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Preface

Microdroplet technology has recently been exploited to provide new and diverse

applications via microfluidic functionality, especially in the arenas of biology and

chemistry. This book gives a timely overview on state of the art of droplet-based

microfluidics. The disciplines related to microfluidics and microdroplet technology

are diverse and where interdisciplinary cooperation is pivotal for the development

of new and innovative technological platforms. The chapters are contributed

by internationally leading researchers from physics, engineering, biology and

chemistry to address: fundamental flow physics; methodology and components for

flow control; and applications in biology and chemistry. They are followed by a

chapter giving a perspective on the field. Therefore, this book is a key point of

reference for academics and students wishing to better their understanding and

facilitate optimal design and operation of new droplet-based microfluidic devices

for more comprehensive analyte assessments.

The first part of this book (Chaps. 1, 2, 3, 4 and 5) focuses on fundamental flow

physics, device design and operation, while the rest of the chapters (Chaps. 6, 7, 8, 9

and 10) deal with the wide range of applications of droplet-based microfluidics. It

starts with the discussion of flow physics of microdroplets confined in lab-on-a-chip

devices in Chap. 1, where Zhang and Liu emphasize the important dimensionless

parameters relating to droplet dynamics. Meanwhile, droplet generation process is

used as an example to illustrate the unique flow physics in comparison with

conventional droplet dynamics in unconfined environments.

Chapter 2 deals with microfluidics droplet manipulations and applications,

including droplet fusion, droplet fission, mixing in droplets and droplet sorting.

By combining these operations, Simon and Lee demonstrate how to execute

chemical reactions and biological assays at the microscale. Using the flow rates,

applied pressures and flow rate ratios in a closed feedback system, the active control

of droplet size during formation process in microfluidics is addressed in Chap. 3 by

Nguyen and Tan.

In Chap. 4, Barber and Emerson discuss the fundamental droplet handling

operations and the recent advances in electrowetting microdroplet technologies

and their applications in biological and chemical processes. Kaminski, Churski
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and Garstecki review the recent advances in building modules for automation of

handling of droplets in microfluidic channels, in Chap. 5, including the modules for

generation of droplets on demand, aspiration of samples onto chips, splitting and

merging of droplets, incubation of the content of the drops and sorting.

From Chap. 6, the book shifts its focus on the applications of microdroplet

technology. In Chap. 6, Philip Day and Ehsan Karimiani discuss dropletisation of

bio-reactions. The use of large-scale microdroplet production is described for

profiling single cells from complex tissues and assists with the production of

quantitative data for input into systems modelling of disease.

Droplet-based microfluidics as a biomimetic principle in diagnostic and biomo-

lecular information handling are highlighted in Chap. 7 by K€ohler. This chapter also
addresses the potential of applying segmented fluid technique to answer to the

challenges of information extraction from cellular and biomolecular systems. In

Chap. 8, Carroll et al. focus on droplet microreactors for materials synthesis, with a

brief description of microfluidics for droplet generation as well as fabrication

technology. In addition, a detailed study of transport in microchannels and droplet

microfluidics for mesoporous particle synthesis is included.

In Chap. 9, Zagnoni and Cooper demonstrate the use of on-chip biocompatible

microdroplets both as a carrier to transport encapsulated particles and cells, and as

microreactors to perform parallel single-cell analysis in tens of milliseconds.

Finally, trends and perspectives are provided by Neuz̆il, Xu and Manz to discuss

challenges in fundamental research and technological development of droplet-

based microfluidics.

This book is intended for established academics, researchers and postgraduate

students at the frontier of fundamental microfluidic research, system design and

applications (particularly bio/chemical applications) of microfluidic droplet tech-

nology. It can mainly be used as a reference book for the basic principles,

components and applications of microdroplet-based microfluidic systems.

Those postgraduates and researchers whose study is related to microfluidics will

benefit from closely engaging the emerging droplet-based microfluidics comprehen-

sively covered in this book. Furthermore, the publication will serve as a text or

reference book for academic courses teaching advanced analytical technologies,

medical devices, fluid engineering, etc. Potential markets for researchers include in

sectors related to medical devices, fluid dynamics, engineering, analytical chemistry

and biotechnology.

Manchester, UK Philip Day

Saarbrucken, Germany Andreas Manz

Glasgow, UK Yonghao Zhang
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Chapter 1

Physics of Multiphase Microflows

and Microdroplets

Yonghao Zhang and Haihu Liu

Multiphase microfluidic applications are very broad, ranging from DNA analysis

such as PCR in droplets to chemical synthesis [19]. Optimal design and operation of

such systems need insightful understanding of fundamental multiphase flow phys-

ics at microscale. In this chapter, we discuss some basic flow physics of multiphase

microdroplets. The important dimensionless parameters relating to droplet dynam-

ics are elaborated. We use droplet generation processes as examples to explain rich

flow physics involved in microdroplet dynamics.

1.1 Surface Tension

In comparison with single phase microfluidic flows, surface tension (also called

interfacial tension) plays a central role in dynamical behaviour of multiphase

microdroplets. Over two centuries ago, Benjamin Franklin experimentally studied

the effect of an insoluble fatty acid oil on the surface of water [11], which probably

is the first time that the phenomenon of surface tension was given a scientific

explanation.

For simplicity, we first consider a droplet in a carrier gas phase to explain surface

tension. A liquid/gas interface is presented in Fig. 1.1, where fluidmolecules interact

with each other. A molecule in the bulk liquid is attracted by all neighbouring

molecules from all directions, so any attraction by another molecule from one

direction is always balanced by another molecule from the opposite direction.

Meanwhile, a molecule at the interface is in a different situation. It is attracted

inward and to the side but no sufficient outward attraction to balance the inward

Y. Zhang (*) • H. Liu
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attraction due to smaller amount of molecules outside in the gas. The consequence

is that the attraction on an interface molecule is not balanced that induces the surface

to contract and leads to surface tension.

The term surface tension can also be used interchangeably with surface free

energy. Since the energy of a molecule at surface is higher than that of a molecule in

bulk liquid, work needs to be done to move a molecule to surface from bulk liquid.

