influence of dispersed phase volume fraction and drop size by applying lateral force to the

emulsion.

To actively manipulate the emulsion arrangements in a microchannel we used a ferrofluid

as the continuous phase of the emulsion. By applying externalmagnetic fields to the confined

arrangement, we could observe a transition between two droplet arrangements. In this case,

a temporarily created ferrofluid plug caused by inhomogeneous magnetic field changes the

channel geometry which leads to the transition.

In combination with a technique to coalesce targeted pairs of droplets, we performedin

situ measurements of the formation, manipulation, and structure of droplet-encapsulated fib-

rin networks. In the dynamic case, where droplets were travelling continuously through the
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channels, we observed fibrin network aggregation due to the velocity distribution of the flow

field inside the droplet. However, when the droplet is parkedin the reaction chamber until the

fibrin network is fully developed, then controllably deformed, we observed elastic recovery of

the fibrin network.



Kurzzusammenfassung

Die Frage wie räumlich auf mikrofluide Kanalnetzwerke begrenzte monodisperse Gelemul-

sionen auf verschiedene Manipulationen reagieren, wurde in der vorliegenden Arbeit bear-

beitet. In verschiedenen Kanalgeometrien wurde die Tropfenanordnung in Abhängigkeit von

der Volumenfraktion der dispergierten Phase untersucht, wobei sowohl statische ("passive")

als auch schaltbare ("aktive") Kanalgeometrien genutzt wurden. Weiterhin wurden quasi-

zweidimensionale Strukturübergänge an statischen Tropfenanordnungen in Abhängigkeit von

der lateral aufgeprägten Kraft betrachtet. Schließlich wurden mehrere Methoden, insbeson-

dere die kontrollierte Tropfenerzeugung, die gezielte Elektrokoaleszenz von Tropfenpaaren

und die Manipulation von Tropfen in verschiedenen Kanalgeometrien, angewendet, um die

Bildung und Manipulation von Fibrinnetzwerken innerhalb von Tropfen zu studieren.

Übergänge zwischen bestimmten Tropfenanordnungen in einer durch einen Kanal fließen-

den Emulsion können beispielsweise induziert werden, indem die Kanalgeometrie im Verlauf

des Kanals verändert wird. Aufgrund der endlichen Energie,die benötigt wird, um eine bes-

timmte Tropfenanordnung umzuorganisieren, sind diese Übergänge inhärent hysteretisch und

hängen nicht nur von der Tropfengröße, sondern auch vom Volumenanteil der dispergierten

Phase ab. Es wurden die Tropfenumordnungen für verschiedene Kanalgeometrien, wie Einen-

gungen und Ecken, abhängig vom Volumenanteil und Tropfengröße studiert. Des Weiteren

war auch der Einfluss der Volumenfraktion und der Tropfengröße auf Übergänge in der Tropfe-

nanordnung bei Einwirkung einer lateralen Kraft Gegenstand der Arbeit.

Um die Emulsionsanordnungen in einem Mikrokanal aktiv manipulieren zu können wur-

den Ferrofluide als kontinuierliche Phase der Emulsion verwendet. Durch das Anlegen von

externen Magnetfeldern an die geschlossene Anordnung konnten Übergänge zwischen zwei

Tropfenanordnungen beobachtet werden. Dabei wurden vorübergehend ferrofluidische An-

sammlungen hergestellt, die die Kanalgeometrie so veränderten, dass Strukturübergänge zu

beobachten waren.
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In Kombination mit einer Technik, bei der gezielt Paare von Tropfen fusioniert werden,

wurde die Bildung und Manipulation in situ sowie die Strukturvon in Tropfen eingeschlosse-

nen Fibrinnetzwerken untersucht. Im dynamischen Fall, beidem sich Tropfen kontinuierlich

durch die Kanäle bewegen, wurde die Aggregation von Fibrinnetzwerken in Abhängigkeit von

der Geschwindigkeitsverteilung im Strömungsfeld innerhalb des Tropfens beobachtet. Wurde

der Tropfen aber in der Reaktionskammer bis zur vollständigen Entwicklung des Fibrinnetz-

werkes "geparkt" und dann kontrolliert deformiert, wurde anders als im dynamischen Fall eine

elastische Wiederherstellung der ursprünglichen Form desFibrinnetzwerkes beobachtet.
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Introduction

Microfluidics is a rapidly growing field, in which fluids are manipulated with precise con-

trol at a micro- or even nanoscopic scale. Microfluidic technology holds great promise as it

can perform typical laboratory operations using a fractionof the volume of reagents in signif-

icantly less time than compared with conventional batch experiments. In the classical concept

of microfluidic devices, fluids are manipulated under continuous flow through microfabricated

channels [1]. Alternatively, droplet-based ("discrete") microfluidic systems can handle and

manipulate individual droplets where microfluidic processing is performed on monodispersed

aliquots which are transported, stored, mixed, reacted, oranalyzed in a discrete manner [2–

10].

There are several advantages regarding the use of discrete microfluidics when compared

with continuous flow systems, including precise control of sample volumes (droplets), and

high throughput productivity and high integration with other microchip components [11]. An-

other advantage of this approach is the flow pattern emergingwithin the droplets as they travel

through the microchannel which can be used to mix the droplet’s contents [12–14]. Due to the

low Reynolds numbers at small scales, mixing is rather slow for microflow and therefore pro-

ceeds via diffusion, viscous dephasing [15], or requires special microchannel designs to facil-

itate "quasi chaotic mixing" [16–21]. In droplet-based microfluidics, mixing can be achieved

within individual droplets and is found to proceed quite efficiently [22–26]. A relatively new

branch of research is focused on loading each droplet with different chemical or biological

species which could be used as a reactor for combinatorial chemistry. One way to perform re-

actions in droplet-based microfluidic systems is by bringing reagents together in a co-flowing

stream immediately before droplet formation or by using a side channel; the reaction occurs

downstream in the two component microdroplet [22, 23, 27–30]. However, this method is

unsuitable for aggressive or fast reagents which adhere to the channel walls [31]. To pre-

vent sticky interaction between the reagents and channel surface and to induce well controlled
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2 Introduction

reactions, it is necessary to initiate the reaction by fusion of two droplets, each containing

different reagents. Alternatively, a cartridge could be loadedby "conventional pipetting" and

the different chemical contents fed ex-situ from a pipette into the microfluidic device [32–35].

Furthermore, the ability to exchange the relative positions of specific droplets and to merge

droplets on demand [36] to initiate the reaction may be possible. This might enables the ini-

tiation of chemical reactions in a combinatorial way [37–39], as well as handling of discrete

composition variations for high-throughput screening purposes. To date, much research has

been dedicated to the fundamental aspects of droplet-basedmicrofluidics, including droplet

formation [40–45], detection [46, 47] manipulation [48–51], and coalescence [36, 38, 52–54].

Microfluidic technology has been successfully applied for numerous biological and bio-

chemical applications. One promising application is for DNA amplification using the poly-

merase chain reaction (PCR). PCR is a common procedure in molecular biology for generic

analysis [55]. During the PCR procedure, the concentration of a certain segment of double-

stranded DNA is doubled through a thermal cycling process involving three different temper-

atures. Encapsulation of cells within the droplet has also been successfully investigated by

a number of groups [31, 56, 57]. Furthermore, the use of microfluidic tools enables investi-

gations of protein crystallization [25, 58], the synthesis of particles [59, 60] and the assay of

biological entities [61–63]. Zheng et al. [29] have demonstrated protein screening in droplets

using parallel stream flows, and Hirano et al. [64] have obtained successful crystal growth in

mixed droplets.

This thesis focuses on the microfluidic flow behaviour of a densely packed arrangement

of droplets in a continuous phase. At high dispersed phase volume fraction, the monodisperse

compartments (droplets) of an emulsion assemble into well-ordered arrangements while be-

ing transported along microfluidic channels. We studied theorganization and manipulation

of monodisperse gel emulsions as a function of microchannelgeometries, droplet sizes, and

dispersed phase volume fractions, which are directly transferable to integrated microfluidic

devices. A technique to coalesce and manipulate the individual droplets has been combined to

investigate an encapsulated fibrin network formation. Thisthesis consists of six chapters and

is organized as follows: The general background includes the physics of fluids at small length

scales, emulsification and foaming will be discussed in the first chapter. In the second chap-

ter the materials, methods and experimental techniques used in this thesis will be outlined.

The structural transition of droplet arrangements by the channel geometry will be presented in

chapter three. Here, we explore the parameters that define droplet arrangements and investi-

gate switching behavior between different arrangements. The active manipulation of emulsion
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arrangements by magnetic field where ferrofluid is used as thecontinuous phase will be pre-

sented in chapter four. In chapter five, we will discuss a stability of droplet arrangements and

their transition as a function of an applied lateral force. As an application of droplet-based

microfluidics, we investigated affine aspects of the fibrin network formation and its behavior

within a droplet which will be presented in the final chapter.





Chapter 1

Background

1.1 Physics of liquids at small length scales

In order to understand and work with microfluidics, one must first understand the physical

phenomena that dominate the liquid flow at the microscale. The characteristics of fluids at

the microscale differ from ’macrofluidic’ behavior. The surface energies are dominant over

the effect of gravity at small length scale. The typical Reynold’s number of the flow is very

small at small length scale of a typically used microchannels, therefore flow is laminar. Thus,

mixing of two liquids at laminar flow proceeds predominantlyby diffusion.

1.1.1 Surface tension

Surface tension,γ, between two immiscible phases is caused by the attraction between the

molecules of the liquid by intermolecular forces. In the bulk of the liquid, each molecule is

pulled equally in all directions by neighboring liquid molecules, resulting in a zero net force.

At the surface of the liquid, the molecules are pulled inwards by other molecules deeper inside

the liquid and are not attracted as much by the molecules in the neighboring medium (be it

vacuum, air or another liquid). Therefore, the molecules atthe surface are subject to an inward

force of molecular attraction which can be balanced only by the resistance of the liquid to

compression. This inward attraction tends to minimize the surface area, and in this respect a

liquid surface resembles a stretched elastic membrane. Thus the liquid will always minimize

its interfacial area.

Because of the existence of surface tension effects, there will be a pressure difference

across any curved liquid surface, with the pressure larger on the concave side of the interface.
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6 Chapter 1. Background

That means, the pressure inside a bubble/droplet will always be greater than that in the con-

tinuous phase. The magnitude of this pressure differential is given by the Young - Laplace

equation:

∆p = γ (
1
r1
+

1
r2

) (1.1)

whereγ is the surface tension of the respective liquid interface and r1 and r2 are the two

principal radii of the curved interface. If the surface is spherical, i.e. r1 = r2, then Eq.1.1

reduces to

∆p =
2γ
r

(1.2)

and allows the calculation of the pressure contained withina free droplet or bubble in another

phase. In case of soap bubbles, Eq.1.2 must be adjusted to be

∆p =
4γ
r

(1.3)

due to the two liquid-vapour interfaces involved.

1.1.2 Pendant drop method

There exists a number of different methods to measure the surface tension of liquid/air

or liquid/liquid interfaces. Which method is preferred depends upon the nature of the liquid

being measured, the conditions under which the surface tension is to be measured, and the

stability of its surface when it is deformed. Drop shape analysis at a capillary is a convenient

way to measure surface tension. There are two principal assumptions that one has to take into

account to get a reliable result. First, the drop has to be symmetric about a central vertical

axis; this means it is irrelevant from which direction the drop is viewed. Second, the drop is

not in motion in the sense that viscosity or inertia are playing a role in determining its shape;

this means that surface tension and gravity are the only forces shaping the drop.

The shape of a drop of a certain liquid hanging from a syringe tip (see Fig.1.1) is de-

termined from the balance of forces which include the surface tension of the liquid. The

surrounding phase can be air or liquid. The surface or interfacial tension at the liquid interface
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Figure 1.1: Image of a pendant drop.

can be related to the drop shape through the following equation [65]:

γ = ∆ρgR2/β (1.4)

whereγ is the interfacial tension between the liquids,ρ is the density difference between fluids

at interface,g is the gravitational constant,R is the radii of drop curvature at the apex (cf.

Fig. 1.1) andβ is the shape factor of the drop which determines the dimensionless drop shape

profile. Thus for any pendant drop where the densities of the two fluids in contact are known,

the surface tension may be measured based upon the Eq.1.4. This approach represents a

significant improvement, in both ease and accuracy, from traditional methods e.g. Wilhelmy

plate method. This method has advantages in that it is able touse very small volumes of liquid

and measure very low interfacial tensions.

1.1.3 Reynolds number

The Reynolds number is a measure of the ratio of inertial forces to viscous forces and there-

fore, is a measure of the relative importance of these two forces under given flow conditions.

Thus it can be used to identify and predict different flow regimes, such as laminar or turbulent

flow. Laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and

is characterized by smooth, constant fluid motion, while turbulent flow, on the other hand,

occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce



8 Chapter 1. Background

random eddies, vortices and other flow fluctuations. The Reynolds number is given by

Re=
ρυl
η

(1.5)

whereρ is the fluid density,ν is the characteristic velocity of the fluid,η is the fluid viscosity,

and l is a characteristic length.Re ≪ 2000, as calculated by Eq.1.5 generally indicates a

laminar flow. AsReapproaches 2000, the fluid begins to show signs of turbulence, and asRe

becomes much larger than 2000 the flow is considered to be turbulent. Because of the small

size of microchannels the Reynolds number in microfluidic system hardly exceeds unity and

thus the flow is almost always laminar. One consequence of thelaminar flow is that two or

more streams flowing in contact with each other will not mix except by diffusion.

1.1.4 Diffusion

Diffusion is the process by which molecules spread from regions of higher concentration, to

regions of lower concentration. Diffusion can be described in one dimension by the equation

d2 = 2D t, whered is the distance a particle spreads in a timet, and D is the diffusion

coefficient of the particle. Due to the typical length scale of microfluidic devices, the time

for this diffusive mixing often exceeds processing times for other steps, e.g. transport and

analysis. For instance, small solutes with diffusion coefficients on the order ofD = 10−5cm2/s,

mixing by diffusion across a 500µm wide channel would result in a mixing time of several

minutes. For larger solutes such as proteins (D ∼ 10−7cm2/s), the time needed for diffusive

mixing becomes extremely long. This slow time scale may be a hindrance for high-throughput

microfluidic applications. However, in droplet-based microfluidics, mixing can be achieved

within individual droplets, and is found to proceed quite efficiently where special channel

geometries are used [22–26] as we will discuss later.

1.1.5 Capillary number

The dimensionless capillary number,Ca, plays a key role in determining the dynamics,

such as fission or droplet break-up. The capillary number represents the ratio of viscous forces

versus surface tension acting across an interface between aliquid and a gas, or between two

immiscible liquids. It is defined as:Ca = ην/γ, whereη is the viscosity of the continuous

phase,ν is the velocity of the continuous phase, andγ is the interfacial tension between the



1.2. Emulsification 9

two liquid phases. In complex geometries such as microfluidic devices it is more convenient to

define capillary number through externally controlled parameters like flow rate and viscosity

of two phases involved and device geometry. Above a certain critical capillary number, droplet

break-up occurs. To realize this number, it is important to consider the relative viscosity

between the dispersed and the continuous phases. Selectionof a more viscous continuous

phase will facilitate formation of droplets. For the formation of water-in-oil (W/O) emulsions,

the continuous phase consists of water immiscible organic solvents, which are naturally more

viscous than water. In the case of oil-in-water (O/W) emulsions, the addition of viscous water-

miscible fluids such as glycerol into the aqueous continuousphase improves shearing of the

more viscous oily dispersed phase to produce droplets.

1.2 Emulsification

Two immiscible liquids cannot form a stable emulsion. For a suspension of one liquid in

another to be stable enough to be classified as an emulsion, typically a third component must

be present to stabilize the system. The third component is a surface active agent (abbreviated

to "surfactant") that reduces the interfacial tension between the two liquids by adsorbing at

the liquid-liquid interface as an oriented interfacial filmand stabilizes the droplets, cf. Fig.

1.2a. The surfactant’s chemical structure consists of a hydrophobic tail which is usually a

hydrocarbon, although also fluorocarbon and dimethylsiloxane chains can be used, with a

polar hydrophilic head group which may be ionic or non-ionic.

Depending on the size of the droplet, an emulsion is classified into three different group

namely macroemulsion, mini-emulsion and microemulsion. Amacroemulsion is thermody-

namically unstable but can be kinetically stabilized by surfactant and the droplet sizes typi-

cally range from a few to hundreds of microns. Using co-surfactant/surfactant systems droplet

sizes down to∼100 nm may be produced and the resulting emulsions are referred to as ’mini-

emulsions’ [66]. Co-surfactants are added to increase the stability of mini-emulsions and must

be soluble in the dispersed phase. Another term for co-surfactant is costabilizer because of co-

surfactant has no surface active properties. The role of thecostabilizer, as the name suggests,

is to act together with the surfactant to provide stability to the droplets, in this case, stability

against Ostwald ripening [67] (see also section 1.2.2). If interfacial tensions are reduced to

very low levels though due to the larger amount of surfactant, even emulsions with a droplet

sizes down to∼ 10 nm can be produced and the emulsion appears transparent due to the small
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size of the dispersed phase droplets. The viscosity is usually low, unlike liquid crystal phases,

and the stability is quite different from what we regard as ’normal emulsions’. Such sys-

tems represent thermodynamically stable phases and are termed microemulsions [68]. The

properties of microemulsions are determined by the properties of the surfactant monolayer,

separating the oil from the water domains.

Figure 1.2: A sketch of a) W/O emulsion stabilized by surfactant, b) O/W emulsion stabilized
by solid particles.

When an emulsion is stabilized using small solid particles, which adsorb onto the interface

between the two phases, it is called a Pickering emulsion [69], cf. Fig. 1.2b. Properties such as

hydrophobicity, shape, size and concentration of the particles can have an effect on the stability

of the emulsion. Particles that are partially hydrophobic (i.e. contact angle of approximately

90◦) are better stabilizers because they are partially wettable by both liquids and therefore bind

better to the surface of the droplets.

1.2.1 Emulsion type

The nature of the surfactant can determine the type of the emulsion, i.e. which liquid will

be dispersed as droplets and which will form the continuous phase. For this there are several

empirical predictive approaches based on the assumed surfactant positioning at the interface,

including Bancroft’s rule [70], the oriented wedge theory (which can also be applied to fine

solids), the hydrophile - lipophile balance (HLB) [71], and the volume balance value [72].