The free energy of the system therefore increases. According to the thermodynamic

principle, the free energy of the system always tends to a minimum. Therefore, the

interface surface will tend to contract, forming least possible surface area.

The surface tension, represented by the symbol s, can therefore be defined as

a force per unit length or a surface free energy per unit area. Typical values at

20�C for water–air, ethanol–air, and mercury–air are 72.94, 22.27, and 487 mN/m,

respectively. Surface tension depends on temperature, and usually decreases as

the liquid temperature increases. It can also be altered by surface-active materials,

i.e., surfactants, which form a monolayer at the interface. Due to large surface-to-

volume ratio of microdroplets, surface tension often plays a dominant role in the

determination of droplet behaviour.

1.2 Young Laplace Equation

For a liquid droplet in another immiscible fluid, e.g. water droplet in air or oil,

the pressure inside the droplet will normally be different from the outside

pressure, because the surface tension leads to the so-called capillary pressure across

Fig. 1.1 Illustration of

inter-molecule interactions

in the bulk and interface

for a liquid droplet in gas

2 Y. Zhang and H. Liu



the interface. For a stationary droplet in a rest surrounding immiscible fluid, i.e. the

tangential stress is absent, the capillary pressure can be described by the Young

Laplace equation as

DP ¼ s
1

R1

þ 1

R2

� �
; (1.1)

where DP is the capillary pressure, i.e. the pressure difference across the fluid

interface, and R1 and R2 are the principal radii of curvature. The equation is named

after Thomas Young (who first proposed the theory of surface tension in 1805) and

Pierre-Simon Laplace (who gave the mathematical description in 1806). This

Young Laplace equation has been widely used as a bench-mark test case for

multiphase models.

1.3 Marangoni Effects

When local temperature, solvent concentration or electric potential is not uniform

along the interface, the surface tension is not constant, i.e. there is surface tension

gradient along the interface. Consequently, the gradients in surface tension lead to

forces, which are called Marangoni stresses, which appear along the interface. The

mass transfer along an interface between two fluids due to surface tension gradient

is called Marangoni effects. If the phenomenon is temperature induced, it is often

called thermo-capillary effects. Although this phenomenon was first identified by

James Thomson in 1855, it is named after Carlo Marangoni because he studied this

phenomenon in detail for his doctoral dissertation at the University of Pavia and

published his results in 1865.

1.4 Navier–Stokes Equations and Surface Tension Model

The commonly used fluids in microfluidic applications are the Newtonian fluids,

i.e. the shear stress of the fluid is linearly proportional to the applied shear rate.

For a Newtonian fluid not far away from thermodynamically equilibrium, the

Navier–Stokes equations can describe fluid dynamical behaviour. The continuum

equation which considers the conservation of mass is given by

@r
@t

þr � ðruÞ ¼ 0; (1.2)

where r is the fluid density, u is the velocity, t is time. As fluids usually move at

low speed in microfluidic applications (a typical velocity is up to 1 cm/s), flow

1 Physics of Multiphase Microflows and Microdroplets 3



can be considered as incompressible. The above continuum equation can be

reduced to

r � u ¼ 0: (1.3)

Note: incompressible flow does not necessarily mean that fluid density is constant,

which only holds for steady flow where flow fields do not evolve in time. The

momentum equation which considers the momentum conservation is described by:

r
Du

Dt
¼ �rpþ �r2uþ rg; (1.4)

where p is static pressure, � is fluid viscosity, and g is gravity.

The above continuum and momentum equations are called the Navier–Stokes

equations for single phase fluid. When an interface is presented in two immiscible

Newtonian fluids, the interface, separating these two fluids, can be treated as a

boundary condition which imposes an additional interface stress on fluids. Therefore,

to consider the effect of interfacial stress, the above momentum equation becomes

r
Du

Dt
¼ �rpþ �r2u� Fs þ rg; (1.5)

where Fs is the interfacial stress forcing term. A commonly used model is the

Brackbill’s continuum surface force (CSF) model where this surface forcing term is

treated as a body force [3], i.e.

Fs ¼ skrC; (1.6)

where C is the volume fraction of the fluids at the interface and k is the curvature

of the local interface.

1.5 Numerical Methods

Experimentally, it is often difficult to measure local flow field including velocity,

pressure, and temperature at microscale. Modelling and simulation offer an

important complimentary means to understand droplet dynamics and optimize

device design and operation. Several numerical methods have been developed to

describe the complex evolution process of a multiphase system. These methods can

be classified into two major categories: the interface tracking and the interface

capturing [1, 17, 26, 33]. The interface tracking method is a sharp interface

approach, in which the interfaces are assumed to be infinitely thin, i.e. zero

thickness. A set of governing equations are applied to each phase or component,

and the interfacial conditions are used as boundary conditions. Through iterations,

4 Y. Zhang and H. Liu



the velocity of the interface is determined, and the interface then moves to a new

location ready for the next time step. In this manner, the computations continue, and

the interface is exactly tracked. This approach can provide very accurate results for

cases without severe topological changes, and it forms the foundation of the front

tracking methods (see [35]). However, such an approach encounters singularity

problems when significant topological changes (e.g., breakup and coalescence of

droplets) occur. In these situations, artificial treatments or ad hoc criteria are

required. In addition, this approach requires a large number of grid points on the

interface in order to accurately represent large deformation, so dynamical local

mesh refinements are essential to improve computational efficiency. However,

significant research effort is required to overcome the computational difficulties

associated with dynamic re-meshing and parallel computing.

Contrary to the interface-tracking approach, the interface-capturing method uses

a continuous function (to be called ‘indicator function’ thereafter) to distinguish

different phases. This type of approach is able to deal with topological changes in a

natural way. The indicator function is generally chosen as the volume fraction of

one of the two phases/components, as in the volume of fluid (VOF) method [17], the

signed distance to the interface, as in the level-set method [26], or the density/mass

fraction of one phase or component (also called order parameter), as in the phase-

field models [1]. In this class of approach, the same set of governing equations

(1.2 and 1.5) is used for fluid flows. The fixed Eulerian grids are usually used for

simulation domains and the interfaces are implicitly captured by the indicator

function (known as ‘interface capturing’). Since the interface capturing methods

have been widely used for multiphase microfluidic flow simulations, we briefly

discuss these methods below.

1.5.1 Volume of Fluid Method

The VOF method uses the volume fraction of one fluid phase or component

(denoted as C) to characterize the interfaces (here, we refer to two immiscible

fluids). In the bulk phase (i.e. a pure fluid), C is equal to zero or unity; in multi-fluid

computational cells, 0 < C < 1. In general, the VOF method consists of three

major steps: the interface reconstruction algorithm, which provides an explicit

description of the interface in each multi-fluid cell based on the volume fractions

at this time step; the advection algorithm, which calculates the distribution of C at

the next time step by solving an advection equation (1.7) using the reconstructed

interface and the solved velocity field at the previous time step; and the interfacial

tension force model, which takes account of interfacial tension effects at the

interface. Two widely used interface reconstruction methods are simple line inter-

face calculation (SLIC) [17] and the piecewise linear interface calculation (PLIC)

[15]. In the SLIC method, the VOF in each cell is treated as if its local interface is

either a vertical or horizontal line. In the PLIC method, the local phase interface is

determined by fitting a straight line in the cell that satisfies the VOF criteria, and the

1 Physics of Multiphase Microflows and Microdroplets 5



orientation of the straight line is decided by the distribution of one of the fluids in

the neighbouring cells. In addition to these geometrical re-construction schemes,

there are some other numerical schemes to solve the transport equation of indicator

function. For example, Yabe and Xiao [39] used a smooth function to transform C
to avoid rapid change of C at the interface, which does not need a computationally

costly interface re-construction step.

The volume fraction function is purely advected by the velocity field, i.e., it

obeys the transport equation:

@C

@t
þ u � rC ¼ 0: (1.7)

Generally, the effect of interfacial tension force is incorporated into the momen-

tum equation (1.5) using the continuum surface force (CSF) model of Brackbill

et al. [3]. The normal vector and the curvature of the interface are calculated from

derivatives of this volume fraction function. The interfacial tension force is applied

using these two computed quantities, and its magnitude is proportional to the

interfacial tension s (see 1.6). Therefore, in addition to be an indicator, the volume

fraction function plays an important role in the enforcement of the interfacial

tension effect. This method is so far most likely to be found in commercially

available computational fluid dynamics (CFD) software.

1.5.2 Level Set Method

The level set method was first introduced by Osher and Seithian [26]. The basic idea

was to use a smooth function (level set function, ’) defined in the whole solution

domain to represent the interface. It is defined as a signed distance to the interface

and is purely a geometrical variable. The advantage is that the level set function

varies smoothly across the interface, which eliminates the discontinuity problem

that occurs in the VOF method. The CSF model for interface tension force is also

used in the level set method. Similar to the volume fraction function in the VOF

method, the level set function used in the level set method is purely transported by

the flow velocity field as

@’

@t
þ u � r’ ¼ 0: (1.8)

In contrast to the volume fraction, it is just an indicator that has no physical

meaning. Therefore, the level set function does not need to satisfy the conservation

law. It only needs to consider differentiation of the convection term. However, the

level set method requires a re-initialization procedure to restore the signed distance

property when large topological changes occur around the interface [29]. This may

violate the mass conservation for each phase or component.

6 Y. Zhang and H. Liu



1.5.3 Phase-Field Method

Phase-field method originates from the theory for near-critical fluids, in which the

fluid system is fundamentally viewed as a whole and the indicator function (i.e.

order parameter y) is associated with the free energy of the system based on the

Cahn–Hilliard theory [4]. The order parameter is a conserved variable that varies

continuously over thin interfacial layers and is mostly uniform in the bulk phases.

In phase-field method, the interfacial region has its own physics. As the interface

thickness becomes smaller and smaller in comparison with the droplet size, it can

be mathematically proved that phase-field model approaches the original sharp

interface equations [1, 21]. The equation of fluid motion which is modified to

account for the presence of thin layer of interface can be applied over the entire

flow domain. For example, the Navier–Stokes equations can be modified to

include a pressure tensor accounting for the interfacial tension. The pressure tensor

can be derived by the use of reversible thermodynamic arguments. The interfacial

tension can be given in terms of the excess free energy which is distributed through

a three-dimensional layer rather than being defined on a two-dimensional surface.

The order parameter is evolved by the Cahn–Hilliard equation,

@y
@t

þ u � ry ¼ r � ðMrfÞ; (1.9)

where M is mobility and f is the chemical potential. In the phase-field method, the

interface sharpness is automatically maintained by the anti-diffusive term without

losing the continuity. The interface structure is preserved as the interface evolves,

so that the method does not require additional efforts for interface reconstruction

and re-initialization step as in the VOF and level set methods [9, 10]. In addition,

the smooth representation of the interface as a region with the finite thickness

prevents the numerical difficulties caused by the interface singularities. Detailed

discussion on some important numerical issues related to phase-field method can be

found in Jacqmin [20]. Since the phase-field method resolves the interface struc-

ture, and the thermodynamics is built into the model, it includes rich physics which

is not available in the VOF and level set methods. Consequently, it has some

distinctive advantages, e.g. dynamic contact angle becomes a part of solution rather

than a prescribed value.

1.6 Flow Physics Clarification: Important

Dimensionless Parameters

As flow physics at microscale can be very different from the conventional scales, it

is important to clarify physical phenomena occurring at small scales. Dimension-

less numbers which evaluate the importance of these phenomena are useful for us to

1 Physics of Multiphase Microflows and Microdroplets 7



understand the underlying flow mechanisms of a flow system. Therefore, we

discuss some important dimensionless numbers in this chapter.

1.6.1 Reynolds Number

For fluid dynamics, the most widely used important dimensionless number is

Reynolds number, Re, which compares inertial forces to viscous forces, i.e.

Re ¼ ruL
�

; (1.10)

where L is the characteristic length of the flow system. Usually, Re is used to judge

whether flow is laminar or turbulent. However, for microflows, the characteristic

length is usually small, so the Reynolds number is small. This indicates that the

inertial forces are relatively not important compared with the viscous forces.