Although there are exceptions to each of these rules, they remain useful for making initial

predictions. The surfactants which are more soluble in water tend to make oil-in-water (O/W)

emulsions and surfactants more soluble in oil tend to make water-in-oil (W/O) emulsions. This

is the essence of Bancroft’s rule which states that the continuous phase of an emulsion will
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be the phase in which the surfactant is preferentially soluble [70]. Thus it was long known

that the balance between hydrophilic and lipophilic (hydrophobic) moieties greatly influences

the emulsion type. However, there was no quantitative measure of this balance until 1949,

when Griffin introduced the concept of the HLB, the hydrophile-lipophile balance, as a way

of predicting the emulsion type from the molecular composition of the surfactant [71]. The

HLB number is defined in terms of numerical values assigned tothe chemical groupings in

the surfactant, as follows:

HLB = 7+
∑

(hydrophilic group numbers) −
∑

(lipophilic group numbers) (1.6)

Type Chemical group Group number

Lypophilic −CH− 0.475
=CH− 0.475
−CH2− 0.475
CH3− 0.475

Hydrophilic −SO4Na 38.7
−COOK 21.1
−COONa 19.1
−SO3Na 11.0
=N− 9.4

Ester (sorbitan ring) 6.8
Ester (free) 2.4
−COOH 2.1
−OH (free) 1.9
−O− 1.3

−OH (sorbitan ring) 0.5

Table 1.1: HLB numbers for various chemical groups, taken from reference [68].

The group numbers assigned by Davies and Rideal [73] are given in Table1.1. This dimen-

sionless scale ranges from 0− 20 for non-ionic surfactants; a low HLB number indicates a

more hydrophobic surfactant and a high HLB number indicatesa more hydrophilic surfac-

tant. Thus, W/O and O/W emulsions are favored for low and high HLB numbers, respectively.

Most ionic surfactants have HLB values greater than 20, for example, sodium dodecyl sulfate

(SDS) has an HLB of 40.
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Just as solubilities of surfactants vary with temperature,so does the HLB, especially for

the non-ionic surfactants. A surfactant may thus stabilizeO/W emulsions at low tempera-

ture, but W/O emulsions at some higher temperature. The transition temperature, at which

the surfactant changes from stabilizing O/W to W/O emulsions, is known as the phase inver-

sion temperature, PIT. At the PIT, the hydrophilic and lipophilic natures of the surfactant are

essentially the same (another term for this is the HLB temperature). As a practical matter,

surfactants are chosen so that their PIT is far from the expected storage and use temperatures

of the desired emulsions.

1.2.2 Emulsion production

Techniques used to produce emulsions in a laboratory include membrane extrusion [74, 75],

micro-thread generation [76], viscoelastic shear [77, 78] and microchannel emulsification [40–

45, 79]. In this thesis a microchannel emulsification technique isused to produce an emulsion.

A detailed description of droplet production in a microchannel which are used in framework

of this thesis will be discussed in chapter 2, under the section called ’Monodisperse emulsion

production in microchannels’. When microfabricated channels are used to create an emulsion,

the wetting competition of fluids for the channel walls (which fluid preferentially interacts

with the channel surfaces) [80], will also determine the arrangement of the phases. Hydro-

phobic channels are needed to generate water-in-oil droplets, in which the water phase is

sheared by oil streams, whereas hydrophilic channels are necessary for oil-in-water emulsion

generation. By changing the geometry and the wettability of the microchannel it is possible to

produce a double emulsion [81]. A double emulsion (also referred to as a multiple emulsion)

can be defined as a multiple-phase dispersion in which droplets enclosing finer droplets are

suspended in a continuous liquid phase, cf. Fig.1.3. A microfluidic device having a hyd-

rophobic junction and a hydrophilic junction positioned inseries has been used to generate

a water-in-oil-in-water (W/O/W) emulsion [82]. For producing W/O/W dispersions, aqueous

droplets formed at the upstream hydrophobic junction are enclosed within oil droplets formed

at the downstream hydrophilic junction. Utadaet al. fabricated a microcapillary device which

can be used to produce a double emulsion that contained a single internal droplet in a coreshell

geometry [83]. In principle, the size, the number, and even the composition of the drops can

be controlled at each step of the process, leading to a uniqueway of producing monodisperse,

perfectly controlled, multiple emulsions. Recently a review paper by Nisisako showed a way

to produce multiple emulsions by various emulsification methods [84]. Both W/O/W and
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O/W/O emulsions have attracted considerable attention becauseof their high potential for

applications in the field of food science [85], cosmetics [86], and pharmaceutics [87].

Figure 1.3: Optical micrographs of a double emulsions. If the outer phase volume fraction is
extremely low, the inner droplets are compressed together,showing an internal order resem-
bling common molecular arrangements.

1.2.3 Emulsion stability

Emulsions (macro- and mini-emulsions) may degrade via a number of different mecha-

nisms including creaming, aggregation, coalescence and Ostwald ripening. Sedimentation,

or creaming, results from a density difference between the dispersed and continuous phases,

which in turn, will lead the separation of two layers, one of the layers will contain an enhanced

concentration of dispersed phase, which may promote aggregation. Aggregation is when two

or more dispersed species clump together, possibly touching at some points, and with virtually

no change in total surface area.

Coalescence is when two or more droplets fuse together to forma single larger droplet,

reducing the total surface area. The rate of coalescence of the droplets in a macroemulsion

is stated to be the only quantitative measure of its stability. It can be measured by counting

the number of droplets per unit volume of the emulsion as a function of time. The rate at

which the droplets of a macroemulsion coalesce to form larger droplets and eventually break

the emulsion has been found to depend on a number of factors: (1) the physical nature of the

interfacial film (surfactant), (2) the existence of an electrical or steric barrier on the droplets,

(3) the viscosity of the continuous phase, (4) the size of thedroplets, (5) the two phase volume

ratio, and (6) the temperature.
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Ostwald ripening is the expression given to the process whereby the droplet size distri-

bution in an emulsion progressively shifts towards larger sizes. The origin of the effect is the

Laplace pressure inside the droplet, cf. Eq.1.1. As a result of the Laplace pressure, molecules

of the dispersed phase diffuse from the high-pressure regions to the low-pressure ones, that is,

the small droplets shrink and the larger ones grow as the material is transferred by diffusion

through the continuous phase [68, 88, 89]. It might be possible to stabilize emulsions against

Ostwald ripening by Osmotic pressure. For that, a small amounts of a third component is

added which preferentially dissolves in the dispersed phase and not in the continuous phase.

For example the addition of a salt to the water phase can slow the Ostwald ripening of a W/O

emulsion.

1.3 Foams

When the continuous phase is reduced to a few percent, the topology of an emulsion will

be similar to the topology of a foam. Hence, in this section some general introduction to

foam system will be outlined. There are some similarities between emulsions and foams.

They both consist of a dispersion of a fluid in an immiscible continuous phase. Second,

they have a non-zero interfacial tension,γ, and a marked increase in interfacial area during

the emulsification or foaming. Third, the minimum work involved is the interfacial tension

multiplied by the interfacial area. Fourth, the system willspontaneously revert to two bulk

phases unless there is a surfactant present that prevents coalescence usually by lowering the

surface tension, increasing steric interaction, or electrostatic repulsion.

There are two significant differences between emulsions and foams: (1) The surfactants in

the interfacial film of a foam cannot dissolve in the dispersed (gas) phase, while in an emulsion

the solubility of the surfactants in the liquid being dispersed is a major factor determining the

stability of the emulsion. (2) In emulsions, both oil and water can serve as the continuous

phase, while in foams, only the liquid acts as the continuousphase.

1.3.1 Laws of Plateau

The first detailed description of foam structure was provided by Belgian scientist Joseph

Plateau in the 19th century (Plateau, 1873). From an experimental study, Plateau developed a

set of rules which govern the equilibrium of foams:

(i) Three soap films meet at angles of 120◦.
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(ii ) The films form a curved triangular channel known as a Plateauborder, cf. Fig.1.4.

(iii ) Four Plateau borders meet at angles of 109.6◦ to form a vertex.

Figure 1.4: The elementary Plateau border junction in threedimensions. Image taken from
Ref. [90].

If more than three films or more than four lines meet, the configuration is unstable. One

example of topological transition in foam is the T1 transition [90–93]. From a mechanical

point of view, the T1 process corresponds to a transition from one metastable configuration to

another, cf. Fig.1.5 after passing through an unstable configuration where four films meet at

one junction (actually, for a small but finite liquid fraction, the instability arises slightly before

the four-fold vertex is formed). The spontaneous evolutionfrom one four-fold junction to two

three-fold junctions, which involves creation of a new film,is driven by minimization of the

surface area.

Figure 1.5: A schematic of the T1 transition. In the T1 process, a four-fold vertex dissociates
into two stable three-fold vertices. Image taken from Ref. [93].
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1.3.2 Structure of foams

During his research Lord Kelvin proposed the following problem: What is the most eco-

nomical way of partioning space with equal volume of cells? Kelvin’s solution, the tetrakaide-

kahedron, cf. Fig.1.6 (left) remained the best solution to this problem until 1993when Denis

Weaire and Robert Phelan found a structure with 0.3% less surface area than Kelvin’s struc-

ture, which is quite a large difference in this context [90]. The Weaire-Phelan structure uses

two kinds of cells of equal volume; an irregular pentagonal dodecahedron and a tetrakai-

decahedron with 2 hexagons and 12 pentagons, again with slightly curved faces, cf. Fig.1.6

(right). To date it has not been proven that the Weaire-Phelan structure is optimal, but it is

generally believed to be likely.

Figure 1.6: Space filling foam structures. Left: Kelvin’s tetrakaidecahedron Right: Weaire
and Phelan’s irregular pentagonal dodecahedron. Images are taken from Ref. [94].



Chapter 2

Materials, Methods and Experimental

Techniques

The generation of emulsions with special properties like droplet size, dispersed volume frac-

tion and production rate is essential for droplet based microfluidics. In order to manipulate

emulsion structures in a controlled manner, monodisperse emulsions should be produced in-

situ with variable volume fraction and droplet size. Thus, emulsion systems, experimental

set-up and the various droplet generation techniques used in framework of this thesis were

presented in this chapter. A techniques how the microchannels were fabricated is also inc-

luded. In addition, targeted electrocoalescence of droplets will be described.

2.1 Emulsion systems

In general, oil-in-water (O/W) emulsions are more stable with greater choice of surfactant.

However, water-in-oil (W/O) emulsions are good candidates for applications where aqueous

phase chemical reactions and bioassays are required. Therefore, W/O emulsions are the focus

of this thesis. We used three types of emulsion systems in ourmicrofluidic devices, depending

on the type of manipulation and the aim.

For passive manipulation, based on "fixed" channel geometries, milipore water (18 MΩ.cm)

and low viscosity organic liquid (IsoparT MM, Exxon Mobil),ηc = 2.1 mPa·s were used to make

water-in-oil emulsions in microfluidic devices. Non-ionicsurfactant, Span 80 (C24H44O6),

which has a HLB value (see section 1.2.1) of 4 was added to the continuous phase to stabilize

the single droplets from coalescing. Span 80 or Sorbitan monooleate is a Sorbitan Ester widely

17
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used in food products and oral pharmaceuticals. Fig.2.1 shows the molecular structure of the

amphiphilic Span 80 where the hydrophilic sorbitan group acts as the ’polar head’ and the

hydrophobic oleic acid group acts as the ’nonpolar tail’. The surfactant concentration used in

the experiments was 2 wt.%, unless otherwise stated. This emulsion is very stable allowing for

long observation times in the microchannels. The interfacial tension,γ, of our system, which

is obtained by the pendant drop technique, is 4.8mN/m.

Figure 2.1: Molecular structure of Span 80, showing the hydrophilic head (sorbitan) and hy-
drophobic tail (oleic acid) parts.

For active manipulation experiments, an oil-based ferrofluid (APG 311, Ferrotec Corpora-

tion) was used as the continuous phase. As above, the dispersed phase is aqueous. A ferrofluid

is a stable colloidal suspension of sub-domain magnetic particles in a carrier liquid. The car-

rier liquid can be water, or a variety of oil bases (e.g. organic solvent). The magnetic particles,

which have an average size of about 10 nm, are coated with a surfactant which prevents par-

ticle aggregation even when a strong magnetic field gradientis applied to the ferrofluid (cf.

Fig. 2.2). The surfactant must be matched to the carrier type and mustovercome the attrac-

tive van der Waals and magnetic forces between the particles[95]. In a gradient field the

whole fluid responds as a homogeneous magnetic liquid which moves to the region of highest

field strength. This means that ferrofluids can be precisely positioned and controlled by an

inhomogeneous external magnetic field. The magnetite concentration in APG 311 ferrofluid

was 1.8 wt.%. No further details of the hydrocarbon or the surfactant could be disclosed by

the manufacturer; however, we observed excellent emulsionstability without the addition of

surfactant to the ferrofluid. The ferrofluid viscosity, density and surface tension are 70 mPa·s

(27◦C), 940 kg·m−3, and 30 mN·m−1, respectively. The saturation magnetization is 11 mT.
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Figure 2.2: An image of magnetic particles in the ferrofluid.1-magnetic particle which has 10
nm diameter, 2-surfactant.

To investigate fibrin network evolution, a simplified system, consisting of aqueous solution

containing the proteins fibrinogen and thrombin (Enzyme Research Laboratory; MobiTec),

respectively, were used as dispersed phases. Prior to the experiments the proteins were diluted

in appropriate buffers. The continuous phase was Isopar M with 2 wt.% Span 80.

2.2 Microchannel fabrication

When creating droplet microfluidic systems, one of the most critical matters to address

is the material used for microchannel fabrication. A large number of microfluidic devices are

fabricated using polydimethylsiloxane (PDMS), which is aninexpensive elastomeric polymer.

The fabrication of microchannels in PDMS is simple and fast,making it the material of choice

for many studies. However, since PDMS undergoes swelling and deformation in the presence

of strong organic solvents, other materials with greater solvent resistance, e.g. glass [83] and

silicon [96], have also been used. In this thesis, poly(methylmethacrylate) (PMMA) or SU8

photoresist were used to fabricate the microdevices. In thefollowing subsection, two methods

for fabricating microfluidic channels in solvent resistance materials are presented. Depending

on the dimension of the channels, the devices were fabricated using two different methods:

For the larger channel dimensions where the smallest channel width is larger than 200µm, the

channels could be directly micro-machined in a PMMA block and were closed by a PMMA

cover plate. For channel dimensions less than 200µm, we developed a photolithographic
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method and bonding technique to form channels in SU8 supported by glass plates.

2.2.1 Micromachined channels

Device designs were drawn using CAD-software (Solid Edge), fabricated by micro-machin-

ing in a PMMA block (Lutze GmbH), and sealed with a 2 mm thick PMMA cover plate using

metal screws, cf. Fig.2.3. The limitations of the micro-machining technique are determined

by mechanical and technical restrictions: Channel width≥ 200µm, channel depth≥ 10µm.

PMMA is resistant to the chosen liquids (Isopar M, surfactant, Ferrofluid), is transparent and

easily machined (in 3D), making it well suited to our study. An example of a PMMA device

is shown in Fig.2.3. Teflon tubing with an inner diameter of 0.8 mm was introducedthrough

the big screw (the red screw in the Fig.2.3) and then prepared with a special flange tool. Then

the tube can be pushed onto an orifice using a clamping ring andfinally fitted into the thread

of the PMMA element. This type of connection can be used for high pressure applications due

to the perfect transition between tube and microchannel. Ifdirt is accumulated in the channel,

the device could be opened and washed with ethanol and dried under nitrogen flow.

Figure 2.3: Micro-machined PMMA module connected with tubing. The PMMA element is
cut from the side in order to bring the pole shoe of the electromagnet close to the channel (for
more detail see Chapter 4).

2.2.2 Photolithography channels

In order to scale down our devices (for smaller drop volumes), a photolithography of SU8

photoresist was employed [97]. Using this method, microchannels could be fabricated directly

in SU8 photoresist with features sizes down to about 10µm [45]. SU8 photoresist is an epoxy
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based polymer designed for MEMS applications, where a thickchemically and thermally

stable film is desired. SU8 is a negative photoresist, which means that the exposed portions of

the films are crosslinked rendering them insoluble to the developer solution (mr-Dev600). All

the chemicals used were bought from Micro Resist Technology GmbH, Germany.

Figure 2.4: Microfluidic device fabrication by photolithography. a) Sketch showing the fab-
rication steps. The layer information of the microchannel is shown in (b). c) Channel cross
section captured by white light interferometry. d) Image ofa completed device. The diameter
of the glass disks is 50 mm; the channel width is typically 20-100µm. The teflon tubing are
connected to the devicevia NanoportsT M.

As for the PMMA devices, the device fabrication starts with creating a design in a CAD

program. A high resolution commercial image setter then prints this design on a transparency

(JD Photo tools, UK). This transparency serves as the photomask in contact photolithography

to produce a negative relief in photoresist on a glass substrate. A round glass disk with 50 mm

diameter (VWR), precoated by Omnicoat for better adhesion of SU8 to the glass. Then a 5

µm thick underlayer of SU8-2005 was applied to ensure homogeneous wetting behavior on all



22 Chapter 2. Materials, Methods and Experimental Techniques

channel walls, and exposed to UV without mask to crosslink the underlayer. The crosslinked

layer was treated with oxygen plasma (PDC-002, Harrick Sci. Corp., USA) for 30 s to render

the surface hydrophilic for improved spin-coating of the following coating. Afterwards, SU8-

100 negative photoresist for the 80-120µm deep channels, or SU8-50 for the 20-50µm deep

channels were spun onto the wafer. Spin coating parameters were optimized to achieve the

desired film thickness, e.g. to prepare 120µm deep channels, 1500 rpm for 30 s with 5 s ram-

ping time was used. Subsequently, the sample was soft baked in order to evaporate the solvent

and densify the film. Soft baking times were based on the film thickness. For 120µm layer

thickness, the samples were baked for 13 mins at 65◦C and 37 mins at 95◦C. Then, the samples

were exposed to UV light (λ = 364 nm) in the maskaligner (Karl Suss MJB 3 UV 300/400) for

30 s through the photomask. Upon exposure, the cross-linking proceeds in-two-steps; the for-

mation of a strong acid during the exposure process is followed by an acid-initiated, thermally

driven epoxy cross-linking step during the post exposure bake. After exposure, the sample

is post-baked for a time which depends on the thickness of thephotoresist (1 min at 65◦C

and 7 mins at 95◦C for 120µm thick resist; 1 min at 65◦C and 2 mins at 95◦C for 30-50µm

thick resist). The samples were rinsed with developer to remove the non-crosslinked regions,

which were shaded by the mask. For high aspect ratio channelsa few seconds of ultrasoni-

cation in the developer solution is needed to fully develop the channels. Inlets were drilled

into the supporting glass substrate through the inlets of structured photoresist. The channels

were closed by thermally bonding a second glass disk coated with a 10µm thick PMMA layer

at 160◦C using a mechanical press. To perform electrocoalescence in the microfluidic device,

prior to bonding, gold electrodes with an underlying chromium adhesion layer were thermally

vapor deposited at 10−6 mbar onto the cover glass. Wires were glued to the electrodesusing

electrically conducting epoxy resin (ITW Chemtronicsr) to contact the evaporated electrodes

prior to PMMA layer. Teflon tubing was connected to the microdevice via NanoportsT M (Up-

Church), which were bonded to the microchip according to the company protocol (see Fig.

2.4). The tubing was connected to Hamilton syringes that were driven using home-made sy-

ringe pumps controlled by a program written in LabView (National Instruments Corporation).

The recipe for the photolithography microdevice fabrication can be found from appendices,

pp. 99.
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2.3 Experimental set-up

A Leica Z16 APO optical microscope with a Leica L5 FL light source cf. Fig.2.5a, was

typically used to image the emulsion. Images and movies wererecorded using a high resolu-

tion CCD camera (PCO 1600) (and CamWare software). When needed, a high speed CMOS

camera (PCO 1200 hs) which is able to capture more than 600 frames per second was used.

Typical exposure times ranged from 500µs to 50 ms, depending on the flow velocity. The

flow rates were adjusted using custom-made syringe pumps controlled by programs written in

LabView (National Instruments Corporation), cf. Fig.2.5b. Using glass syringes (Hamilton)

with various diameter, flow rates between 10µl/h and 1 ml/h could be achieved.

To visualize the fibrin network we used a high resolution optical microscope, Zeiss Axio-

vert 135 with a 60x 1.25 NA oil objective and an ebx75 Xenon illumination source equipped

with the appropriate filters to perform fluorescence experiments using an excitation wave-

length of around 546 nm. For the fluorescence microscopy images were recorded using a

very sensitive camera PCO sensicamQE camera (and CamWare software). The typical expo-

sure times used to image fibrin network were from 700µs up to 10 ms. Further analysis was

conducted using ’Image-Pro Plus 5.0’ and ImageJ image processing software.

In order to manipulate water-in-ferrofluid emulsions, we used permanent magnets made

of Neodymium-Iron-Boron (NdFeB) (IBS Magnet, Ing. K.-H. Schroeter, Germany) or an

electromagnet (Model 3470, GMW Associates, San Carlos, California, USA) capable of pro-

ducing a magnetic field up to 1.8 mT as is explained in detail inthe chapter 4.

Figure 2.5: a) Z16 APO Leica microscope with a Leica L5 FL light source b) syringe pumps.
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2.4 Monodisperse emulsion production in microchannels

The power of droplet-based microfluidic systems lies in the formation of uniform droplets,

thus fine control over the size and monodispersity of droplets is of the utmost importance for

the further microfluidic processing. Although the same basic principles and materials are used,

a variety of techniques have been developed for droplet generation based on the geo-metry of

microchannel. Controlled formation of droplets in a microfluidic system has been developed

in a various different ways including T-junction shear, [40, 41] flow focusing [42, 43] and step

emulsification [44, 45]. T-junction emulsification shears the dispersed phase in the perpendic-

ular flow of the continuous phase, whilst flow focusing forcesthe dispersed phase into a thin

thread which ruptures via Rayleigh-Plateau instability. Analternative method, namely "step

emulsification", offers a generation of monodisperse, high dispersed phase volume fraction

emulsions in a microchannel. However, when monodisperse, the droplets exhibit extremely

well-defined foam like spatial order which provides an additional handle for microfluidic pro-

cessing as we will explain later in this chapter.

2.4.1 T-junction emulsification

Due to it’s simplicity the most popular microfluidic device used for the generation of

droplets is a T-junction geometry, first incorporated into amicrofluidic chip by Thorsenet

al. [40], and subsequently used for formation of droplets [40, 41], and bubbles [98], for for-

mation of double emulsions [82], and in a host of analytical applications [99, 100]. Recently,

Whitesideset al. reported the mechanism of droplet break-up in terms of the continuous phase

viscosity and channel dimensions [101].

In the T-junction configuration, the inlet channel containing the dispersed phase intersects

the main channel which contains the continuous phase cf. Fig. 2.6a and Fig.2.6b. The two

liquid phases form an interface at the junction, and as the fluid flow continues, the tip of the

dispersed phase enters the main channel. The stream of the dispersed phase penetrates into the

main channel and a droplet begins to grow; the pressure gradient and the shear force generated

by the continuous phase distort the droplet in the downstream direction until the neck of the

dispersed phase thins and eventually breaks the stream intoa droplet cf. Fig.2.6b. The size

of the produced droplets can be varied in a wide range by altering the fluid flow rates, the

channel dimensions or by changing the relative viscosity between the two phases. Therefore,

the T-junction design is used in our experiments where the drop size needs to be varied in a
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Figure 2.6: a) Schematic of T-junction microdevice. b) Droplet formation at T-junction. After
production, the channel width was increased to arrange the droplets. By increasing the drop
size to channel width ratio (c-e), different droplet arrangements can be obtained.

wide range. However, the limited range of volume fraction, critical flow velocity needed for

droplet break-up, monodispersity is not excellent and it isdifficult to change the production

frequency without changing the droplet size are the drawbacks of the T-junction method.

2.4.2 Hydrodynamic flow-focusing

Flow-focusing geometry is first introduced to generate a bubbles in a real 3D geometry

[43] and later used to generate a droplets in a microfluidic device [42]. In the flow-focusing

configuration, the dispersed and continuous phases are forced through a narrow region (ori-

fice) in the microfluidic device. The outer fluid exerts pressure and viscous stresses that force

the inner fluid into a narrow thread, which then breaks insideor downstream of the orifice

cf. Fig. 2.7. The droplet generation in the flow-focusing design can be achieved without sur-

factants, although their use might support droplet formation. The droplet size is not limited

by the injector and orifice size, i.e. droplets can be much smaller than the orifice size and

can be adjusted by changing the relative flow velocity of the two fluid phases. Examples of

flow focusing applications include the generation of homogeneously sized water droplets in

oil [42], multiple emulsions [83, 102], and preparation of polymer microspheres [103, 104].

However, using flow-focusing method one can not achieve large volume fractions of the dis-

persed phase and a wide range of drop sizes. A device geometryis more complicated because

of two streams needed for the continuous phase.
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Figure 2.7: An example of droplet production by a hydrodynamic flow focusing design [42].

2.4.3 Step emulsification

Emulsions with a high dispersed phase volume fraction can beprepared in a microchannel

via multistep splitting of large droplets (with respect to the channel dimension) into a resulting

daughter droplets [105]. Multistep splitting requires a branched microchannel network which

leads to higher flow resistance and a potentially an increased polydispersity of the droplets

associated with each splitting step. Alternatively, step emulsification allows for the generation

of monodisperse, high dispersed phase volume fraction emulsions in a microchannel which is

well-suited for drop-based microfluidics [44, 45]. In the present subsection we will describe

the mechanism of droplet formation at a step in the microchannel. Step emulsification was the

emulsification method of choice used in most of the experiments in this thesis. The initial dis-

cussion will focus on the main characteristics of a step emulsification device and will continue

with two alternative microchannel designs that employ the same drop break-up mechanism.

2.4.3.1 Step emulsification device using PMMA channels

A schematic of the step emulsification device fabricated by micromachining in PMMA is

shown in Fig.2.8a. The microdevice consists of a T-junction at a shallow rectangular channel

connected to a three-dimensional channel. The dispersed phase is injected into the continuous

phase where it is guided in a shallow channel and stabilized by the surrounding continuous

phase and the channel walls. When the stream enters to the deepchannel at the topographic

step, the continuous stream of the dispersed phase breaks-up into single drops. For this device,

drop formation may proceed via three mechanisms: shear at the junction, jet break-up in the

larger channel, or via step emulsification [44].
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Figure 2.8: a) Schematic of a step-emulsification device fabricated by micromachining in
a PMMA. b) Optical micrograph of drop detachment via T-junction, step, and jet break-up
mechanisms (top to bottom). Image taken from Ref. [44].

Different flow conditions in a step emulsification device can be achieved by varying the relative

flow ratio of the two phases involved. When the flow rate of the dispersed phase,Qd, is small

compared to the flow rate of the continuous phase,Qc, emulsification occurs at the T-junction

where the two liquids meet, cf. Fig.2.8b, top. At high relative flows,Qd/Qc, the two liquids

stream through the high aspect ratio channel, and a Rayleigh-Plateau type instability develops

downstream from the step, cf. Fig.2.8b, bottom. The monodispersity of the produced droplets

and the limited volume fractions are the undesired properties of both T-junction and the Jet-

instabilities.

Alternatively, step emulsification occurs at intermediateQd/Qc maintaining excellent mono-

dispersity (coefficient of variance< 1.5 % drop diameter), with adjustable volume fraction (<

96 % dispersed phase) and production frequency (up to several 100 Hz) [44]. The main charac-

teristic is that step emulsification is directly induced at the topographic step, where the shallow

channel merges into the deeper channel, cf. Fig.2.8b, middle. The physical reason for this

transition is that the flow profile is effectively two-dimensional in the shallow channel, but is

three-dimensional in the deep channel. Since there is no jetinstability in two dimensions, the

flow is stable up to the step, where it abruptly breaks up.

To display the boundary between the three different droplet break-up mechanism, the width

of the dispersed phase stream (definition see Fig.2.8b) normalized by the height of the chan-

nel,wd/h is plotted as a function of the capillary number, Ca= ην/γ, whereη is the dispersed
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phase viscosity,ν is the velocity of the dispersed phase, andγ is the liquid/liquid interfacial

tension in the presence of a surfactant.

Figure 2.9: Diagram showing the three different mechanism for drop formation: T-junction,
step, and jet instabilities. Squares and circles indicate the step-jet and T-step (or jet) boun-
daries, respectively, for water and three glycerol-water mixtures. The channel height,h, was
22µm. Data taken from Ref. [44].

Another very useful aspect of step emulsification techniquefor our study is the produced

drop size is insensitive to the total flow rate, provided the relative flow rateQd/Qc is constant.

Therefore, the production rate can be adjusted independentof the drop volume by varying the

total flow rate,Qt, while keeping the relative flow rate,Qd/Qc fixed. Thus, the frequency of

the droplet production can be varied easily from a few to several 100 Hz while maintaining the

drop size constant.

Using step emulsification technique we were able to prepare highly ordered emulsions

with a wide range of the dispersed phase volume fraction, cf.Fig. 2.10 by adjusting flow

parameters in a single device. This is the main feature of thestep emulsification device which

provides the possibility to study the organization and manipulation of emulsion arrangements

as a function of the dispersed volume fraction as we will discuss later.
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Figure 2.10: A micrograph of emulsion arrangements with various volume fraction produced
by a step emulsification device. The continuous phase was a ferrofluid. A four-row arrange-
ments atφ = 75% (a) and atφ = 88% (b), respectively. c) A zigzag arrangement atφ = 94%.
Scale bar: 250µm.

2.4.3.2 Step emulsification device using photolithography

To downscale the channel size compared to the michromachined PMMA device, we op-

timized the geometry of step emulsification device, essentially rotated by 90◦, to enable its

fabrication using single step photolithography as described in the methods subsection 2.2.2

however, the generation of droplets still occurs via step emulsification [45]. A schematic of

our device is shown in Fig.2.11a. As explained in the previous section, the dispersed and

continuous phases enter into a high aspect ratio channel (b/a ≥ 4), which precedes a much

larger channel (dimension b and c) of dissimilar aspect ratio (b/a≫ b/c). The dispersed phase

Figure 2.11: a) Schematic of a single step-emulsification device fabricated by photolitho-
graphy. The dispersed and continuous phases feed into the high aspect ratio channel (b/a ≥
4), which precedes much larger channel (dimension b and c) ofdissimilar aspect ratio (b/a≫
b/c). The typical channel dimensions used in our experiments are: a= 20µm, b= 80µm and c
= 250µm b) Optical micrograph of drop formation via (a) T-junction, (b) Step emulsification
mechanisms.
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forms a coflowing stream in the high-aspect ratio channel, the cross-section is illustrated top

right in Fig. 2.11a, where the dispersed stream is stabilized by the side wallsof the chan-

nel. As there can be no Rayleigh instability in two-dimensions, the stream is stable up to

the step, where the flow profile becomes three dimensional andthe coflowing stream immedi-

ately ruptures. This mechanism minimizes the influence of fluctuations, leading to extremely

monodisperse droplets.

2.4.3.3 Double step emulsification device

As it will be discussed in chapter 6, in order to perform chemical reactions, we preferen-

tially need at least two droplet productions which could produce an independent droplets that

are containing different chemicals. Therefore, the application of such a single step emulsifi-

cation device was extended further to produce two different types of monodispersed droplets

in a strictly alternating way. However, step emulsificationdevice needs a high aspect ratio

(height/width) channels to stabilize the co-flowing stream by channel geometry, which makes

it difficult to observe for imaging of fibrin networks in our study. For this reason, we used a

microdevice containing double T-junction configurations,where channels could be fabricated

as shallow as possible for advantage of network visualization. Although a double step emulsi-

fication technique was not used in this thesis, the principleof a device operation will be shortly

outlined in the present subsection.

When combining two emulsification units into a single device,as shown in Fig.2.12a, we

were able to produce two distinct groups of droplets in a fixednumber of 1:1 ratio, with each

group having identical droplets with excellent monodispersity. The crucial feature is that the

two production units synchronize themselves via a pressurecross talk caused by the formation

of the droplets. As an example, two different droplet arrangements which are produced by

double step emulsification technique are shown, a three row and a zigzag arrangement having

a dispersed phase volume fraction of 76 % and 88 %, respectively (cf. Fig. 2.12b). Droplets

produced by the second production unit (bottom channel) arepainted in order to distinguish

them from those produced by first production unit (upper channel).

The principle of double coflowing device e.g. the drop formation mechanism, is the same

as the single step emulsification device except there are twoproduction units combined into

a single chip and the produced droplets could be sent to one main channel. How do they

synchronize themselves is as following; the obstruction ofone channel forces liquid to flow
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Figure 2.12: a) Schematic of a double step emulsification device with two combined droplet
production units. b) Optical micrograph of a three row and a zigzag droplet arrangement
produced by double step emulsification device. The dimensions typically used in our experi-
ments: W= 360µm, h= 120µm, coflowing channel width and length are 35µm and 120µm,
respectively. The droplets of the dispersed phase II was painted to distinguish them form the
droplets of dispersed phase I, scale bar: 250µm.

Figure 2.13: Time series of droplet production with double step emulsification device. Dashed
lines in the micrograph (a) denote the area in the following micrographs (b)-(g) for better
visibility.
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through the other. This stops a droplet forming in the other (second) channel until the droplet

is fully formed (upper channel for the dispersed stream in Fig. 2.13b, c). After the drop is

formed from the first channel (upper channel in Fig.2.13d) the pressure in the second channel

(dispersed inlet) is higher than in the first channel, so the next drop must come from the second

channel (bottom channel in Fig.2.13e) and the cycle is repeated (bottom channel in Fig.2.13f,

g). The resulting droplet production is strictly alternating.

When the volumetric flow rates are equal for the dispersed phase I and II at the respective

production unit (QI = QII ), the corresponding droplet frequency (ωI andωII respectively) are

identical, the coefficient of variance of the droplet diameters was less than 1.5 %exhibiting

excellent monodispersity equivalent with the single step emulsification device [106]. If the

volumetric flow rate,QI at the production unit I is significantly larger thanQII at the pro-

duction unit II, two droplets with different volumes are produced with the droplet frequency

at the second production unit is higher than the first production unit (ωI < ωII ). The precise

alternating droplet production and the excellent monodispersity makes the double coflowing

device ideal for many application where chemical reactionsare needed.

2.4.4 Manipulating the volume fraction of the emulsion after production

The dispersed phase volume fraction is a control parameter,which determines the arrange-

ment of droplets of a certain size in a channel with fixed dimensions as we will discuss later

in the last chapter of this thesis. It is therefore needed to adjust the dispersed volume fraction

of the emulsion when manipulating the emulsion arrangements. For both T-junction and step

emulsification techniques, we can tune the volume fraction of the emulsion by changing the

flow rate of the liquid phases involved. However, typically the droplet size is varied simulta-

neously when adjusting the volume fraction by the flow parameter of one phase. To vary the

dispersed volume fraction continuously while keeping all the droplet production parameter

constant (in particular without waiting time until the new flow conditions are equilibrated) we

thus introduced a side channel to selectively infuse or withdraw the continuous phase. The

emulsion "dryness" is then adjusted without affecting the drop size. The lateral dimension

of the side channel should be much smaller than the drop size in order to avoid the droplets

escaping through the side channel, cf. Fig.2.14. Provided the droplets size is large enough

compared to the side channel width they do not escape throughthe narrow channel due to

the increase in interfacial area associated with droplet deformation. The interfacial tension of

the water/oil interface tends to minimize the surface area of the droplet for a given channel
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geometry, therefore the droplet arrangement is determinedby the microchannel geometry and

the droplet size, however the dispersed phase volume fraction determines the packing density.

By controlling the volume fraction of the dispersed phase viaside channel it is possible to

find many different meta-stable droplet arrangements, as will be discussed in the following

chapters of this thesis.

Figure 2.14: The emulsion structures can be altered according to volume fraction. The lateral
dimension of side channel is 30µm. The flow direction is from left to right as indicated by the
solid arrow. The open arrows at the side channel indicate theflow direction of the continuous
phase.

2.5 Droplet coalescence

Another fundamental aspect of droplet-based microfluidicsis coalescence which may be

achieved by colliding oppositely charged droplets [38], or forcing droplet pairs through a

channel restriction [51, 107, 108] as shown in Fig.2.15. Droplets A and B are produced at

two production units and merged as they pass through the geometrical constriction. When

pairs of droplets reach the constriction, the velocity of the first droplet is reduced and the

second droplet is pushed towards the first one which destabilizes the oily lamella between the

droplets. This process results in the formation of a coalesced droplet C. Surface modification

can also be used to induce fusion of droplets [109]. It does not require active elements nor

synchronization of droplets and any number of droplets can be fused by a single step. Rows

of pillars structured within the microfluidic channel network could also initiate the passive

merging of droplets [52]. However, these methods are not easily transferable to gelemulsions

due to the dense packing of droplets. Instead we induce coalescence in gel emulsions using

electrocoalescence [53, 54], where the droplets experience an external electric field.In this
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case the coalescence can be induced locally, and consequently, specific droplet pairs may be

targeted for coalescence [36].