Typically, microfluidic devices use aqueous solutions which move at a speed

between 1 mm/s and 1 cm/s. And the typical microchannels have height of

1–100 mm. Therefore, the Reynolds number is typically in the range of orders of

10�6 and 1. So the flows are laminar and the inertial forces may be neglected. The

conventional Navier–Stokes equation can therefore reduce to the Stokes equation,

which is given by

r
@u

@t
¼ �rpþ �r2uþ rg: (1.11)

Comparing with the Navier–Stokes equation, the nonlinear term ru�∇u is gone

in the right hand side of the equation. Note: as conventional flow devices are usually

operated at higher Re, the counter-part microfluidic devices should not be simply

designed by scaling down the conventional devices.

1.6.2 Capillary Number

While the most important dimensionless number for fluid dynamics, Re, is least

interesting for microfluidics, the usually ignored interfacial tension in conventional

free surface/interfacial flows becomes essential for micorfluidics. The corres-

ponding dimensionless number is capillary number which compares surface tension

forces with viscous forces.

Ca ¼ �u

s
; (1.12)

where the viscosity of continuum phase is usually used.

8 Y. Zhang and H. Liu



1.6.3 Bond Number and Weber Number

The Bond number (Bo) (also known as E€otv€os number (Eo)) is to evaluate

buoyancy force against surface tension force,

Bo ¼ DrgL2

s
; (1.13)

where Dr is the density difference between two phases. It is an important parameter

for describing droplet dynamical behaviour when the continuum carrier phase is

gas. If we consider typical microfluidic water droplet in oil or oil droplet in water,

the Bo number may not be essential as density difference between the immiscible

liquid phases is small.

The Weber number (We), named after Moritz Weber (1871–1951), is regarded

as a measure of the relative importance of the fluid’s inertia in comparison with its

surface tension,

We ¼ ru2L
s

: (1.14)

It is not an independent parameter which can be determined by Re and Ca,
i.e. We ¼ Re � Ca. Weber number is usually not important for usually low speed

microfluidic microdroplet applications.

1.7 Droplet Generation in Microfluidic Devices

Generating uniform droplets is one important step of achieving microdroplet

functionalities. Using pressure as driving force to generate droplets is one of the

fastest and commonly used methods. Many microfluidic devices have been

designed to apply pressure to generate uniform droplets, including geometry-

dominated devices [28, 40], flow-focusing devices [2, 6, 12, 13, 30]; T-junctions

[5, 7, 14, 16, 24, 31, 37] and co-flowing devices [18, 34]. For device design

optimization and operation, it is important to understand the underlying

mechanisms of droplet generation processes in microchannels. In comparison

with unbounded flows, the two-phase flow characteristics in microchannels is

determined by not only flow conditions and fluids properties but also channel

geometry. Here, we select two most popular device configurations—T-junctions

and cross-junctions—and discuss droplet generation mechanisms in details.

1.7.1 Droplet Generation at T-Junctions

T-junctions are one of the most frequently used microfluidic geometries to produce

immiscible fluid segments (plugs) and droplets. Although this approach has been
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widely used, the currently available information is still fragmented due to

differences in channel dimensions, flow rates, fluid properties and surface materials.

The research challenge still remains to fully understand underlying mechanisms of

droplet formation processes that are influenced by capillary number, flow rate ratio,

viscosity ratio, contact angle and channel geometrical configurations. Meanwhile,

some important advances have been recently made in experimental and numerical

studies. For example, a squeezing mechanism due to confined geometry in droplet

formation process, which does not exist in an unbounded flow condition, has been

identified by Garstecki et al. [13]. In the following sections, we discuss state of the

art of this research topic. The configuration of a typical T-junction is illustrated in

Fig. 1.2.

1.7.1.1 The Flow Regimes

De Menech et al. [7] identified three distinctive flow regimes: squeezing, dripping

and jetting. As jetting occurs at very high flow rates or capillary number, this regime

is not often utilized in microfluidic applications. The authors found in their compu-

tational study that in the squeezing regime, droplets (plugs) are generated in a way

very different from unconfined cases. The breakup process is dominated by the

buildup pressure in the upstream of an emerging droplet which blocks or partially

blocks the main flow channel. Meanwhile, in the dripping regime, both buildup

pressure and shear stress are important. This finding has been experimentally

observed (e.g. [8, 24, 25]). Figure 1.3 shows that plug fully blocks the main channel

so that the buildup pressure will pinch off the plug. The breakup point of plug is at

the junction corner and capillary number is very small. Figure 1.4 shows that with

larger capillary number, the droplet emerges out of the side channel will experience

shear force from the carrier fluid and buildup pressure due to partial blockage of the

main channel. The breakup point in this dripping regime is at the downstream of

the main channel.

Fig. 1.2 Droplet generation in a microfluidic T-junction with the disperse phase injected through

the side channel and the carrier phase injected through the main channel. Qc and Qd are volume

flow rate of the carrier and disperse phases, respectively, while wc and wd are the width of the main

and side channels
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Here, we focus on droplet generation processes in the squeezing and dripping

regimes. Flow behaviour in a microfluidic T-junction can be classified by a group of

dimensionless parameters, which are commonly defined by the experimentally mea-

surable variables, e.g. the interfacial tension, the inlet volumetric flow rates (Qc and

Qd) and viscosities (�c and �d) of the two fluids. For a typical microfluidic system, the

Reynolds number is so small that the inertial effect can be neglected. The Bond

number is also negligibly small due to the small density difference between two

immiscible liquids. In contrast, the capillary number is the most important parameter

in droplet generation processes, which can be defined by the average inlet velocity uc
and the viscosity �c of the continuous phase, and the interfacial tension s as

Ca ¼ �cuc
s

: (1.15)

Fig. 1.3 The droplet generation in the squeezing regime (a to j) with Ca ¼ 0.0036 and Q ¼ 1.2,

where Ca is defined as (1.15) and Q is the flow rate ratio (Qd/Qc)

Fig. 1.4 The droplet generation in the dripping regime (a to h) with Ca ¼ 0.036 and Q ¼ 1.2,

where Ca is defined as (1.15) and Q is the flow rate ratio (Qd/Qc)

1 Physics of Multiphase Microflows and Microdroplets 11



1.7.1.2 Influence of the Capillary Number

Figure 1.5 illustrates droplet formation process in the T-junction in the squeezing

regime (a) and the dripping regime (b). The droplet emerges from the side channel

and deforms before detachment, and the necking of the dispersed phase is initiated

once the continuous phase fluid intrudes into the upstream side of the side channel.