Figure 2.15: Time series of snapshots of droplets merging via a geometrical constriction.
Droplet pairs A and B merge as they pass through the constriction, resulting in a coalesced
droplet C. Scale bar: 160µm. Image taken from Ref. [107].

The first approach of electrocoalescence was to subject pairs of droplets to a high electric

field [38, 54]. The high voltage method is not convenient especially for sensitive biological

species that might be encapsulated in the droplets in particular since the droplets are exposed

for a fairly long time to the large potential difference. Alternatively, low potential electro-

coalescence, which is used in this thesis has been demonstrated by Priest et.al. [36]. The

mechanism of electrocoalescence has been explained as an electric field induced dynamic

instability of the thin oil lamella separating two droplets[110]. An example for electrocoales-

cence is illustrated in Fig.2.16for bamboo and zigzag droplet arrangements travelling along

a microchannel. Applying a short pulse (100 ms) of 1 V d.c. between the electrodes induces

local coalescence of droplet pairs as they pass the electrodes. By optimizing the electrode di-

mensions and geometry, targeted coalescence of specific droplet pairs is possible in foam-like

arrangements. For instance, for the bamboo arrangement in Fig. 2.16a, the pulse frequency

was adjusted to target every third lamella, so that the larger coalesced droplets were separated

downstream by a single uncoalesced droplet. For the zigzag arrangement, electrocoalescence

was induced perpendicular to the channel using thin electrodes (not wider than the droplet

diameter), which were slightly off-set, commensurate with the droplet arrangement.

The required electrical potential is proportional to the lamella thickness,U ∝ d and it was

found to be independent of the aqueous phase conductivities, cf. Fig. 2.16c. The applied
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Figure 2.16: Targeted electrocoalescence of droplets within (a) a bamboo arrangement and
(b) a zigzag arrangement. The bright line in (a) perpendicular to the microchannel is the
gap between the gold electrodes. In (b), the electrodes are indicated by the black rectangles.
(c) Applied potential as a function of the lamella thicknessfor a various salt concentration.
Images taken from Ref. [36].

potential for electrocoalescence must be sufficient to rupture the lamella. In contrast, applying

an excessive potential difference can lead to indiscriminate coalescence along the length of

the channel.

To explain the underline process of the electrocoalescencework presented here, one might

consider the possibility of a field-induced dynamic instability of the oil/water interface. In

fact, it is well known that when a liquid dielectric film between conducting media is subject

to a potential difference, the capillary waves of its bounding interfaces become unstable in a

whole range of wave numbers,q ∈ [0,q0], whereq0 depends on the applied voltage. One

obtains [110]

q0 =

√

ǫǫ0

γ
U d−3/2 (2.1)

whereγ is the interfacial energy of the oil/water interface in the presence of the surfactant,

ǫ is the dielectric constant of the oily phase,ǫ0 is the dielectric permittivity of vacuum, andU

is the voltage applied across the film.

The targeted electrocoalescence of droplets has been used in chapter 5, where an encap-
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sulated fibrin network formation is explored by coalescing aaqueous droplets containing a

fibrinogen and a thrombin molecules.

2.6 Droplet detection

The real time detection of droplets is critical for the accurate control of microfluidic pro-

cesses. Currently optical detection methods are the most widely used [46, 47]. The detected

signal at the photo diode can be used for evaluating the droplet’s size, shape, and produc-

tion frequency [46]. The device can detect very high production frequencies, which are not

feasible using a conventional CCD camera/microscope setup. Shenget al. presented the ca-

pacitive detection of microfluidic droplets based on the dielectric constant contrast between

the droplets and the carrier fluid, where the tested capacitance signals can be used directly for

in situ labeling, sorting and droplet manipulation [47].

Figure 2.17: A sketch of the voltage signalU/U0 as a function of time using two electrodes of
different cross-section in contact with a) a bamboo structure; b) a zigzag structure.

For some technological applications, it may be useful to have non-optical detection of

the structure flowing in a channel. When a channel width is about the same size as the
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droplet/bubble size, individual droplets of an emulsion arrange into a single file (cf. Fig.2.17a)

which is called a ’bamboo’ arrangement. If the cross sectionof the channel is sufficiently large

so that droplets begin to evade perpendicular to the flow direction, the droplets can arrange in

a ’zigzag’ arrangement. Elias et al., have shown that if the foam flowing in the tube is either

a ’bamboo’ or a ’zigzag’ structure, the structure can be detected by an electrical conductivity

measurement [94] if a ferrofluid is used as a continuous phase. Due to the ionicnature of

ferrofluids it is possible to perform an electrical conductivity measurements. Using two elec-

trodes that are smaller than the separation of the Plateau borders, the detected voltage signal

U reflects the structure of the foam. Since the foam structuresare periodic and flow within the

tube at a constant velocity, the signalU is periodic in time while being superimposed upon a

constant signal due to a conducting wetting film of ferrofluidaround the inside of the tube, cf.

Fig. 2.17. A peak in the electrical signal is recorded whenever a Plateau border is in contact

with one or both of the electrodes. In case of a bamboo structure both electrodes are in contact

with the same Plateau border at the same time, giving a regularly spaced sequence of identical

spikes in conductance (Fig.2.17a).

In the case of a zigzag structure, a more complicated signal can be observed. When one

electrode touches a Plateau border the other electrode is only in contact with the wetting film.

This leads to the occurrence of two alternating peak heightsin the periodic signal (Fig.2.17b).

The small peak is recorded when the smaller electrode is in contact with a Plateau border,

whereas the big peak corresponds to the case where the largerelectrode is in contact with a

Plateau border. For both the bamboo and zigzag structures each peak in the signal corresponds

to one bubble therefore the bubbles can be counted from the electrical signal.





Chapter 3

Manipulation by Channel Geometry

The manipulation of droplets is a critical operation that can enhance the effectiveness of

droplet-based microfluidic systems which is the main topic of this thesis. Droplets can be

maneuvered using both "active" and "passive" methods. "Active" methods employ external

forces, e.g. movable valves [111] or electric fields [50], whereas "passive" methods employ

only the channel geometry to sort, split, or re-organize thedroplets. The latter has been demon-

strated for foams [112] however it is not clear if the same ’rules’ will apply for theemulsions

since typically the volume fraction is different and a foam is compressible.

Considerably enhanced functionality in a microfluidic system can be achieved by using

droplets rather than air bubbles, since droplets may contain any chemical or biological reagents

of interest, which opens up an another useful aspect towardscombinatorial chemistry applica-

tions [39]. Therefore there has been increasing research towards theuse of individual droplets

in microfluidic processing [5–10]. However, the most of these studies concentrated on a sys-

tem which consisted of a low amount of the dispersed phase volume fraction so that the dis-

tance between the individual droplets was large in order to prevent unwanted coalescence. In

this thesis we use the opposite approach by concentrating oncontrolling droplet positions in

gel emulsions. Emulsions with a continuous phase volume fraction of a few percent only are

called gel emulsions [113]. Their foam-like structure provides intriguing new possibilities for

controlling droplet positions due to the topological interaction of the network of lamellae with

the channel geometry [112, 114–116].

In the present chapter we explore the morphology of monodisperse emulsions at high

dispersed phase volume fractions, which self-organize into well-defined droplet arrangements.

These arrangements can be stable or metastable, depending on the geometry of the confining

39
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microchannel. Three arrangements are considered, in whichthe droplets are aligned either

in a single file (’bamboo’), in a two-row (’zigzag’), or in a three-row structure. We explore

the potential for induced transitions between these distinct droplet arrangements as a tool for

droplet-based microfluidic processing. Furthermore, we show that neighboring relation of a

monodisperse gel emulsions may be controlled in an extremely well-defined manner driven

by changes in the microchannel geometry, such as a corner.

3.1 Structural transitions

As described in the materials and methods section, chapter 2, we dispersed MilliporeT M

water in a low viscosity oil (IsoparT MM, Exxon Mobil), which contains a surfactant (2 wt.%

Span 80) to stabilize the droplets against coalescence. Microchannels were fabricated using

photolithography of SU8 photoresist. More detailed information about the device fabrication

and emulsion type can be found in chapter 2.

Droplets with a monodispersity better than 1.5 % (coefficient of variance for droplet dia-

meter) and with volume fractions,φ, ranging from 60 to 96 vol.% were generated either by step

emulsification [44] or cross-shear using a T-piece [40, 41]. Step emulsification design offers a

superior monodispersity of the droplets, while the T-junction design allows variation of droplet

volume over a larger range. Therefore, whenever the volume fraction of the emulsion needs

to be varied step emulsification device was applied. However, if a larger range of droplet

sizes was needed, the droplets were generated by T-junction. In both T-junction and step

emulsification the dispersed phase volume fractionφ can be adjusted subsequent to droplet

production by injecting or subtracting continuous phase through a small side channel, whose

lateral dimension was much smaller than the droplet size, see subsection 2.4.4.

In order to induce structural transitions, we must first consider what determines the droplet

arrangement in a given microchannel. The main issue here is the interplay between the length

scale set by the size of the droplets and the length scale and geometry of the microchannels.

Depending on the droplet size to the channel cross section weobtain a different arrangements.

In narrow channel, the droplets will arrange in a bamboo arrangement, cf.3.1a (left) whereas

when channel cross section is large enough then droplets canarrange in a zigzag arrange-

ment, cf.3.1a (middle). For a given droplet volume, both the bamboo or thezigzag arrange-

ment might be stable within a range of channel widths depending on the volume fraction of

the dispersed phase and history, i.e., the geometry of the upstream channel cross section, cf.
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Fig. 3.1b.

To manipulate droplet arrangements in a controlled manner,we must first consider the

behavior of a monodisperse gel emulsion within the confined environment of a microchan-

nel. The main consideration is the interfacial tension,γ, of the liquid/liquid interface, which

tends to minimize the surface area of the droplets for a givenchannel geometry. The droplet

arrangement is then largely determined by the microchannelgeometry and the droplet dimen-

sion [117, 118]. Importantly, several different meta-stable arrangements may coexist, which

depend on the history of the system. By means of minor channel interventions one may thus

switch back and forth between different stable or metastable droplet arrangements.

Figure 3.1: a) Sketch of the bamboo arrangement (I), the zigzag arrangement (II), and the
three-row arrangement (III). b) Transition between a zigzag and a bamboo arrangement by
forcing a monodisperse gel emulsion atA∗ = 0.60 through a channel consisting of a neck and
a local expansion.

Let us first consider, as a paradigm example, transformations between the bamboo and

the zigzag arrangement as they are induced by modifications in the channel geometry, see

Fig. 3.1b. For simplicity we restrict this discussion to shallow channels, where the droplet

arrangement can be regarded as quasi-two-dimensional, andthe shape of the lamellae is planar.

The dispersed phase volume fraction is defined as:

φ =
Qd

Qd + Qc
(3.1)

whereQd is the dispersed phase flow rate andQc is the continuous phase flow rate. For
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comparison with the 2D model of an emulsion structure which will be presented here, the

volume fraction will be defined as the projected 2D area fraction, as measured from the optical

micrographs. In equilibrium, the intersection between three lamellae (Plateau border) is 120◦

(see section 1.3.1). The energy contribution by the interfaces at the channel walls need not be

considered since the walls always contribute the same energy, and we are interested in energy

differences only. In particular, there is no need to distinguishwhether or not the channel

walls are wetted by the continuous phase. If each lamella hasan excess free energy per unit

area of 2γ [119], we can easily express the excess free energyE of each droplet in units of

γW, Ẽ := E/γW, whereW is the channel width. Similarly, the drop volume, which is the

projected area of the droplet,A, in our quasi two dimensional consideration, can be expressed

in dimensionless form asA∗ := A/W2. Using these scaled quantities, we obtainE∗I = 2 per

compartment for the bamboo arrangement (dashed line in Fig.3.2), andE∗II = 1 +
√

3A∗ for

the zigzag arrangement (plotted as solid line in Fig.3.2). Clearly, the zigzag arrangement is

not defined any more for compartments larger than the channelwidth W. This sets an upper

limit for the rescaled area,A∗ =
√

3 (end point of the solid line). We find thatE∗I = E∗II if

A∗ = 1/
√

3 ≈ 0.58. If the droplets are smaller, the zigzag arrangement is stable, while the

bamboo arrangement is meta-stable.

We can expand this theoretical consideration to three-row arrangements. Here, the excess

free energy per compartment isE∗III = 2/3 + (1 + 9/(2
√

3))A∗ (dotted line in Fig.3.2). The

three-row arrangement is not defined any more if two of the Plateau borders of the middle

compartments touch each other. This limits the maximum rescaled area, where three-row

arrangements can exist toA∗ = 4
√

3/(45− 18
√

3) ≈ 1.18 (end point of the dotted line). Bal-

ancing the excess free energy per compartment for the three-row and the zigzag arrangement

E∗III = E∗II , we find the stability conditionA∗ = 2/(6+ 9/
√

3) ≈ 0.18 for the transition between

a zigzag and a three-row arrangement. If the droplets are smaller, the three-row arrangement

is stable, while the zigzag arrangement is meta-stable.

In an experiment, it is in fact quite simple to switch from a zigzag arrangement to a bamboo

and back again ifA∗ ≈ 1/
√

3 ≈ 0.58, i.e. close to the coexistence between a zigzag and a

bamboo arrangement. The emulsion in Fig.3.1b flows from left to right, as indicated by the

arrow. It is shown how a transition between a zigzag and a bamboo arrangement is achieved

in an arrangement of monodisperse droplets withA∗ ≈ 0.60 by introducing a constriction

and subsequently an expansion in the microchannel. When the gel emulsion is forced past a

constriction, we move to higherA∗ in Fig. 3.2 while for an expansion we move to lowerA∗.

As the zigzag arrangement enters the tapered zone at the constriction, the droplets are locally
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Figure 3.2: Scaled excess free Energy of the bamboo arrangement (dashed), the zigzag (solid),
and the three-row (dotted) arrangement as function of the scaled droplet volume. The hatched
area (I-III) denote the respective droplet arrangement with the lowest free energy.

forced into single file because they leave the region ofA∗ where a zigzag arrangement can

exist. After the constriction, where the channel widens, the lamellae are perpendicular to the

channel walls and have no connection to one another. As the channel widens, the lamellae are

simply elongated to accommodate the widening channel. At the same time, their dimension in

the direction of the flow is reduced due to volume conservation, respectively area conservation

in our 2d-consideration. Thereby they are shifted to regionII in Fig. 3.2 where the bamboo

arrangement is metastable with respect to the zigzag arrangement. Subsequently, the bamboo

arrangement can be changed back to a zigzag arrangement by a local expansion in the channel

width. This means we move towards even smallerA∗ in the diagram shown in Fig.3.2. When

the channel width is reduced to its original width after the expansion, the zigzag arrangement

remains as the stable arrangement. The fact that for the samechannel width the bamboo

and the zigzag arrangement might coexist indicates that theflow direction with respect to

the channel geometry is vitally important. It seems that it is important to have a steep kink

at the leading edge of the expansion. However, the transition behaviour is reversible in that

a constriction and expansion sequence along the length of a microchannel can periodically
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changed from one arrangement to the other, cf. Fig.3.1b.

As demonstrated by this example, the transitions are hysteretic and it is therefore possible

to retain the emulsion in a metastable arrangement. The hysteresis depends on the exact

geometry of the constriction and the volume fraction of the gel emulsion. In the following we

explore these two parameters experimentally and compare tothe simple energy minimization

scheme we have discussed above.

To first explore the influence of the geometry in more detail, we introduced constrictions

with various well-defined geometries, cf. Fig.3.3. The height and the upstream angleα of

the constriction is left constant at 30◦ whereas the downstream angle,β is varied between 5◦

and 75◦. While keeping the dispersed volume fraction,φ, constant at about 0.85 , we vary the

droplet size for each geometry. The critical rescaled droplet volume at which the transition be-

tween a bamboo and a zigzag arrangement occurs is plotted in Fig. 3.3. For larger droplet area

A∗ the droplet arrangement after the constriction is always a bamboo arrangement whereas for

smaller droplet area the droplet arrangement changes back to a zigzag arrangement after the

constriction as indicated by the two insets. The horizontaldashed line atA∗ = 1/
√

3 indicates

the theoretical stability criterion of bamboo and zigzag arrangement as derived from mini-

mizing the surface free energy in 2D. The experimental results show that for steep obstacles

(β & 60◦) the transition between a bamboo and a zigzag arrangement takes place where the

difference in configurational energy changes sign. This is expected since a steep slope pro-

vides sufficient disturbance to prevent the system from being trapped in a metastable state. For

down stream angles. 45◦, however, we find a clear departure from this behavior, indicating

the survival of the metastable state: the smaller the downstream constriction angle,β, the more

easily a bamboo arrangement is stabilized downstream from the constriction.

Besides the precise geometry of the constriction, the hysteretic behavior also depends on

the volume fractionφ of the dispersed phase [112]. In Fig. 3.4 the hysteretic topological

rearrangement is shown for a constant droplet size as a function of volume fraction of the

gel emulsion. For the tapered channel shown, we determined the rescaled channel widths

W/
√

A = 1/A∗ at which the transitions between the bamboo, the zigzag, andthe three-row

arrangement occur. Comparing the transition points for the opening taper with those for the

closing taper, we clearly see that there is considerable hysteresis. This hysteresis is found to in-

crease with the volume fraction of the dispersed phase and becomes noticeable forφ > 0.80

in agreement with experimental results using foams on the mm-length scale [112]. Conse-

quently, the probability to retain a particular droplet arrangement increases with increasingφ.

The physical reason for this hysteretic behavior is the finite energy required for topological
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Figure 3.3: Gel emulsions with the same droplet area flowing from left to right through dif-
ferent channel geometries. Top: the bamboo arrangement remains in the metastable config-
uration (β = 5◦). Bottom: the bamboo arrangement changes back to the zigzag arrangement
(β = 10◦). b) Transition between a zigzag and a bamboo arrangement bysuitable channel
geometries. Stability diagram showing the critical scaleddroplet volumeA∗ = A/W2, where
either a bamboo [I] or a zigzag [II] arrangement is found as a function of the downstream
slope angle,β of the feature. The dashed line corresponds to the simple geometrical model,
A∗ = 1/

√
3.

transitions of the foam-like network. One example is the T1 transition [90–93], where two ver-

tices of the foam (Plateau borders) merge and separate againto form a different bubble/droplet

arrangement (cf. section 1.3.1 and Fig.1.5).