The intrusion of the continuous phase accentuates the influence of the contact line

dynamics, which is thought to be indispensable for the droplet detachment.

Figure 1.5 shows that the necking occurs right after the dispersed phase moves

into the main channel when Ca is large (the dripping regime), while the plugs are

formed when Ca is small (the squeezing regime). This is both confirmed in

experimental and numerical studies (e.g. [8, 22, 24, 25]).

Liu and Zhang [22] showed that when the capillary number is low, i.e.

Ca ¼ 0.006 in Fig. 1.6a, the incoming dispersed phase fluid tends to occupy the

full width of the main channel, and the breakup occurs at the downstream side of

T-junction corner. When the capillary number increases, i.e. Ca ¼ 0.032 and 0.056

in Fig. 1.6 b,c, the dispersed phase fluid occupies only part of the main channel, and

smaller droplets are formed. According to Ca, two distinctive droplet generation

regimes, i.e. the squeezing and dripping regimes are identified. In the squeezing

regime when Ca is small, the buildup of pressure at the upstream due to the

obstruction of the main channel by the emerging droplet is responsible for the

droplet ‘pinching off’, while the viscous shear force becomes increasingly impor-

tant in the dripping regime when Ca increases.

In both experimental and numerical studies, [36, 37] found that the final droplet

volume is a consequence of a two-stage droplet growth. Initially, the droplet grows

to a critical volume Vc until the forces exerted on the interface become balanced.

a b

Fig. 1.5 An illustration of droplet generation flow regimes in T-junction (a) squeezing regime;

(b) dripping regime. Reprinted with permission from Liu and Zhang [22], Journal of Applied

Physics, 106, 034906, 2009. Copyright 2009, American Institute of Physics
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(i) (ii) (iii)

(i) (ii)

a

b

c

(iii)

(i) (ii) (iii)

Fig. 1.6 The effect of capillary number and flow rate ratio in droplet generation process, where

Ca is (a) 0.06, (b) 0.032 and (c) 0.056; the flow rate ratioQ is (i) 1/8, (ii) 1/4 and (iii) 1/2. Reprinted

with permission from Liu and Zhang [22], Journal of Applied Physics, 106, 034906, 2009.

Copyright 2009, American Institute of Physics
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Subsequently, the droplet continues to grow for a time tn for necking due to the

continuous injection of the dispersed phase fluid. And the final droplet volume V
can be predicted by the scaling law below (van der Graaf et al. [36]):

V ¼ Vc þ tnQd; (1.17)

where Vc depends only on Ca and the duration of necking tn and decreases as

Ca increases. An empirical correction was proposed to improve the prediction of

the droplet volume by van der Graaf et al. [37]:

V ¼ Vc;refCa
m þ tn;refCa

nQd; (1.18)

where Vc,ref and tn,ref are the reference values at Ca ¼ 1 where the droplet

detachment process is very fast, i.e. tn ! 0; the exponents m and n depend on the

device geometry, which were reported to be –0.75 [37].

1.7.1.3 Influence of the Flow Rate Ratio

Apart from capillary number, flow rate ratio Q (Q ¼ Qd/Qc) plays an essential role

in droplet generation processes. For small Q, the droplets are pinched off at the

T-junction corner regardless of the capillary number. However, for larger Q,
increasing Ca will force the detachment point to move from the corner to the

downstream. Liu and Zhang [22] showed in Fig. 1.6 that when Ca is fixed at

0.006, varying Q from 1/8 to 1/2 does not change the detachment point of the

droplet. When Ca is increased to 0.032 and 0.056, the detachment point will move

from the T-junction corner to the downstream as Q increases. In addition, the

droplet detachment point gradually moves downstream until a stable jet is formed

when Ca and Q increase, which was also observed both numerically [7, 22] and

experimentally [5].

The droplet grows as the flow rate ratio increases but becomes smaller as the

capillary number increases. In addition to the capillary number, flow rate ratio will

affect the formed droplet size significantly. Figure 1.6a shows that, in the squeezing

regime, the flow rate ratio has significant effect on the droplet size. In the dripping

regime as Ca increases, the effect of the flow rate ratio interestingly diminishes,

which was also recently reported by De Menech et al. [7].

Many experimental studies were carried out in the squeezing regime so that the

droplets filled the main channel and formed “plug-like” or “slug-like” shapes

[14, 32, 42], where the viscous shear force may be ignored and the dominant

force responsible for droplet breakup is the squeezing pressure caused by the

channel obstruction. Garstecki et al. [14] argued that the detachment begins once

the emerging droplet fills the main channel and the droplet continues to grow during

this time due to continuous injection of the dispersed phase fluid. Assuming that the

neck squeezes at a rate proportional to the average velocity of the continuous phase
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fluid, and the plug fills at a rate proportional to Qd, a scaling law for the final plug

length was proposed:

l=wc ¼ 1þ a Q; (1.19)

where a is a constant of order one, whose value depends on the widths of both

channels. It clearly shows the plug length depends only on Q. However, Liu and

Zhang [22] suggested that the droplet size also strongly depends on Ca in the

squeezing regime, which is consistent with the experimental observations (e.g. [5]).

Therefore, the role of capillary number needs to be reflected in the scaling law.

Although the scaling law (1.19) does not capture the capillary number dependency,

it can predict the droplet size under various flow rate ratios when Ca is fixed in the

squeezing regime. When Ca is taken into account, the scaling law given by (1.18)

should be used.

1.7.1.4 Influence of Viscosity Ratio and Contact Angle

As shown in Fig. 1.7, in the squeezing regime, the predicted droplet diameter is nearly

independent of the viscosity ratio, l (l ¼ �d/�c), where the droplet formation is

completely controlled by the capillary force and the squeezing pressure. In the

dripping regime, the influence of viscosity ratio becomes more pronounced as Ca
increases, where the large viscosity ratio leads to smaller droplet [7, 22]. However,

it also shows that the influence of the viscosity ratio on the generated droplet diameter

is not as significant as in the unbounded flow [34], where the breakup of droplets is

controlled by a competition between the viscous shear force and the capillary force.