Fig. 3.4b shows the hysteresis effects in more detail. The interval spanned between open

and closed symbols of the same type indicate regions of coexisting zigzag and three-row (tri-

angles) or bamboo and zigzag (squares) arrangements. The horizontal lines at 1/
√

A∗ = 1.32
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Figure 3.4: a) Optical micrographs: monodisperse gel emulsions flowing through a wedge
shaped channel.(top: φ=0.74, bottom: φ= 0.96). The dashed lines mark the position of
the respective transitions. b) Regions of coexisting different droplet arrangements, as found
experimentally. Triangles: zigzag/three-row coexistence. Squares: bamboo/zigzag coexis-
tence. Horizontal lines: normalized channel widths corresponding to the intersection points in
Fig. 3.2. The curved lines denote the transition for hard discs between [I] and [II] (solid) and
[II] and [III] (dashed), respectively [120].

and 1/
√

A∗ = 2.37 correspond to the points of intersection in Fig.3.2 as obtained from the 2D

geometrical foam model. It is interesting to note that theselines agree well with the experi-

mental results forφ < 0.80, although the droplets have almost undisturbed circularshapes

in this regime. This can be well appreciated from the upper panel in Fig.3.4a for φ=0.74,

where the droplets barely touch one another.
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In fact, we can use the hard disks model to describe the behavior at low values ofφ [120].

The curves in Fig.3.4b indicate the maximum dispersed phase volume fraction which can be

obtained by packing hard disks with a preset value ofA∗. We see a rough agreement of the

lobes of these curves with the coexistence regions. The significant under estimation ofφ is not

unexpected due to the deformability of the droplets.

For comparison, we plotted the calculated packing behaviorof solid (undeformable) discs

[120] in Fig. 3.4b. The solid and the dashed curves denote the transitions between a bamboo

and a zigzag arrangement of solid discs and the transition between a zigzag and a three row

arrangement, respectively. Qualitatively, the hysteretic behavior is resembled by this theory.

However, quantitatively there is still an open question forthe theory regarding 2D emulsion

arrangement i.e. deformable discs, as a function of the volume fraction. As expected, the be-

havior of solid discs provide a lower bound concerning the volume fraction; The experimental

transitions take place at significantly largerφ. This shows that they are determined by the

geometrical arrangement of the compressed cells, or by Plateau borders.

3.2 Droplet reorganizations at a corner

When droplets are monodisperse and produced at high volume fraction, each droplet’s

position is well-defined relative to its neighbors. By addressing individual droplets in real time,

the complex processing of chemicals (e.g. for synthesis andanalysis) and bio-matter (e.g. cell

viability, protein crystallization) can be achieved. Indeed, the positions of the droplets may be

precisely manipulated by introducing a corner in the channel geometry as shown in Fig.3.5.

We prepared microchannels incorporating a sequence of corners of varying corner angleα.

These bends were not smooth 180◦ bends as studied elsewhere [112], but rather two straight

channels that meet with a certain angle. By following the reorganization through each corner,

the phase shift of droplets relative to their neighbors was identified [121].

The different reorganizations are summarized in Fig.3.5 where the droplets next neighbor

relation is indicated before and after the corner. The droplets in the outer and inner row are

marked black and white respectively. For the 160◦ corner (Fig.3.5a) no phase shift was

observed, which means that the next neighbor relation of thedroplets before and after the

corner was identical. For the slightly sharper corner of 120◦, the inner row of droplets (white)

moved one position ahead of the outer row of droplets (black), cf. Fig.3.5b. For acute angles

the number of phase shifts increase; two positions at 40◦, cf. Fig.3.5c, and three positions at
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20◦ (images not shown). For acute angles, droplets were permanently captured in the corner

(marked in yellow). The more acute the angle, the greater thenumber of captured droplets.

In Fig. 3.6 a three-row zigzag arrangement flowing through a bend channel is shown. Here

we found similar behavior to that observed in the case of the two-row zigzag arrangement.

However, due to the simplicity, more quantitative investigations were carried out for the two-

row zigzag arrangements. This geometric constraint is flow rate independent which was a

finding of in our experiments. This result is in contrast to translocation in a smooth 180◦ bend

[112] where friction at the channel walls was found to be crucial.

Figure 3.5: An example of two-row zigzag arrangements with avolume fraction ofφ=0.81
flowing along a corner. Depending on the corner angle the relative position may changed
by up to three positions. a) For the 160◦ corner, no phase shift was observed. b) a 120◦

corner induced a one position phase shift with respect to theouter row of droplets. c) For a
more acute angle (40◦), a two position phase shift was induced. Droplets marked yellow were
permanently captured in the corner. The channel width is 280µm.

The phase shift of the droplets through the corner can be explained by considering the path

length of the inner and outer row of droplets travelling through corners as shown in Fig.3.7a.

We calculate the geometric path length∆ (The length of the red line in Fig.3.7a) between

the 1st and thenth row taken at the respective center of the droplets in units ofthe width of a

single droplet ("unit cell"). Thus, the phase shift in units ofa unit cell length can be defined

as: δ := ∆/d, whered is the droplet width. By defining the angular deviation from a straight

channel byβ := π−α, we obtain for the phase shiftδ := 1
A∗ tan(β/2). HereA∗ is the normalized
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Figure 3.6: Three-row zigzag arrangements in the corner channel. As the case of a two-row
zigzag arrangement at a 160◦ corner, there was no phase shift observed. For the 140◦ corner,
a one position phase shift was induced between the 1st and 2nd row and the 2nd and 3rd row,
respectively. For a more acute angle (100◦), a one position phase shift was induced between
the 1st and the 2nd row, while there was two phase shifts induced between the 2nd and the 3rd

row.

2D volume (area) of the droplet that can be expressed asA∗ := A/W2. To calculate the center

of mass of the droplet we approximated the shape of the droplet as rectangular, which does

not change the center of mass compared to hexagonal droplets, but allowed us to account for

different volume fractions. In the calculation of the width of the unit cell we used an increased

Figure 3.7: a) A schematic of path lengths for the inner and outer rows of droplets around the
corner. The path length difference at the center of the droplets,∆, is indicated by the red line.
b) A sketch of a unit cell length (d′) used in the model.
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droplet widthd′ i.e. the droplet widthd plus the lamellae thickness, see Fig.3.7b. Assum-

ing that the continuous phase is just a line, then the increased drop volume accounts for the

remaining continuous phase.

Figure 3.8: Number of phase shifts as a function of angle,β for various drop sizes. The angle
β is the angle of deviation from the straight channel. The dispersed phase volume fraction was
φ=0.92.

To systematically investigate the neighboring relation ofdroplets more quantitatively, we

considered a number of parameters like the drop size and the dispersed phase volume fraction.

The number of phase shift as a function of angleβ, whereβ is the deviation angle from the

straight channel (β = (π − α)) for various droplet sizes are shown in Fig.3.8. Here the dis-

persed phase volume fraction is kept constant atφ=0.92. As we can see from Fig.3.8 smaller

droplets induce a greater number of phase shifts. The dashedlines represent our simple theo-

retical consideration, based on the relative path length ofthe inner and outer rows of droplets

whereas the data points represent our experimental results. The theoretical assumptions are

in good agreement with the experimental results in general.However, at acute angle, the ex-

perimental data points diverge from the theoretical results especially for bigger droplet sizes

(the orange data points in Fig.3.8). If repeat these experiments for a lower dispersed volume

fraction, see Fig.3.9, more acute corners are needed to achieve the same number of phase
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shifts as compared with the higher dispersed volume fraction.

In Fig. 3.10, we combined the results of several measurements such as those shown in

Fig.3.8 and Fig.3.9 for various volume fractions together with the prediction from our simple

model. Here the number of the phase shifts are plotted as a function of angle,β for various

volume fractions at fixed drop size. It was observed that the higher the volume fraction, the

larger the number of phase shifts induced by the corner. For small φ (the blue data points,

φ = 0.67 in Fig.3.10) it seems the experiment rather escape to lower number of phase shift

whereas for largerφ (the black data points,φ = 0.92 in Fig.3.10), it seems to escape to the

larger number of phase shift.

Figure 3.9: Same as Fig.3.8, but for dispersed phase volume fraction ofφ=0.67.

To relate a critical drop size with the number of phase shiftswe fixed the corner angle at

90◦ and the dispersed volume fraction toφ=0.85, while the drop sizeA∗ was varied between

0.15 and 0.60. This is the maximum range in drop size where a zigzag arrangement can be

found as explained in the previous section (pp. 46 and 47). InFig. 3.11 two examples are

shown; In Fig.3.11a the drop size wasA∗ =0.19 and the number of phase shifts were found to

be two. In Fig.3.11b, the drop size was almost doubled toA∗ =0.34 and the number of phase

shifts was one. By examining our experimental data, we found the critical volume of droplet

to be≈0.28 for the given parametersα = 90◦; φ=0.85. The critical drop size for a certain
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number of phase shift,A∗c will vary depending on the corner angle and the volume fraction of

the emulsion. ForA∗ <0.28 we expect two or more droplet shifts, and forA∗ >0.28 we only

expect to get one droplet shift.

Figure 3.10: Number of phase shifts as a function of angle,β for various dispersed volume
fractions. The normalized volume of the drop isA∗ = 0.36.

Figure 3.11: With a fixed corner angle of 90◦ and a volume fraction of the dispersed phase of
φ=0.85, only the drop size,A∗ is varied. a) WhenA∗ =0.19, the number of phase shifts were
two. b) WhenA∗ =0.34, the number of phase shifts was one. In both cases droplets droplets
that are initially separated (marked black) before the corner come into contact after they had
passed the corner.



3.2. Droplet reorganizations at a corner 53

The controlled mechanism to change the neighboring relations might be used in combi-

nation with e.g. electrocoalescence for combinatorial microfluidic applications. In Fig.3.11

four droplets are labeled before and after the 90◦ corner. Originally, the black droplets are

separated by two white marked droplets in a zigzag arrangement (Fig.3.11a (a)). The droplet

positions are fixed until they enter the corner (Fig.3.11a (b)), where a one-position phase

shift brings the once separated droplets together (Fig.3.11a (d)). This behavior may be re-

versed (by a second corner) or may be used to position droplets relative to one another for

electrocoalescence (i.e. to initiate a reaction).

This mechanism where the outer two droplets come into contact after passing the corner, is

observed whenever the number of phase shifts is one or two andis independent of the corner

angle. For the smaller droplets the number of phase shifts are two, whereas in case of larger

droplets, the number of phase shifts is just one. In this case, the only difference is those two

inner droplets may exchange positions after they had passedcorner therefore giving a different

result for the final number of phase shifts. When the number of phase shifts is three then the

outer two droplets can not get in contact e.g there will be another droplet in between. This

example demonstrates, how precisely one can manipulate theeach individual droplet positions

with respect to the neighboring droplets.

The observed deviations of our experimental results to the model based on the geometric

path length suggest that the number of phase shifts is not additive if we combine several

corners of different angles. Let’s take the example ofφ = 0.92 from Fig.3.10 and consider

the number of phase shift for a full 360◦ circle.

18× 20◦ corner⇒ 0 phase shifts

9× 40◦ corner⇒ 9 phase shifts

6× 60◦ corner⇒ 6 phase shifts

4.5× 80◦ corner⇒ 9 phase shifts

3.6× 100◦ corner⇒ 7.2 phase shifts

3× 120◦ corner⇒ 6 phase shifts

If we construct the full circle using a 40◦ corner 9 times we expect 9 phase shifts, while we

expect no phase shifts in the case of a 20◦ corner 18 times. This result suggests that the phase

shifts can be maintained if appropriately shaped corners are inserted along a straight channel,

respectively the number of phase shifts might be continuously increased by inserting several

such corners into a straight channel. This may be applied to combinatorial multistep reactions

where the neighbouring droplets have to be exchanged.





Chapter 4

Manipulation by Magnetic Fields

In the previous chapter we have seen that the arrangement of droplets in a microchannel can be

changed by geometrical constrictions. Since a different droplet arrangements might change the

result of a Y-junction, cf. Fig.4.1 it might be very interesting for microfluidic processing to

manipulate the geometry of the constriction on demand by external fields. Actively switching

between a bamboo and a zigzag arrangement might allow onlinesorting, dividing, and other

microfluidic processes. To explore the active switching we have generated aqueous droplets

in a ferrofluid as the continuous phase, which can be manipulated applying a magnetic field.

Ferrofluids have novel properties and their behavior in magnetic fields have led to many

interesting applications. Engineering applications of ferrofluids in microflidics rely upon their

basic properties such as retention in a magnetic field, levitation of magnetic and non-magnetic

objects, micromagnetics and catalysis associated with small particles, magnetic shielding and

their effect on electrical parameters [122]. A review paper by Pamme [123] describes the

various developments within the field of magnetism and microfluidics. Plugs composed of a

ferrofluid and transported by external magnetic fields can beused for pumping liquids through

channels. Hatchet al. fabricated a circular ferrofluidic micropump for continuous pumping

of water [124]. Hartshorneet al. reported the use of a ferrofluid as a valve in a microchan-

nel [125]. Water based ferrofluids can be made bio-compatible, rendering them useful for

many biomedical applications such as cell manipulation andsorting schemes [126, 127]. Fer-

rofluidic foams,i.e. ferrofluids with air bubbles, have also been investigated [94, 112, 115].

As we discussed in the previous chapter, for a given droplet volume, both the bamboo or

the zigzag arrangement might be stable within a range of channel widths depending on the

volume fraction of the dispersed phase and history, i.e. thegeometry of the upstream channel

55
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Figure 4.1: Optical micrographs of monodisperse gel emulsions in microfluidic channels a)
When droplets of a bamboo arrangement arrive at the Y-junction they are split in two smaller
droplets. b) When a zigzag arrangement of droplets arrive at aY-junction the two droplet rows
are reversibly separated or combined depending on the flow direction. c) Alternating droplets
of different type (black droplets contain fluorescent dye, Eosin B) using a Y-junction [45].

cross section. This dependence on history is most easily appreciated considering a simple

Y-junction. It can either act as a ’zipper’, separating or combining two droplet rows reversibly

(cf. Fig. 4.1b), or it can split the droplets when they arrive as a bamboo structure (cf. Fig.

4.1a). By changing the arrangement of the droplets (bamboo or zigzag) we can alter the ope-

ration of the Y-junction. Using a Y-junction, droplets thatcontain different chemicals can be

alternated in a downstream channel, cf. Fig.4.1c. It is however, the initial emulsion arrange-

ment that determines the consequence of a Y-junction and therefore precise manipulation of

this arrangement is very important.

4.1 Water-in-ferrofluid emulsions in capillaries

We used a PMMA device with either T-junction or step emulsification unit in the micro-

channel (see chapter 2.4). This channel is connected to a capillary with circular cross section,

whose diameter is larger than the channel width. Therefore,the droplets are packed close to

one other in the capillary. For various drop sizes several different emulsion arrangements can

be observed, cf. Fig.4.2. The arrangement depends on the ratio of the capillary diameter

to the droplet diameter and becomes complex if this ratio is very large, as can be seen from

the Fig.4.2c and Fig.4.2d. For simplicity we only consider about the bamboo and zigzag

arrangements in our experiments. The volume fraction of theemulsion is also important for

the droplet arrangement; The higher the volume fraction, the more the ordered the arrange-

ment becomes. These droplet arrangements in the capillary can be manipulated by external

magnetic field. We used permanent magnets of different sizes to apply magnetic field gra-
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dients. A magnetic field gradient can twist the arrangement,or induce the transition from one

arrangement to another cf. Fig.4.3 depending on the strength and the lateral extension of the

magnet. Applying a magnetic field using a small pole shoe, rotates the arrangement (or twist)

cf. Fig. 4.3a, whereas a large pole shoe induces a transition between thezigzag and bamboo

arrangement cf. Fig.4.3c.

Figure 4.2: Ordered emulsion arrangements in a capillaries. a) bamboo, b) two-row zigzag,
c) three-row, d) four-row structure. The topology of the droplet arrangement depends on the
ratio of the droplet diameter to capillary diameter.

As what we found in the previous chapter, stability of a bamboo and zigzag arrangements

are important whether a transformation between those arrangements will happen. In other

words, if a zigzag arrangement is in a metastable region, it is quite easy to transform it from

the zigzag arrangement to the bamboo arrangement applying amagnetic field. This can be

seen from Fig.4.3. In the case of smaller droplets, the zigzag arrangement remains the same

after the pole shoe (cf. Fig.4.3b), while the emulsion arrangement containing slightly bigger

droplets is transformed into a bamboo arrangement (cf. Fig.4.3c) with the same applied

field strength and distribution. In all cases, an accumulated ferrofluid plug is observed at

the location of highest magnetic field strength due to the high magnetic susceptibility of the

ferrofluid. These findings are in good agreement with a ferrofluid foam systems on larger

length scale [112].

Due to rotational invariance of the droplet arrangements ina capillary with a circular cross

section, the rearrangements of the droplets is very difficult to observe. For quantitative experi-

ments we thus used microfluidic devices with rectangular cross section and vary the magnetic
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field distribution by various pole shoes of an electromagnetthat allows to adjust the magnetic

field strength continuously.

Figure 4.3: Droplet manipulation in a cylindrical capillary by inhomogeneous magnetic field
using a permanent magnets (NdFeB) and a ferrofluid as the continuous phase. The pole shoe
is visible at the bottom of each image. a) Arrangement rotation using a small pole shoe b) A
large pole shoe accumulates more ferrofluid but no transition occurred c) When slightly larger
droplets are imposed, the transition from zigzag to bamboo arrangement observed.

4.2 Water-in-ferrofluid emulsions in microchannels

As described in section 2.2.1. microchannels were directlymicro-machined in a PMMA

block and were closed by a PMMA cover plate. The microfluidic chip is cut from the side

in order to bring the pole shoe of the electromagnets close tothe channel cf. Fig.2.3. Both

T-junction (see chapter 2.3.1) and step emulsification (seechapter 2.3.3) techniques were used

to generate emulsions. T-junction device was used to generate a wide range of droplet sizes

whereas step emulsification device allows to produce a high dispersed phase volume fraction

of emulsion. In order to manipulate water-in-ferrofluid emulsions in the microchannel, we

used an electromagnet (Model 3470, GMW Associates, San Carlos, California, USA) capable

of producing a magnetic field strength of up to a 1.8 T cf. Fig.4.4. In order to get uniform

magnetic fields, we used a symmetric pole face (45 mm diameter) and, to generate inhomo-

geneous magnetic fields, we used a single pointed pole shoe (3.5 mm diameter, 77.5◦ cone

angle). The magnetic field strength in the microchannel was measured by a Hall probe (Model
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907, Messtechnik and Electronik GmbH) as shown in Fig.4.4. Water cooling of the mag-

net is possible when using high magnetic fields for a long time, but was not needed in the

experiments described here.

Figure 4.4: The electromagnet used in our experiments, which is capable of producing mag-
netic fields up to 1.8 T. The hall probe mounted on the micromanipulator was used to determine
the local field strength.

We applied a homogeneous magnetic field using a large, rotational symmetric pole shoe

with a radius of r= 22.5 mm (cf. Fig.4.5). In Fig. 4.5b, the normalized magnetic field

strength is displayed as a function of the lateral distance from the center of the pole shoe.

The shape of the pole face is sketched at the bottom of the graph in light grey, in Fig.4.5b.

The microfluidic channel containing an emulsion with a zigzag arrangement was placed in the

middle of the pole shoes at a distance≈ 2.5 mm from the center of the pole shoe at an applied

magnetic field of up to 1.5 T. In this area the magnetic field is homogeneous and as expected

[95], the ferrofluid lamellae do not align parallel to the homogeneous magnetic field and no

changes in the droplet arrangement could be detected, cf. Fig. 4.5a.

Alternatively, when applying an inhomogeneous magnetic field using a pointed pole shoe

with a radius of r= 1.75 mm, the ferrofluid emulsion arriving in a zigzag arrangement forms

a temporarily variable "plug" of ferrofluid. Using this inhomogeneous field distribution, the

emulsion can be switched from a zigzag to a bamboo arrangement, cf. Fig.4.6. The dynamic

evolution of the ferrofluid plug is displayed in Fig.4.6. When switching on the magnetic field,

the continuous phase consisting of ferrofluid, which are close to the pole shoe grow thicker as

can be seen from the second image (at t= 2 s) in Fig. 4.6. One can see the pole shoe of the
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electromagnet at the bottom of the image which is brought close to the microfluidic channel cf.

Fig. 4.6. With time the lateral extension of the ferrofluid plug increases. Therefore, droplets

have to align in a single file to accommodate in the environment where channel width is dec-

reased when passing the ferrofluidic accumulation. Thus, the zigzag arrangement transforms

to the bamboo arrangement (Fig.4.6 and Fig.4.7a). The dynamic shape of the ferrofluidic

plug is found to be similar for all applied field strengths with a downstream slope angle of

15◦. As we have been discussed in the previous chapter, the fixed geometrical constriction

with downstream slope angle.45◦ could stabilize the metastable droplet arrangement more

easily than the constriction with steep slope angle. Similarly, the ferrofluidic plug with less

downstream slope angle can quench the droplet arrangement into metastable region.

Figure 4.5: a) Optical images of a gel-emulsion withφ ≈0.85 exposed to a homogeneous
magnetic field. The microfluidic channel is placed at the center of the pole shoe. A homoge-
neous magnetic field neither leads to the formation of a plug nor aligns the emulsion lamella
parallel to the magnetic field up to the tested field strength of 1.5 T. b) The relative magnetic
field strength normalized to its maximum value is given as function of the lateral position
(measured from the center of the pole shoe) for a wide pole shoe with 45 mm face. The shape
of the pole face is sketched at the bottom of the graph in lightgrey.
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Fig.4.7b displays the normalized magnetic field strength as a function of the distance from the

center of the rotationally symmetric pole shoe with r= 1.75 mm. The magnetic field strength

decreases from 100 % at the center of the pole shoe to less than20 % at a distance r≥ 20 mm.

The shape of the pointed pole shoe is sketched at the bottom ofthe graph in Fig.4.7 in dark

grey. For both pole shoes, the magnetic field does not change qualitatively if we vary the

magnetic field strength produced by the electromagnet.

Figure 4.6: Time series of the development of ferrofluidic plug. At time t= 0 the magnetic
field is switched on to effect a transition from a zigzag to a bamboo structure. The peakvalue
of the magnetic field strength was 280 mT at the center of the pole shoe.

In case of a flowing emulsion, the hydrodynamic drag force deforms the shape of the plug

and shifts it down stream relative to the symmetric distribution of the magnetic field, as shown
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Figure 4.7: a) Optical micrograph showing a switching between a zigzag and a bamboo struc-
ture by inhomogeneous magnetic field in case ferrofluid used as a continuous phase. The
center of the respective pole shoe is indicated as dashed arrow (magnetic field strength at the
center of the pole shoe is about 200 mT) b) The relative magnetic field strength normalized to
its maximum value is given as function of the lateral position (measured from the center of
the pole shoe) for a pointed pole shoe. The shape of the pointed pole shoe is sketched at the
bottom of the graph in dark grey. Dashed lines denote area of the micrographs (a) and (c). c)
Ferrofluid plug formation at a quasi-static droplet arrangement. The ferrofluidic plug forms
at the position of highest magnetic field strength, that is given by the geometry of the pole
shoe. In case of flow in the microfluidic channel, the plug is shifted downstream due to the
hydrodynamic drag force, depending on the flow velocity. Theheight of the plug, however is
given by the absolute value of the magnetic field strength.
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in Fig. 4.7a. In this case the applied flow rate is considered to be medium, the production rate

is about 10 drops per second. For a static droplet arrangement which does not move along

the channel, a plug forms which is symmetric with respect to the center of the pole shoe, see

Fig. 4.7c. However, here the system is not completely static but the flow rate is very low

compared to the dynamic image shown in Fig.4.7a.

By varying the magnetic field strength, we can continuously vary the local channel width

due to the ferromagnetic plug. Using this possibility, the critical channel width Wc to induce

switching between a zigzag and a bamboo arrangement can be precisely determined for a given

drop size and the volume fraction. In Fig.4.8 the critical channel width normalized by the drop

size, Wc/
√

A which is needed to induce a transition from a zigzag to a bamboo arrangement

is plotted as a function of the dispersed volume fraction. For a channel width larger than

the experimental values (W>Wc), the zigzag arrangement persists. For smaller "effective"

channel widths (W<Wc), the zigzag arrangement is forced into a bamboo arrangement.

Figure 4.8: The normalized critical "effective" channel widthW/
√

A = 1/
√

A∗ required to
induce the zigzag to bamboo transition plotted as function of the dispersed phase volume
fraction (A∗ =0.42). The local channel width W is varied by the constriction height generated
by the ferromagnetic plug. The horizontal line at 1/

√
A∗ = 1.32 corresponds to the point of the

transition between zigzag and the bamboo arrangement as obtained from the 2D geometrical
foam model.
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According to the geometrical 2D-model given in the chapter 3, the zigzag arrangement

cannot exist for channel widths smaller thanW/
√

A = 1/
√

A∗ ≈ 1.32, which therefore sets an

upper bound for the existence of the bamboo arrangement. This constraint is found to agree

very well with our experimental results. Interestingly, the critical "effective" channel width is

independent of the volume fraction of the dispersed phase and purely given by the size of the

droplets with respect to the channel width. Experiments with a geometrical constriction mic-

romachined into the microfluidic channel revealed a critical channel width ofWc ≈ 1.4±0.2 at

a dispersed phase volume fraction ofφ = 0.85 in agreement with both the ferrofluid data and

the theoretical expectation, shown in Fig.4.8. Therefore, similar to the geometrical channel

constrictions, the bamboo arrangement can be driven into the metastable region creating a

temporally variable constriction forming a ferrofluidic plug. When channel width increases to

it’s original width after the ferrofluidic plug, either the bamboo arrangement could maintain

as a metastable arrangement or could transform back to the zigzag arrangement, depending

on the downstream slope angle and the droplet size. The larger the drop size associated with

the less downstream slope angle of the ferrofluid plug can stabilize the bamboo arrangement

easier after the plug.

Figure 4.9: Magnetic field strength needed to form the critical plug height as function of
the dispersed phase volume fraction. Higher dispersed phase volume fraction requires higher
magnetic field strength to effect a transition. The dashed line is a guide to the eye.



4.2. Water-in-ferrofluid emulsions in microchannels 65

The minimum magnetic field strength needed to induce a transition from a zigzag to a

bamboo arrangement i.e. in the narrow region where ferrofluid plug accumulated strongly

varies with the continuous phase volume fraction, cf. Fig.4.9. This is a consequence of

the increased (negative) Laplace pressure in the Plateau borders for reduced continuous phase

volume fractions [128, 129]. As the ferrofluid plug must grow by drawing liquid from the thin

lamellae and Plateau borders, the plug formation is opposedto the dispersed phase volume

fraction. Thus, the higher the dispersed phase volume fraction the larger the magnetic field

strength is required to induce the transition.

Our findings indicate that the same switching effect induced by geometric constriction can

be achieved using a ferrofluid. If a laterally inhomogeneousmagnetic field is applied, ferroflu-

ids tend to flow toward regions of increasing magnetic field strength, due to their high magnetic

susceptibility. As a consequence, the ferrofluid (continuous phase) forming the lamellae of the

gel emulsion should accumulate at the point of highest magnetic field strength. Thus, the vol-

ume fraction of the dispersed phase varies laterally along the channel in the vicinity of the pole

shoe. The locally accumulated ferrofluid forms a plug at the center of the pole shoe, which

acts as a geometric constriction just as demonstrated in theprevious chapter. However, in this

case the switch is active, allowing for on-demand manipulation of droplets. For the ferrofluid

emulsions this is achieved by adjusting the current passingthrough the electromagnet.

Figure 4.10: The ferrofluidic plug can act as a valve when usedto obstruct one of the branches
of a Y-junction.

There are two possible applications for microfluidic processing where the manipulation of

droplet arrangements could be used. First, we consider a simple Y-junction. It can either act

as a ’zipper’, separating or combining two droplet rows reversibly (Fig. 4.1a), or it can split



66 Chapter 4. Manipulation by Magnetic Fields

the droplets when they arrive as a bamboo arrangement (Fig.4.1b) [105, 112, 115]. Thus,

by changing the arrangement of the droplets (bamboo or zigzag) we can alter the operation

of the Y-junction. Furthermore, we employed our magnetically responsive water-in-ferrofluid

system in the context of a branched microchannel, cf. Fig.4.10. Carefully positioning the

electromagnet with respect to the junction of a Y-piece, we can accumulate the ferrofluid in

front of one channel of the Y-junction. In this case, the ferrofluid will fully or partially obstruct

one of the channel branches, behaving as an externally actuated valve. As one expects from

our results in straight channels, the field strength needed to form a plug large enough to block

one branch of the Y-junction depends on the dispersed phase volume fraction.



Chapter 5

2D Structural Transitions of a Static

Droplet Arrangements

As we discussed in the previous chapters (3 and 4), the stability of certain droplet arrangements

depends on the drop size with respect to the channel dimension. As we have seen in the

experimental results so far, the dispersed phase volume fraction has an influence on the droplet

arrangement. Fig.5.1 shows a paradigmatic example of how a transition between metastable

arrangements can be induced by changing the dispersed phasevolume fraction. Here a zigzag

structure is "forced" to transform into a bamboo-like structure by adding the continuous phase

to the main channel via three side channels (upper left), thereby decreasing the dispersed

phase volume fraction of the emulsion. The normalized 2D area of the droplet isA∗ = 0.52

in this example, which is close to the coexistence between bamboo and zigzag arrangements

as derived from minimizing the surface free energy in 2D (as demonstrated in chapter 3),

therefore transformations between those arrangements canbe easily achieved. Furthermore, a

meta-stable bamboo-like structure is transformed back to azigzag structure by increasing the

dispersed volume fraction again via withdrawing the continuous phase from the main channel

by three of side channels (lower right). However, in this example, the emulsion was flowing

continuously in the microchannel. In the following sectionwe will discuss the same structure

transition as a function of the dispersed phase volume fraction in the static case where certain

droplet arrangements are in their equilibrium configuration.

To study the influence of the dispersed phase volume fractionas an extensive parameter on

the stability of certain droplet arrangements we apply a lateral force to the droplets along the

length of the channel. The preliminary results we have achieved so far show good agreement
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with a numerical calculation of the two-dimensional model of emulsion arrangements.

Figure 5.1: Transitions from zigzag to bamboo and the bambooto zigzag arrangement are
possible by changing the volume fraction of the emulsion. The flow direction is from left to
right as indicated by the solid arrow. The open arrows at the side channel indicate the flow
direction of the continuous phase.

5.1 Device design and experimental conditions

To achieve the static droplet arrangements in our microfluidic channel system, first, we had

to optimize our channel design and second, the emulsion flow needed to be stopped without

disturbing the desired droplet arrangement. Once the system was equilibrated a defined lateral

force was applied to the droplets using a plug composed of an oil which is neither miscible with

the continuous phase nor the dispersed phase of our emulsion(e.g. perfluorinated oil). The

device fabrication started with creating a design in a CAD program. The microfluidic device

used in our experiments consisted of 7 or 8 inlets and outlets(number of inlets and outlets

depend on particular design of the microchannels) which wasfabricated using photolitho-

graphy of SU8 photoresist cf. Fig.5.2 (for detailed description see chapter 2, microfluidic

device design and fabrication section). The microfluidic device has two outlets (see Fig.5.3)

which are connected to a T-valve, so that regulating the T-valve one can open the first outlet

while the other outlet is closed. To monitor the pressure, weused a pressure sensor that

was connected to the channel via a tubing system. In fact, thepressure sensor measured the

pressure difference between the plug channel and the side channel while the perflourinated

oil was pushed through the channel. The flow rates were adjusted using microfluidic syringe

pumps. Typical flow rates used in this experiment were<10µl/h, which was achieved by

using syringes (Hamilton) with volume of 50-100µl.
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At the beginning of an experiment the valve for outlet 1 is closed and all the produced

droplets were flowing in direction of outlet 2 (cf. Fig.5.3). When the channel is filled with

droplets we close outlet 2 and open outlet 1 to direct all new generated droplets to outlet 1.

Subsequently, the flows of the continuous and the dispersed phases are stopped. It takes a few

seconds until the flow stops and several minutes until the system gets to complete rest due to

the pressure build up in the system. The inner diameter of theteflon tubing was chosen to

be as small as possible (cf. Fig.5.2) in order to keep the liquid volume smaller so that the

flow could be stopped immediately without causing too much disorder in the channel. In our

experiments we used teflon tubing with a 0.2 mm inner diameter. Now the experimental area

(denoted area in the image of Fig.5.3) is filled with monodisperse droplets with a volume

fraction of≈60% so that the droplets just touch each other. Once the system has equilibrated,

small valves attached to the tubing of two "plug channels" 1, 2are opened gently. After that,

the plugs were driven forward stepwise by syringe pumps. Theexcess continuous phase is

drained via the small side channels and the droplets are compressed. During this compression

of the droplets the process is recorded by continuously capturing optical micrographs and

monitoring the pressure between the side channel and the plug channel cf. Fig.5.4. The

pressure difference for a given droplet arrangement was taken when the newarrangement is

equilibrated and the pressure difference had reached a stable value.

Figure 5.2: Experimental set-up with the microfluidic chip,t-valve and small clamps used in
the experiment.
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Figure 5.3: A micrograph of our channel network showing the production part, plug channels,
side channels, and two outlet channels. Dashed lines denotethe experimental area of interest.

5.2 Results and discussion

In our experimental system, the lateral force which is applied to the emulsion arrangement

is the accessible control parameter. As a consequence of applying a lateral force the dispersed

volume fraction changes and thus different droplet arrangements can be observed. Another

control parameter that we have taken into account is the droplet size. Let us first discuss what

observed in our static emulsion arrangements when the lateral force was applied for various

rescaled drop sizes. In Fig.5.4 where an initial configuration of a loose zigzag arrangement

(see Fig.5.4a) with normalized drop size ofA∗ = 0.43 was transformed into a close packed

zigzag arrangement (see Fig.5.4b) due to the applied lateral force. As a consequence of

the presence of a lateral force in a direction of the channel,the droplets were compressed

and the volume fraction of the emulsion was increased (the excess continuous phase escaped

through the small side channels), thus we obtained different droplet arrangements. Increa-

sing the lateral force even further did not change the droplet arrangement. Only the volume

fraction of the dispersed phase had increased (Fig.5.4c). If repeat these experiments with

a larger drop size (A∗ = 0.58, cf. Fig.5.5) the initial one row arrangement is forced into a

zigzag-like arrangement by applying a lateral force, cf. Fig.5.5b. Increasing the applied force

result in the development of again a bamboo structure, as shown in Fig. 5.5c. Increasing the

lateral pressure further just changes the volume fraction whereas the bamboo arrangement is

maintained (Fig.5.5d).

If the droplets are smaller a zigzag arrangement is stable whereas for the larger drop size

a bamboo arrangement is stable. However, there is a range between those two regions where
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Figure 5.4: Time series of static emulsion arrangements, taken with different applied lateral
forces, and different volume fractions.A∗ = 0.43.

a stable droplet arrangement will depend on an applied lateral force. The full experimental

curves measured for the two drop sizes ofA∗ = 0.43 andA∗ = 0.58 are shown in Fig.5.6. For

comparison, we have plotted our experimental curves together with the numerical results for

the simple two-dimensional model for static emulsion arrangement, which was calculated by

M. Brinkmann [130].

Figure 5.5: Time series of static emulsion arrangements, taken with different applied lateral
forces, and different volume fractions.A∗ = 0.58.

In Fig. 5.6 the droplet arrangements as a function of a lateral force forvarious drop sizes

are illustrated. Here, the dashed lines represent our preliminary experimental results and the

solid lines are obtained by numerical minimization [130], using the "Surface Evolver". The

transitions between a bamboo and a zigzag arrangement can occur if the applied lateral force

is increased, cf. Fig.5.6.
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The numerical results are obtained by minimizing the surface energy of a droplet arrange-

ment at a given lateral force. Employing the final configuration of the previous minimization

as the initial configuration of the following minimization one can increase or decrease the

relevant control parameter by small steps after equilibrium has been reached. The step size

of these changes has to be sufficiently small such that the actual droplet configuration stays

close to the minimum of the interfacial energy. As shown in Fig. 5.6 in a certain range of the

normalized drop sizeA∗, the lateral force into the direction of the channel may decrease with

increasing volume fraction of the dispersed phase. This implies that a homogeneous distri-

bution of droplets in the channel can be a subject to a mechanical instability as the droplets

are compressed or decompressed, e.g. when the continuous phase is partially squeezed out

or pushed into the emulsion. However, for a fixed amount of thecontinuous phase one may

observe a spontaneous separation of an initially homogeneous arrangement into two homoge-

neous droplet arrangements with a higher, respectively lower volume fraction of the dispersed

Figure 5.6: Lateral compressive force as a function of the volume fraction of the dispersed
phase for different normalized ’2D-drop volumes’,A∗ =A/W2. The dashed lines are repre-
senting the experimental results, whereas the solid lines are obtained by simulation. The force
shows a bifurcation to different equilibria atA∗ = 0.4705 and a volume fraction of the dispersed
phase of 0.815.
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phase. Qualitatively, the experimental results for the droplet compression agree well with

the numerical calculation in that a monotone and a non-monotone dependence of force upon

volume fraction can be obtained by varying droplet size,A∗ cf. Fig. 5.6. However, more

detailed investigations need to be done in order to achieve quantitative agreement, especially

to see the force bifurcation as is observed in the simulation.