This indicates that the squeezing pressure caused by the confinement of geometry of a

T-junction has to be taken into account even in the dripping regime.

Due to large surface to volume ratio, fluid/surface interaction will significantly

affect the droplet dynamics in microchannels. The contact angle influences droplet

shape, generation frequency, and detachment point. Liu and Zhang [22] showed

that the generated droplets become smaller when the contact angle increases.

Interestingly, they also found that negligible viscosity ratio effect in the squeezing

regime is only valid for more hydrophobic wetting conditions.

1.7.1.5 Regime Change: Critical Capillary Number

Three flow regimes for droplet generation in T-junction i.e. squeezing, dripping and

jetting have been identified. It is important to understand the factors that control

regime transition especially squeezing-to-dripping transition which is most relevant

to microfluidic microdroplet applications. The recent work has suggested that

transition from squeezing to dripping regime depends on a critical capillary

number. For example, De Menech et al. [7], using the Navier–Stokes solver with

a phase-field model, reported a critical capillary number of 0.015. However, the

recent experimental study by Christopher et al. [5] did not observe the critical

1 Physics of Multiphase Microflows and Microdroplets 15



capillary number during the squeezing-to-dripping transition. Liu and Zhang [22]

noticed that the two regimes become difficult to distinguish as Q decreases because

the droplet detachment point is always close to the downstream corner of the

T-junction at small Q. This may explain why Christopher et al. [5] did not observe

the critical Ca during the squeezing-to-dripping transition because they performed

experiments at small viscosity ratio of 0.01, where the droplet breakup always

occurs at the downstream corner of the T-junction. According to Liu and Zhang

[22], there is a critical capillary number (see Fig. 1.8, Cac ¼ 0.018), which

distinguishes the squeezing and dripping regimes. Furthermore, they showed that

this critical capillary number is independent of the flow rate ratio, the viscosity ratio

and contact angle. However, their work is based on 2D simulation results, whether

there is the critical capillary number remains to be investigated. Indeed, our recent

experimental data suggests that squeezing-to-dripping transition depends on Ca, Q
and channel geometries for the deep channels [41].

1.7.2 Droplet Generation in Cross-Junctions

In comparison with droplet generation at T-junctions, droplet generation in a

confined cross-junction is quite similar. The coupled factors which affect the

droplet formation process at T-junction are also important, i.e. interfacial tension,

wetting properties and confinement of flow channels, fluid flow rates and

Fig. 1.7 Influence of viscosity ratio on droplet size. Reprinted with permission from Liu and

Zhang [22], Journal of Applied Physics, 106, 034906, 2009. Copyright 2009, American Institute

of Physics
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viscosities. In this section, we highlight the difference between the droplet genera-

tion processes of cross and T-shaped junctions.

1.7.2.1 Cross-Junction Flow Patterns

Similar to T-junctions as experimentally observed by Guillot and Colin [16], there

are also three typical flow patterns in droplet generation at low capillary number:

the droplets are formed at the cross-junction (DCJ); at downstream of the cross-

junction (DC), forming a thread that becomes unstable after a distance of laminar

flow; the stable parallel flows (PF), where the three incoming streams co-flow in

parallel to the downstream without pinching. The flow pattern transition will be

affected by capillary number and flow rate ratio (see Figs. 1.9 and 1.10).

1.7.2.2 Scaling Laws for Droplet Size

On the basis of the experimental observation of plug formation at microfluidic

T-junctions, Garstecki et al. [14] argued that at low Ca the final length of a plug

is contributed by two steps. First, the thread of the dispersed phase grows until it

blocks the continuous phase liquid. At this moment the ‘blocking length’ of the plug

is equal to wc. Then the increased pressure in the continuous phase liquid begins to

Fig. 1.8 Squeezing-to-dripping flow regime transition. Reprinted with permission from Liu and

Zhang [22], Journal of Applied Physics, 106, 034906, 2009. Copyright 2009, American Institute

of Physics
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‘squeeze’ the neck of dispersed thread. They proposed a scaling law to predict

droplet size as given by (1.19). Recently, Xu et al. [38] compared the experimental

data from different authors and found that the ‘blocking length’ is not always equal

to wc, but is also dependent on the channel geometry. Therefore, the scaling law

given by (1.19), is modified as

L

wc

¼ eþ oQ; (1.20)

Fig. 1.9 Typical three flow patterns at Ca ¼ 0.004 and Q ¼ 0.6(DCJ), 2.5(DC) and 3(PF).

Reprinted with permission from Liu and Zhang [23], Physics of Fluids, 23, 082101, 2011.

Copyright 2011, American Institute of Physics

Fig. 1.10 Droplet flow patterns as a function of flow rate ratio Q and capillary number (the

geometry configuration and viscosity ratio may also alter the flow pattern transition). Reprinted

with permission from Liu and Zhang [23], Physics of Fluids, 23, 082101, 2011. Copyright 2011,

American Institute of Physics
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where e and o are fitting constants that are mainly dependent on the channel

geometry. Experimentally, in the DCJ, Tan et al. [30] observed that the non-

dimensional length of plugs (L/wc) exhibits a power-law dependence on the capil-

lary number, i.e. L/wc ¼ kCam, which is independent of the flow rate ratio Q.
Considering the influence of capillary number and flow rate ratio, Liu and Zhang

[23] proposed that the generated plug length (droplet diameter) can be predicted by

L

wc

¼ ðeþ oQÞCam; (1.21)

where e, o and m are the fitting parameters that vary with the channel geometry.

Based on their simulation results, Liu and Zhang [23] confirm this scaling law

and determine the coefficients (e ¼ 0.551, o ¼ 0.277 and m ¼ �0.292). This is

broadly consistent with the two-step model proposed by van der Graaf et al. [36],

which was general enough to describe the T-junction droplet formation [27].

1.8 Conclusion

We do not aim to summarize complex multi-scale multi-physical droplet dynamics

in a single chapter. Instead, we select the basic multiphase flow physics and pick

droplet generation processes in microfluidic channels as examples to determine

uniqueness of droplet dynamical behaviour in confined microchannels. We hope

this chapter can be useful for readers new to flow physics which underpins

microfluidic microdroplet technologies.
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Droplet formation in a T-shaped microchannel junction: a model system for membrane

emulsification. Colloids Surf. A 266:106–116
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Chapter 2

Microfluidic Droplet Manipulations

and Their Applications

Melinda G. Simon and Abraham P. Lee

2.1 Introduction

“Droplet microfluidics” enables the manipulation of discrete fluid packets in the

form of microdroplets that provide numerous benefits for conducting biological

and chemical assays. Among these benefits are a large reduction in the volume

of reagent required for assays, the size of sample required, and the size of the

equipment itself. Such technology also enhances the speed of biological and

chemical assays by reducing the volumes over which processes such as heating,

diffusion, and convective mixing occur. Once the droplets are generated, carefully

designed droplet operations allow for the multiplexing of a large number of droplets

to enable large-scale complex biological and chemical assays. In this chapter, four

major unit operations in droplets are discussed: droplet fusion, droplet fission,

mixing in droplets, and droplet sorting. Combined, these operations allow for

much complexity in executing chemical reactions and biological assays at the

microscale. A broad overview of potential applications for such technology is

provided throughout. While much research effort has been focused on the develop-

ment of these individual devices, far fewer attempts to integrate these components

have been undertaken. A review of many microfluidic unit operation devices is

provided here, along with the advantages and disadvantages of each approach for

various applications.
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2.2 Droplet Fusion

2.2.1 Theory

Droplet fusion is a critical operation for droplet manipulation, since it allows for the

combination of different reagents and for the initiation of chemical and biological

reactions in microfluidic devices. Contrary to intuition, simply initiating droplet

collisions does not frequently result in fusion between the droplets. In fact, a

systematic study of a passive droplet fusion technique revealed that it is the

separation process of closely spaced microdroplets, rather than their collision,

which results in coalescence of the droplets [1]. Bibette et al. provide a set of

equations for predicting coalescence. For coalescence of droplets to occur, the

continuous phase separating the two droplets must first be drained, bringing the

droplets into close contact. Then, the droplets must be kept in close contact for a

critical minimum amount of time, in order for fusion to occur. Fusion occurs due to

fluctuations in the surface tension on the surface of droplets, which cause destabili-

zation of the interface between the oil and water phases [2].

Although the fusion of droplets may seem straightforward, there are several

key challenges involved in this process. In order for droplets to fuse, they must

achieve temporal and spatial synchronization. Several creative strategies have been

employed to synchronize droplets prior to fusion, both for passive and active

droplet fusion systems. Still, with the development of more complex microfluidic

systems with a large number of inputs, new strategies for the synchronization of

droplets are being sought. The addition of surfactant to either the continuous or

dispersed phases of a droplet microfluidic device is a common practice to stabilize

the droplets; however, the presence of surfactant makes droplet fusion much more

difficult. Other important considerations for any droplet fusion mechanism are its

throughput and efficiency. While some methods presented below demonstrate a

very high efficiency of fusion, with the vast majority of droplet pairs undergoing

fusion, the throughput of such systems may be much lower than a system where the

efficiency of fusion is not quite as high. While both high fusion efficiency and high

throughput are desirable, it may be necessary to compromise one or the other of

these qualities in order to satisfy the demands of the intended application. Due to

the fact that fusion involves the coming together of contents from different droplets,

inter-droplet contamination is also a concern. Additionally, preservation of the

viability of biological material may be a concern in active fusion methods where

electricity is used to fuse droplets. While passive fusion methods often carry a lower

risk of contamination and are more biocompatible, they generally have a much

lower throughput than active fusion methods. As a result, a variety of both passive

and active methods for inducing the fusion of droplets have been developed. While

each design has its strengths and shortcomings, a suitable method for inducing

droplet fusion may certainly be found for a variety of applications.
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2.2.2 Passive Fusion Methods

Passive droplet fusion mechanisms are those which do not require active control or

electricity. These designs are often simpler than active fusion mechanisms, which

may require complicated circuitry and control systems. One advantage of most

passive droplet fusion techniques is that the possibility of inter-droplet contamina-

tion is lower than for active droplet fusion techniques. However, passive droplet

fusion techniques are limited by the rate at which natural phenomena, such as

surface tension fluctuations occur, and are therefore often slower than most active

droplet fusion techniques.

2.2.2.1 Geometry-Mediated Passive Fusion

Among the earliest and simplest designs for passive fusion ofmicrodroplets employs

a section of widened channel, termed an “expansion volume.” By controlling the

continuous phase velocity and the dimensions of the expansion volume, consecutive

droplets can be induced to fuse in this region. The expansion volume enables fusion

by draining the continuous phase that separates one ormore consecutive droplets in a

channel. Upon entering the expansion volume, the continuous phase fluid spreads

around the droplets to fill the increased volume, while droplets remain in the center

of the channel. This removal of spacing between droplets allows interaction between

the surfaces of adjacent droplets and induces fusion of the droplets as a result of

minute disturbances in surface tension. Either a gradually tapering channel [3] or a

wider section of the channel [4, 5] may be employed as an expansion volume

(Fig. 2.1). Careful control of the frequencies of droplet generation from each droplet

source is necessary for reliable fusion when using an expansion volume [6]. Another

early method for passively inducing the fusion of consecutive droplets involved

active drainage of the continuous phase between droplets, known as a flow-

rectifying design. In this design, the droplet stream would flow past a junction

with channels perpendicular to the direction of droplet transport. Through these

perpendicular channels, continuous phase could be actively removed using an off-

chip syringe pump, which induced droplet fusion by bringing consecutive droplets

close together [4, 7, 8]. Alternatively, a 3D expansion volume can be used to fuse

droplets. In this design, droplets carried along a microchannel “track” are carried

through a chamber of larger width and height than the track. A control line adds

continuous phase at a prescribed rate to control the number of fusion events that

occur in the chamber. By controlling the flow rate of continuous phase from this line,

researchers were able to perform arithmetic operations with the droplets, similar to

the operation of an abacus [9].