Chapter 6

Formation and Manipulation of

Droplet-Encapsulated Fibrin Network

In the present chapter we use discrete microfluidics to studythe encapsulated fibrin network

formation and the properties. In order to investigate the evolution and manipulation of this ro-

bust network, we developed microfluidic devices that are capable of initiating fibrin network

formation within droplets. This is achieved via targeted electrocoalescence between adjacent

droplets and allows the early stages of the fibrin network to be observed directly. The use of

droplets prohibits strong adhesion of fibrin to the microchannel walls during network forma-

tion by encapsulating the protein and enzyme within the dispersed phase. Furthermore, the

incorporation of geometric structures into the microchannels enables the controlled deforma-

tion of individual droplets containing fibrin networks. Theresulting droplets experience one

of two conditions: either they traverse a pathway travelingcontinuously, or they park in a reac-

tion chamber to fully evolve an isotropic network and then undergo controlled deformations.

6.1 Fibrin

The study of fibrin is motivated by the protein’s biological relevance and ideal network-

forming properties. Fibrin forms via the assembly of subunits of fibrinogen under conditions

that dictate the physical properties of the network formed.Hemostasis, or healing of injured

blood vessels via blood clotting, is initiated by the aggregation of platelets, which are small

anuclear disks produced in bone marrow. Subsequent aggregation at the injury site is then

aided by the presence of fibrin. Aggregation can also be detrimental in some cases, such as
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when foreign therapeutic scaffolds induce the formation of excessive blood clots [131]. The

biodegradable nature and good tissue tolerance of fibrin networks have already been demon-

strated in terms of commercially available wound covering agents. Furthermore, there is much

interest in the deactivation of hemostasis with respect to artheriosclerosis [132], inflammation-

induced coagulation [133], nervous system diseases such as multiple sclerosis [134], and cer-

tain cancers [135]. In addition, from a materials point of view single fibers offibrin have been

found to show remarkable elasticity[136]. Previous studies of fibrin formation have used bulk

measurements, such as optical density or light scattering,to characterize fibrin gels [137–

139, 141]. Historically, most microscopy of fibrin networks in the literature resulted from

electron microscopy measurements, which require stainingand fixing of samples in processes

that may alter the native structures [142–144]. While all of these previous studies have made

important contributions to the understanding of fibrin formation, direct measurements of fibrin

in its natural state are lacking.

Figure 6.1: Hierarchical self-assembly of fibrin.
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The building blocks of fibrin are the fibrinogen monomers. They comprise about four

percent of the total protein in blood plasma. Each fibrinogenmolecule has a length of 45 nm,

and consists of a central domain flanked on either end by coiled-coil regions. Although the

in vivo process of blood clotting involves a multi-step biological pathway, a minimal system

may be conceived consisting only of the protein "monomers" offibrinogen and the serine

protease thrombin, cf. Fig.6.1. A three-dimensional fibrin network is initially catalyzed

by the presence of thrombin, which selectively cleaves fibrinopeptides located in the central

domain of fibrinogen. This cleavage creates activated fibrinogen molecules that reassemble

into protofibrils via knob-hole interactions. Subsequent aggregation of the fibrils into fibers

eventually evolves into a three-dimensional network spanning micrometers, with properties

that depend on salt and thrombin concentration [137–140].

6.2 Experiments

Microchannels were fabricated directly in SU8 photoresistusing photolithography tech-

niques. The typical channel dimensions are 20-120µm wide and 20-50µm deep. More de-

tailed information about the device fabrication can be found in section 2.2.2.

Human fibrinogen (plasminogen, von Willebrand factor, and fibronectin depleted) was

reconstituted in water to a concentration of 45µM according to the supplier’s guidelines (En-

zyme Research Laboratories, UK). Fluorescent fibrinogen Alexa Fluorr 546 conjugate was

also prepared according to guidelines, to a concentration of 4.4µM (Mobitec GmbH). Fib-

rinogen and fluorescent fibrinogen were diluted 10:1 in a fibrinogen buffer (20 mM Sodium

Citrate-HCl, pH 7.4). Humanα - Thrombin, activity approximately 3000 NIH u/mg (Enzyme

Research Laboratories, UK), was reconstituted in water to a concentration of 94.6µM and

further diluted in thrombin buffer (50 mM Sodium Citrate, 0.2 M NaCl, 0.1 % PEG - 10,000,

pH 6.5). Relative molar ratios of fibrinogen to thrombin are given in the text as [F]/[T]. For

comparative studies of beads in droplets, FluoresbriteT M carboxy NYO 0.50µm microspheres

(Polysciences, Inc., Warrington PA) were diluted 1:1000 inthrombin solution and flowed

through the microchip as usual.

Droplets of fibrinogen and thrombin solutions were formed ina continuous oil phase con-

sisting of a low viscosity organic oil (IsoparT MM, Exxon Mobil). In order to stabilize the

emulsion, a non-ionic surfactant (2 wt% Spanr 80, Sigma Aldrich) was added to the contin-

uous phase. As shown in Fig.6.2 the device contains two T-junction configurations where
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the droplets of the dispersed phase (in this case, protein solution) are formed [40, 41]. As

the stream of the dispersed phase penetrates into the main channel, a droplet develops. The

pressure gradient and shear force generated by the continuous phase distort the droplet in the

downstream direction until the neck of the dispersed phase thins and breaks into a droplet

(see Fig.6.2b). Droplets pair together at the following Y-intersectionin the device and the

two droplets pass through the electrodes very near to one another (Fig.6.2c). As shown in

Fig. 6.2d an applied potential (50Hz) causes two neighboring droplets to coalesce due to an

electric-field induced instability [36]. The details of electrocoalescence work has been dis-

cussed in section 2.5.

6.3 Fibrin network clotting in droplets

In order to visualize the formation of fibrin, a microchip incorporating serpentine channels

was designed. This allows the newly coalesced droplet, containing fibrinogen and thrombin, to

fully evolve into a fibrin network while travelling over the extended length of the microchan-

nel. The microscope remained in a fixed position on the devicefor these experiments. A high

magnification objective (60X) was required to visualize thenetwork in sufficient detail and, as

a result, the camera field of view was only large enough to image one single droplet at a time.

Imaging was carried out at a number of fixed positions along the serpentine microchannel to

analyze the fibrin networks at various timepoints. Representative images are shown in Fig.6.3

for [F]/[T] = 0.5 and a droplet velocityν = 5 mm/s. The onset of mixing of the two solutions,

seen in Fig.6.3a, is especially clear since the fibrinogen is fluorescent andthe thrombin is

not. Shortly after droplet coalescence, a homogeneous distribution of gray levels is measured

within the droplet (Fig.6.3b). This confirms that complete mixing of the two components

has occurred, and is set as the time pointt = 0 because we assume that the mixing is much

faster than the fibrin-forming interactions between protein components. The evolution of fib-

rin formation and clotting is shown in Fig.6.3c-f, which are taken at increasing distances

(and, correspondingly, different reaction timest) along the device.

The presence of small, high intensity aggregates is found asthe fibrin network develops.

The number and size of these aggregates appear to be inversely related, and eventually a large,

single clot of fibrin is found in droplets at the latest observation time, cf. Fig.6.3f. Moreover,

the background intensity of the droplet evolves from light gray, at smallestt, to virtually

black, at highert. For a first analysis, the dimensionless parameterσ∗, defined here as the



6.3. Fibrin network clotting in droplets 79

Figure 6.2: a) Microchannel design with 4 inlets. b) Droplets of thrombin (Tr) and fibrinogen
(Fgn) solutions form at T-junctions. Droplets alternated b) at the Y-junction and d) coalesced
when electric field is applied (electrodes marked with dashed lines).

normalized standard deviation of grayscale intensities ina droplet, was used to quantify these

observations. This parameter is defined asσ∗ = (σ/I )t/(σ/I )t=0, where I is the mean intensity

andσ its standard deviation.

The values ofσ∗, averaged over many droplets, are plotted as a function of time in Fig.6.3.

A substantial increase inσ∗ with increasing reaction time is found. This parameter seems

to accurately describe the aggregation of fibrin as the droplets proceed through the device.

Additionally, values ofσ∗ for the same time point (t= 2.7 s) and droplet velocity (v= 5 mm/s)

but with different [F]/[T] ratios 0.5, 1, and 5 are compared in the inset in Fig.6.3. These

ratios are changed by varying the upstream concentration ofthrombin, [T]; in each experiment

the concentration of fibrinogen, [F], is kept constant so that the amount of fluorophore is

also conserved. It can be clearly observed that the aggregation is faster for the smaller ratio

[F]/[T] = 0.5, for which there is an excess of the enzyme thrombin compared to the substrate

fibrinogen. Furthermore, for a higher ratio, [F]/[T] = 5, the droplets remained homogeneously

gray at all points in the microchip, indicating that the accessible time scale (tmax ∼ 30s)

is not long enough in this case to visualize fibrin formation.The evolution of large scale

aggregation, and the corresponding increase inσ∗, is particularly striking when compared

to the values ofσ∗ observed for fibrin networks formed under stopped flow conditions. In

stopped flow conditions,σ∗ does not increase significantly from the starting value of 1,when

the two components have initially homogenously mixed. As seen in Fig.6.3, the formation

of a three-dimensional fibrin network in stopped flow does result in a slight increase inσ∗,

but this value remains very low over all measured timescales(e.g. 1 hour, results not shown).
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Most importantly,σ∗ in stopped flow never approaches the higher values ofσ∗ measured for

moving droplets containing large aggregates.

Figure 6.3: Fibrin forms in droplets ([F]/[T] = 0.5,ν = 5 mm/s). Left: Representative images
from (a) initial mixing stage to (f) final clotting; scale barrepresents 60µm. Right: Normalized
standard deviation of droplet intensitiesσ∗ at different time points in flow compared to a
droplet in stopped flow. Inset graph: For the same evolution time, t = 2.7 s,σ∗ varies with
[F]/[T] and no fibrin formation is seen for high [F]/[T] = 5 over the entire device (denoted
with ∗).

The direct comparison between these two droplet conditionsclearly demonstrates that the

flow fields in moving droplets play an important role in the aggregation of fibrin networks.

These flow fields apparently induce and accelerate fibrin interactions, culminating in protein

aggregation. However, the circulating flow fields in microdroplets are known to be far from

simple. Mixing between two liquids coalesced into a single compartment has been described

as chaotic advection [145]. Recent measurements using confocal-PIV to follow the fluidmo-

tion in plug-shaped droplets indicate that indeed the circulating flow patterns are quite com-

plex, with several vortices found at droplet edges [13, 14]. The flow direction and magnitude

depends on the position within the droplet and, in similar plug-shaped droplets, the vortices
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at fluid-fluid interfaces can have velocities nearly 25 % higher than the bulk droplet velocity

(based on other measurements in our lab). In the case of fibrinogen and thrombin, there is a

distinct consequence of this complex flow field which will nowbe addressed in more detail.

The formation of fibrin protofibrils is an intermediate step in the fibrin pathway, as illus-

trated in Fig.6.1. The formation and lateral growth of these fibrils into larger fibers can, for

the most part, be observed at optical resolution. As we cannot observe the smaller protofibrils

using optical methods, the results presented here are indicative of larger fiber aggregation. The

images taken at multiple timepoints clearly show the aggregation of protein into small clumps

and then further aggregation into a single, large fibrin "particle". The irreversible aggregation

is enhanced by local flow fields and is driven by physico-chemical intermolecular interactions

of neighboring fibers with one another and with larger aggregates. The flow in the droplets

increases particle-particle collisions, where particlescan be fibrinogen, thrombin, fibrin fibrils

or even fibrin aggregates. Thus, the flow field influences nearly all levels of protein formation

and behavior. It also accelerates effects such as molecular crowding as well, which signifi-

cantly alter the physical and chemical interactions of the protein, as qualitatively observed in

the comparison with "stopped flow" conditions in Fig.6.3. This local segregation between

fibrin aggregates and solution appears to be a type of complexcoacervation similar to what

has been seen with other proteins [146]. Furthermore, the growth of these small particles into

a large clump is likely to be mediated by electrostatic interactions. In summary, the impact

of droplet flow fields on protein aggregation and clotting is an important consideration. The

hydrodynamic effects within a droplet appear to significantly influence protein interactions

and, therefore, comparisons between in vitro protein behavior and in vivo behavior must be

carefully evaluated. However, it is plausible that flow fields in blood vessels may also promote

molecular crowding and coacervation of fibrin in blood clots, both in blood flow as well as at

the vessel injury site.

6.4 Manipulation of fibrin network

In order to reduce hydrodynamic influences on fibrin formation and to enable the online

manipulation of fibrin networks, a second microfluidic device was employed. The ability to

"park" a droplet creates an environment for internal dropletprocesses to proceed over long

time scales. In this microchip, a reaction chamber allows the fibrin network to evolve in a

quasi-stopped flow condition before it is mechanically manipulated through a series of mic-
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rochannel geometries. The droplet velocity is reduced in this reaction chamber by a substantial

increase in the channel width, as shown in Fig.6.4. The velocity of the droplets in the

chamber is controlled not only by the inflow of liquid by the syringe pumps at the inlets but

also by the withdrawal of continuous phase at an outlet from the side of the reaction chamber.

Consequently, the droplet velocity is tunable and coalesceddroplets can be held in the reaction

chamber for a given residence time or "network ripening time",tn.

Figure 6.4: Microdevice incorporating a reaction chamber and geometric elements. The veloc-
ity ν2 of the side channel (outlet 2) controls the velocity of single droplets travelling through
the microchannel outlet 1,ν1 > ν2.

Using this channel design, a ripening timetn on the order of tens of seconds in the reaction

chamber is required to observe the type of network seen in Fig. 6.5a for [F]/[T] = 2. At

this timetn, we observe an isotropic fibrous network that displays multiple crossing points of

fibrils but does not show any large scale aggregation behaviors (i.e. those found under the flow

conditions in the microchip described earlier). When the coalesced droplet sits in the reaction

chamber, protofibril and larger fiber formation are able to proceed without any significant

influence of hydrodynamic effects. Also, the fibers’ thickness appears to be conserved for

long observation times (e.g. 1 hour), which suggests that a steady state has been reached.

The final result is a genuine droplet-spanning fibrin network. In the following analysis we

treat this protein network as quasi-two-dimensional, due to the high aspect ratio of the droplet

width to depth (5:1) and for simplicity of analysis. Some fluorophores are found at the droplet-

oil interface of coalesced droplets (possibly due to the surfactant system used here), but the

fluorescence intensity at the interface does not change overlong time periods and therefore
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this effect may be disregarded in a first approximation. Additionally, in every case where the

fibrin networks form, some depletion of the network near the droplet-oil interface is observed,

indicating that there are no specific interactions between the network and the droplet interface.

Figure 6.5: Images of the fibrin network in the same droplet ([F]/[T] = 2, νnarrow ∼ 200µm/s)
at positions a-e, corresponding to the sketch of device. Zoomed part from circle (right top)
and deformed (right bottom) droplets are also shown. Scale bar is 40µm.

The fibrous networks are manipulated as they pass through themicrochannel, which con-

tains several geometric obstacles. The microdevice shown in Fig. 6.4 contains narrow re-

gions, which result in a compression of the droplets, followed by wide regions, which allow

the droplet to regain its original circular shape. By appropriately adjusting the flow at the

side channel of the reaction chamber, the droplets are driven through the final stages of the

microdevice at velocities ranging up to 1 mm/s.

The images in Fig.6.5 show one droplet prepared at [F]/[T] = 2 as it passes through the

microdevice. Due to the very slow flow speeds achievable using these devices, individual

droplets could be followed by translating the microscope sample stage. Therefore, direct

comparisons of the fibrin network during and after compression were possible. Comparing the

squeezed networks in Fig.6.5a and Fig.6.5d, one sees qualitatively similar features. Centrally
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located fibers extend along the flow axis and a depletion region is found between the fibrin

network and the surface of the droplet. The fibrin networks inthe wide regions of Fig.6.5c and

Fig. 6.5e, where the droplet shape reforms to a nearly circular cross-section, show a different

fiber arrangement that approaches the isotropic network of Fig. 6.5a. Similar features can be

identified when comparing the circular droplets in Fig.6.5c and Fig.6.5e, which indicates

a restoration of general network features throughout the droplet’s manipulation in the device.

Altogether, Fig.6.5 clearly shows that the fibrin networks formed under these conditions are

able to compress and extend in a reproducible manner, indicating a considerable degree of

structural integrity and network elasticity. Remarkably, this conservation occurs despite the

fluid flow that percolates the fibrin network in the moving droplet.

Figure 6.6: Histograms of network point distances R from center of mass of compressed
droplets with [F]/[T] = 2 and rate of deformationε = 0.6 s−1. Network points (lower image) are
determined from original data (upper image). Droplet radiiand axis are marked with vertical
gray line. Compared to the round droplet in the reaction chamber prior to any compression
(black squares), circular droplets show a slight shift in peak frequency (arrows). The first,
second, and third repetitions through the microchip are plotted with circles, triangles, and
diamonds, respectively. For comparison, the histograms for beads in aqueous solution in a
similar device are plotted in solid lines.

To appropriately describe the experimental condition of the droplets, we introduce a rate
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of deformationε = ∆ν/l. Here,∆ν = νnarrow − νwide is the velocity difference of the droplet in

the two microchannel widths and l= 160µm is the typical length scale of deformation. To a

good approximation, the velocities of the droplet depend onthe width ratio of the deformation

induced by the channels,wnarrow/wwide= 80µm /160µm = 0.5. This allowsε to be calculated

using onlyνnarrow, which was found to be consistently accessible experimentally, especially

in cases where the fast moving droplet could not be tracked over long distances using the

microscope stage. Using these assumptions, the rate of deformation can be calculated using

ε = νnarrow/320µm. Using these parameters, the data in Fig.6.6 and Fig.6.7 correspond to

droplets undergoing a rate of deformationε = 0.6 s−1.

Figure 6.7: Histograms of network point distances R from center of mass of compressed
droplets with [F]/[T] = 2 and rate of deformationε = 0.6 s−1. Network points (lower image) are
determined from original data (upper image). Droplet radiiand axes are marked with vertical
gray lines. Compared to the round droplet in the reaction chamber prior to any compression
(black squares), circular droplets show a slight shift in peak frequency (arrows). The first,
second, and third repetitions through the microchip are plotted with circles, triangles, and
diamonds, respectively. For comparison, the histograms for beads in aqueous solution in a
similar device are plotted in solid lines.

Points of high intensity in the droplets are correlated to fibril cross-over in the intercon-

nected fibrin network. An analysis of these points was conducted in order to quantify the

structural similarities or differences between the networks in compressed or widened regions.
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Using image analysis software, the intense network features were identified by a binary algo-

rithm with a conserved tolerance level. Examples of this process are shown in Fig.6.6 and

Fig. 6.7, where the original image frame is shown above the resultingpoint distributions for

a droplet in both a wide (Fig.6.6) and narrow (Fig.6.7) channel. The positions of these

features were used to calculate the distance R of each point from the droplet center (i.e. cen-

ter of mass). Histograms of these distances are plotted in Fig. 6.6 and Fig.6.7 for a single

droplet passing through wide and narrow channel regions. For comparison, the distribution of

network positions within the droplet in the reaction chamber, i.e. the native fibrin network, is

also shown in Fig.6.6.

All of the distributions shown in Fig.6.6 and Fig.6.7 for the circular droplets in wide re-

gions approximately follow a linear scaling inRup to a given threshold of around R= 45µm.

Depletion of the network from the droplet-oil interface is evident from visual inspection of

these images and results in a decrease in the network point frequencies close to the physical

droplet radius (gray line). These results agree with the expected distribution of points con-

tained within a circular area, except for the depletion effect. The depletion is exacerbated by

the presence of the interacting protein network. A comparison of the distribution of fluorescent

beads in droplets studied in a similar device (black curve inFig. 6.6) highlights the significant

depletion that occurs with fibrin networks at the perimeter of the compartment. Furthermore,

a larger depletion of the network is measured in the wide regions as compared to the native

structure found in the reaction chamber (arrows, Fig.6.6). This increased depletion is a con-

sequence of droplet deformation and may also be due to neighboring fiber interactions driven

by electrostatic and crowding effects. It is important to note that after the droplet initially

experiences a deformation, the extent of depletion remainsconserved. In fact, all of the dis-

tributions from wide channel regions shown in Fig.6.6 (with the exception of the data from

the droplet in the reaction chamber) overlay remarkably well. This suggests that the fibrin

network recovers completely after repeated cycles of squeezing, which is qualitatively seen in

the microscopy images.

A similar reproducibility is found when considering the distributions for the elongated

droplets in the narrow channels, Fig.6.7. In these regions the droplet assumes a plug of sta-

dium shape, which is neither a rectangle nor an ellipse, and is described by a short axisas and

long axisal. These two length scales emerge in the distributions and arelabeled with vertical

gray lines in Fig.6.7. For distances less thanas, the distributions of intensities scale linearly

until reaching a threshold distance of about 25µm, and then decrease reflecting depletion from

the walls at as in a manner similar to that found in the circular droplets. However, the linear
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scaling in the plugs has a slope that is higher than that measured in the droplets of Fig.6.6.

This suggests an increased densification of the network whenthe droplet is compressed. The

behavior of fibrin at distances between as and al significantly deviates from measurements of

fluorescent beads in similar plugs (black line in Fig.6.7). Although the distribution of beads

remains high to distances of nearly 100µm, the frequency of point distances in the fibrin net-

work substantially decreases on the same length scale. However, the extent of depletion is

conserved upon repeated compression of the droplet. This implies that the network behaves in

an affine manner. Furthermore, there is no observation of delayed network recovery, because

the distributions shown in Fig.6.6 and Fig.6.7 do not vary significantly at similarly shaped

device positions.

6.5 Coacervation of deformed fibrin networks

At slow velocities and rates of deformation,ε, fibrin networks centered within the droplet

can survive several cycles of compression. Furthermore, the network under these conditions

is elastically deformable. However, at higherε, non-affine deformations or inelastic network

properties may be accessed if the deformation is faster thanthe recovery of the network. This

is achieved by increasing the droplet velocity through the microchannel (of the microdevice

shown in Fig.6.4). At sufficiently highε, two distinct phases are present within the droplet.

This is clearly visualized in the upper image in Fig.6.8, which shows a droplet withε = 1.125

s−1 (νnarrow = 360µm/s). The fibrin network concentrates toward the rear of the droplet with

respect to the flow direction. For comparison, Fig.6.8 also contains an image showing the

centered network in a dropletε = 0.5 s−1. Based on observation of droplets moving at different

velocities, the phenomenon of extreme fibrin separation is found for droplets experiencing a

rate of deformationε > 1 s−1.

A comparison of droplets at a range of velocities is plotted in Fig.6.8 for [F]/[T] = 2. Im-

ages can once again be analyzed using the standard deviationof intensities normalized by the

mean intensity. In this case, it is appropriate to use the relation σ́ = (σ/I )narrow/(σ/I )chamber,

where (σ/I )narrow is the value for a droplet undergoing its first deformation inthe narrow re-

gion of the microchannel and (σ/I )chamberis the "original" value of the isotropic network state

of the same droplet while it resided in the reaction chamber.Comparing the calculated values

of σ́ with visual inspection of fluorescence images, it appears that σ́ > 2 correlates with a

segregation of fibrin-rich and fibrin-poor regions within a single droplet. Moreover, a critical
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rate of deformationε ≈ 1 s−1 can be identified as a threshold for this coacervation behavior.

The effect of this threshold velocity is manifested as irreversible clotting, similar to that

observed in the microdevice discussed earlier (Fig.6.2). However, in the reaction chamber,

the droplets initially contained an isotropic, fibrous ripened network. This is considerably

different to the homogenous mixture used as the starting point inmeasurements ofσ∗ in the

serpentine device, where the continuously moving droplet did not allow droplet spanning net-

work formation. The fact that a similarσ parameter describes the aggregation phenomena

in both cases demonstrates the generality of hydrodynamically induced aggregation. There-

fore, these hydrodynamic effects may be a crucial consideration in droplet-based experiments,

where multiple components experience microfluidic flow conditions. This effect is especially

important in bionetwork formation, as shown here, and otherprocesses such as polymerization

(e.g. online particle or capsule synthesis). Furthermore,the complex effects of hydrodynamics

Figure 6.8: Two "phases" of fibrin-rich and fibrin-poor regions are found for droplets experi-
encing rates of deformationε approximately one or greater, which is reflected by their higher
values ofσ́ (upper image). No separation is visually observed for less than one, where ´σ <
2 (white data points, also see lower image). For comparison,the horizontal gray line is the
averageσ∗ value in stopped flow from Fig.6.3. Dotted line is guide to the eye.

on network aggregation under microfluidic flow conditions might suggest a general tendency
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of fibrin networks to aggregate in vitro. The preferred aggregation states also serve as a re-

minder that the networks are delicate and non-equilibrium in their nature and therefore access

to them, via microfluidic tools, is particularly novel.

The protein fibrin was selected to explore the influence of microfluidic flow on the forma-

tion and aggregation of a bionetwork. Fibrinogen forms a three dimensional fibrin network

that is a primary component of blood clots in vivo. By its nature, fibrin exhibits strong adhe-

sion to surfaces including microchannel walls and therefore, the networks in this study were

confined within droplets. This was achieved using tailored microfluidic chips, containing sites

for droplet formation, electrocoalescence, flow and quasi-static observations, and mechanical

manipulation the fibrin networks. The formation of fibrin wasinitiated in a droplet by coa-

lescing two droplets, one with the fibrinogen monomer and theother containing the enzyme

thrombin. The development of fibrin fibers within the resulting droplet required time for acti-

vation and fibril growth, and eventually neighboring fibers interact to form a three-dimensional

network due to physical and chemical inter-fiber contacts.

Hydrodynamic flow within the droplets was found to dramatically accelerate the aggrega-

tion of fibrin into small and, eventually, very large particles, i.e. clots. However, when the flow

was quasi-static, isotropic three-dimensional networks formed. In this case, the fibrin forma-

tion was not influenced by extreme flow patterns because it remained "parked" in a chamber.

These isotropic networks were then driven through repeatedgeometric confinements to study

the elasticity of the networks. Fluorescence analysis of the fibrin network at low velocities did

not show any evidence of inelastic deformation, despite undergoing repeated cycles of com-

pression. However, a critical rate of deformationε was identified, above which fibrin-rich and

fibrin-poor regions appear within the droplet. In this case,the clotting behavior is analogous

to that found earlier for networks which form under continuous flow conditions. In both situa-

tions, the standard deviation of intensities normalized bythe mean intensity, i.e.σ∗ or σ́, is an

appropriate parameter to quantify the extent of aggregation [147].

Our microfluidic approach allows the visualization of fibrincoacervation under a variety

of experimental conditions. Therefore, the tendency of fibrin networks to aggregate can be

approached in multiple ways to understand some general principles of the protein behavior.

In the case of fibrin, its naturally "sticky" properties are conserved in the microdevices, which

manifests as a form of "clotting". High quality fluorescence images allow the direct visua-

lization of the networks and aggregates. This, in concert with precise mixing of small volumes

in microfluidic devices, enables detailed studies of network behavior and conformation under

confinement and well-controlled experimental conditions.Generally speaking, the powerful
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experimental approach demonstrated here is broadly relevant to a wide variety of physical

systems where a greater understanding of the delicate interplay between material properties

and flow is desired.



Chapter 7

Summary

The main objective of this thesis was to study the topological transitions between the differ-

ent arrangements of an emulsion e.g. by varying the geometryof the microchannel.In-situ

production of a monodisperse emulsion was achieved using T-junction or step emulsification

techniques. Due to surface energy minimization, the droplet arrangement was largely deter-

mined by the microchannel geometry and the droplet dimensions, while the dispersed phase

volume fraction determined the packing density.

We found that droplet arrangements can be stable or metastable depending on the geometry

of the confining microchannel. These arrangements were manipulated between the bamboo

and zigzag arrangement or zigzag and three-row arrangementprovided the normalized droplet

sizeA∗ is close toA∗ = 1/
√

3 or A∗ = 1/3(1+ 1/2
√

3)−1, respectively, representing the ener-

getic stability criterions in a 2D geometry. In these cases one can reversibly change between

energetically meta-stable and stable arrangements. This was achieved either by static or by

temporary variable geometric constrictions generated by an applied inhomogeneous magnetic

field. In both cases the transition is induced purely geometrically by a tapered constriction.

The range of drop sizeA∗, where either a bamboo, a zigzag, or three-row arrangement is

accessible depends on the exact shape of the geometric constriction, e.g. the downstream an-

gle, and the dispersed volume fraction. The temporarily generated constriction in the case of

ferrofluids can be furthermore used to actively select the outgoing channel of a Y-junction.

Besides the precise geometry of the constriction, the hysteretic behavior also depends on

the volume fraction of the dispersed phase. When an emulsion is flowing through the tapered

channel where the channel width is continuously increasingwe found a structural transition

between bamboo to zigzag and zigzag to three-row arrangements. Conversely, as the channel
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continuously narrows the reverse process occurs, but at different channel widths, revealing

the hysteretic behavior. This hysteresis is found to increase with the volume fraction of the

dispersed phase and becomes noticeable for volume fractionφ > 0.8. Consequently, the prob-

ability to retain a particular droplet arrangement increases with increasing dispersed phase

volume fraction. The physical reason for this hysteretic behavior is the finite energy required

for topological transitions of the foam-like network. The stability of certain droplet arrange-

ments and their transitions were studied for the simple two-dimensional model for static emul-

sion arrangements. By applying a lateral force into the static droplet arrangement, we could

achieve the equilibrium conditions of different arrangements due to the variation of dispersed

phase volume fraction during the droplet compression. We compared the experimental results

with the numerical calculation and found qualitative agreement.

Furthermore, by incorporating corners into the microfluidic channel network we performed

precise manipulation of the individual droplet positions with respect to the neighboring droplets.

The phase shifts of the droplets were explained by considering the path length differences of

the inner and outer row of droplets travelling through the corner. The number of phase shifts

as a function of drop size, dispersed volume fraction and corner angles were studied quanti-

tatively and show reasonable agreement with the theoretical consideration based on the path

length differences. However, the number of phase shifts is not additiveif we combine sev-

eral corners of different angles. Our experimental result suggest that the phase shifts can be

maintained if appropriately shaped corners are inserted along a straight channel. This may

be applied to combinatorial multistep reactions where the neighbouring droplets have to be

exchanged.

Finally, the techniques developed so far were applied to a biophysical problem. By iso-

lating sticky biological species within the nanoliter volume of droplets and coalescing them

online we were able to observe the evolution of an encapsulated fibrin network. The devel-

opment of fibrin fibers within the droplet required time for activation and fibril growth, and

eventually neighboring fibers interact to form a three-dimensional network due to physical

and chemical inter-fiber contacts. Hydrodynamic flow withinthe droplets was found to dra-

matically accelerate the aggregation of fibrin into small and, eventually, very large particles,

i.e. clots. However, when the droplet was parked in the reaction chamber, isotropic three-

dimensional networks formed. These isotropic networks were then driven through repeated

geometric confinements to study the elasticity of the networks. Fluorescence analysis of the

fibrin network at low velocities did not show any evidence of inelastic deformation, despite

undergoing repeated cycles of compression. However, a critical velocity was identified, above
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which fibrin-rich and fibrin-poor regions appear within the droplet. In this case, the clotting

behavior was analogous to that dynamic case where fibrin networks formed under continuous

flow conditions. In both situations, the standard deviationof intensities normalized by the

mean intensity was found to be an appropriate parameter to quantify the extent of aggregation.
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Appendix A

Symbols and notations

Symbol Description value/unit

Re Reynolds number –
ρ Density kg /m3

ν Velocity m/s
η Viscosity Pa·s
l Length m

Ca Capillary number –
R Radius m
V Volume m3

d Distance m
D Diffusion coefficient cm2/s
t Time s
γ, γ0 Surface tension N /m
γi j Interfacial tension with {i,j} being any two mediums {S, L, V} N /m
∆P Laplace pressure Pascal

r1, r2 Principal radii of curvatures m
g Acceleration due to gravity ≈ 9.8 m/ s2

λ Wavelength m
ω Frequency Hz
U Voltage V
ǫ Dielectric constant –
q Wave number m−1

A Projected area of a droplet –
W Channel width –
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A∗ Normalized 2D area of a droplet –
φ Dispersed phase volume fraction –
E Excess free energy –
α Corner angle degrees
β The angle of deviation from the straight channel
δ Phase shift –
∆ Average difference in the pathlength –
n Number of rows in a droplet arrangement –
π Ratio of a circle’s circumference to it’s diameter 180◦

Qt Total flow rate ml/h
Qd Dispersed phase flow rate ml/h
Qc Continuous phase flow rate ml/h
P Pressure Pascal (N/m2)
F Force kg·m/s2

ε Rates of deformation s−1

σ∗ The normalized standard deviation of grayscale intensities –
I Mean intensity –

[F]/[T] Relative molar ratios of fibrinogen and thrombin –



Appendix B

Recipe for photolithographic devices

B.1 Underlayer

1. Rinse round glass slides with isopropanol (2-propanol), dry in nitrogen stream

2. Bake at 200◦C for 3-5 minutes

3. Spincoat OMNICOAT at 3000 rpm

4. Bake at 200◦C for > 2 min

5. Cool hotplate to 95◦C (WAIT before continuing)

6. Spincoat SU8-2005 at 5000 rpm

7. Bake at 65◦C for 1 min

8. Bake at 95◦C for 3 min

9. Expose entire wafer (ie. no mask, soft contact) at 15 mW/cm2 for 20 sec

10. Bake at 65◦C for 1 min

11. Bake at 95◦C for 1 min

12. Plasma on ’HI’ for 30 sec (samples upside down to avoid dust settling on layer).

B.2 Channel structures

B.2.1 Resist Structure: 30µm channel height

1. Spincoat SU8-50 at 2000 rpm

2. Soft bake at 65◦C for 4 min

3. Soft bake at 95◦C for 13 min
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4. Expose (through mask, HP contact mode) at 15 mW/cm2 for 30 sec

5. Post expose bake at 65◦C for 1 min

6. Post expose bake at 95◦C for 2 min

7. Develop for 2 min in SU8 developer on mechanical shaker.

B.2.2 Resist Structure: 50µm channel height

1. Spincoat SU8-50 at 1500 rpm

2. Soft bake at 65◦C for 5 min

3. Soft bake at 95◦C for 15 min

4. Expose (through mask, HP contact mode) at 15 mW/cm2 for 30 sec

5. Post expose bake at 65◦C for 1 min

6. Post expose bake at 95◦C for 2 min

7. Develop for 5 min in SU8 developer on mechanical shaker.

B.2.3 Resist Structure: 80µm channel height

1. Spincoat SU8-100 at 2000 rpm

2. Soft bake at 65◦C for 10 min

3. Soft bake at 95◦C for 30 min

4. Expose (through mask, HP contact mode) at 15 mW/cm2 for 30 sec

5. Post expose bake at 65◦C for 1 min

6. Post expose bake at 95◦C for 5 min

7. Develop for 5 min in SU8 developer on mechanical shaker.

B.2.4 Resist Structure: 120µm channel height

1. Spincoat SU8-100 at 1700 rpm

2. Soft bake at 65◦C for 13 min

3. Soft bake at 95◦C for 37 min

4. Expose (through mask, HP contact mode) at 15 mW/cm2 for 30 sec

5. Post expose bake at 65◦C for 1 min

6. Post expose bake at 95◦C for 7 min

7. Develop for 8 min in SU8 developer on mechanical shaker.
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B.3 Preparation of PMMA coated cover plate

1. Rinse round glass slides with isopropanol (2-propanol), dry in nitrogen stream

2. Bake at 180◦C for 3-5 minutes

3. If needed, gold electrodes were thermally vapor deposited at 10−6 mbar onto the cover

plate, with an underlying chromium adhesion layer.

4. Prepare the wires for electrode using CW2400 Conductive Epoxy Glue (ITW Chemtronicsr)

5. Spincoat PMMA Photoresist (A11) at 1500 rpm

6. Bake at 180◦C for > 2 min

7. Check layer to ensure NO bubbles etc. . .

B.4 Thermal bonding of the channels and the cover plate

1. Drill the holes for the tubing connections through the supporting glass substrate

2. Clean the channels by nitrogen stream

3. Bond the cover plate coated with PMMA and the channel systemat 160◦ at the thermal

bonding device by applying the pressure (max 0.6 bar) 2-3 times repeatedly to achieve

a good bonding.

B.5 Nanoport bonding

1. Prepare the bonding surfaces of both the Port and the microdevice by cleaning with

isopropanol

2. Bond the Nanoport Flat Bottom Port to the microdevice using heat activated adhesive

film tape (FST 3M 583)

3. Clamp the Port to the microdevice. Place clamped Ports in oven at 120◦ for 90 mins to

develop a complete bonding

4. Connect the microchannel with teflon tubing using NanoportNut FT PEEK and Ferrule.
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