Using an expansion volume, droplets from two different inlets have been

fused in a tapering region of a microfluidic device. In this device, alternating

droplets from two different inlets were produced. The droplet pairs fuse down-

stream in a tapering region of the channel to yield CdS nanoparticles within the
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fused droplets [3]. This development enabled the execution of simple chemical

reactions, comprising a single mixing step, on a chip. The microfluidic platform

enables synthesis of very small volumes of product, useful in situations where the

reactants are expensive, hazardous, or simply limited.

While an expansion volume provides a way to fuse droplets passively, there are

several limitations to this design. With the expansion volume approach, only

consecutive droplets in a channel can fuse. This restriction requires that the order

of droplets in a microchannel be carefully controlled, in order to achieve the desired

fusion. In addition, an expansion volume is only able to fuse droplets that have a

relatively small and uniform inter-droplet spacing. In order to enable more complex

applications involving droplet fusion, several devices have been developed which

overcome the problem of inter-droplet spacing, to ensure reliable droplet fusion.

Building from the expansion volume concept for droplet fusion, Niu et al. designed

an expansion volume containing two sets of tapering pillars in its center (Fig. 2.1).

As a droplet enters the expansion volume, it is squeezed between the sets of pillars.

Once the droplet has completely entered the expansion volume, continuous phase

behind the droplet is allowed to drain around the droplet into the widened channel.

The droplet is stopped in the pillar array due to the increase in surface tension it

experiences. As the pillars narrow, the radius at the front of the droplet becomes

smaller than the radius at the back of the droplet, which produces a net surface

tension pressure that counters the hydrostatic pressure induced by the continuous

phase. In this device, a droplet can be held indefinitely until the next droplet in the

line approaches—this feature allows for droplet fusion to occur even if inter-droplet

spacing does not remain constant. In addition, by changing the size of the expansion

Fig. 2.1 Left: As droplets enter an expansion of the main fluidic chamber, the continuous phase is

drained from between them and droplet fusion occurs (Reproduced from Tan et al. [4], by

permission of the Royal Society of Chemistry, http://dx.doi.org/10.1039/b403280m) (right) Niu
et al. used a pillar array to slow and trap a droplet entering an expansion of the main fluidic

channel. The first droplet remains in the trap until a second droplet enters. After continuous phase

drains from between them, the two droplets fuse, and hydrodynamic pressure from the entering

second droplet pushes the fused droplet out of the trap and downstream (Reproduced from Niu

et al. [10], by permission of the Royal Society of Chemistry, http://dx.doi.org/10.1039/b813325e)
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chamber and the size of the droplets, multiple droplets can be induced to fuse in the

pillar array [10]. In another design, droplets from one inlet become trapped in a

narrowing channel, due to the increase in surface tension they experience as the

radius of the front of the droplet decreases. Once a droplet is trapped, it is held in

place indefinitely by surface tension forces. A bypass channel allows continuous

phase and other droplets to continue to flow around the trapped droplet. Another

droplet inlet, perpendicular to the first inlet, joins a fusion chamber at the location

where a droplet is trapped. As a droplet from this second inlet approaches the fusion

chamber, the second droplet fuses with the trapped droplet as it passes by. Due to

the ability of this device to trap the first droplet and hold it indefinitely, droplets

from separate inlets, and generated at different respective frequencies, can be fused.

In addition, the inter-droplet spacing need not be uniform or short, for fusion to

occur [11].

Instead of using surface tension forces to trap droplets before fusing, a mem-

brane valve has also been used (Fig. 2.2). For fusion to occur, a membrane

that occludes most of the width of an expansion volume is depressed. Droplets

are constrained to the center of the expansion volume by a set of pillars as the

membrane is depressed, while continuous phase is allowed to flow around the

pillars and the depressed membrane. Once the desired number of droplets has

been trapped in the expansion volume, the membrane valve is opened [12]. Droplets

fuse as they are pulled away from one another out of the expansion volume. This is

in accordance with recent theory and characterization describing how droplets are

observed to merge as they are moving away from one another, instead of when they

are pushed together [1].

2.2.2.2 Passive Fusion Induced by Physical and Chemical Phenomena

In addition to the above methods for passive droplet fusion, several designs which

exploit physical or chemical phenomena have been developed. For instance,

Fig. 2.2 Amembrane valve and continuous phase drainage channels allow the first droplet to slow

and become trapped. As a second droplet approaches the first and slows, the valve is released and

the two droplets are fused as they leave the trap (Reproduced from Lin and Su [12], with

permission from IOP Publishing, Ltd.)
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droplets of different sizes or of different viscosity travel at different speeds within

microfluidic channels. If a small droplet is introduced to the channel after a larger

droplet, the small droplet will travel faster in the channel than the larger droplet,

which decreases the inter-droplet spacing and allows fusion to occur at an expan-

sion volume. As the viscosity of the dispersed phase is increased, the droplets travel

with slower velocity. Hence, a droplet of lower viscosity will travel faster through a

microchannel than a droplet of higher viscosity, allowing the lower viscosity

droplet to “catch up” to a higher viscosity droplet. Droplets paired in this way

can then become merged when they enter an expansion volume. One advantage to

this technique is that droplets can self-synchronize if conditions are right,

eliminating the need for an active mechanism of pairing droplets [13].

Surfactants are often added to a microdroplet emulsion to stabilize the droplets

and prevent unwanted fusion events. One group has exploited the readiness with

which surfactant-free droplets fuse to reliably fuse two populations of droplets one-

to-one. A population of droplets with a surfactant concentration of 2.8% was

generated and injected into a chip, where each surfactant-stabilized droplet was

paired with a surfactant-free droplet. Upon entering a microchannel with 117�

bends, the droplet pairs readily fused. Fusion occurs as a result of the geometric

constraints imposed by the zigzag channel as well as the partial instability of the

surfactant-free droplets. Since the droplets were paired one-to-one, secondary

fusion of droplets was avoided, as fused droplets all contained surfactant and

were thus stabilized against further fusion. Although useful for one-to-one fusion

of two different droplet populations, this technique requires careful consideration of

the chemistry of the system. Furthermore, the relatively high surfactant concentra-

tion required for the surfactant-stabilized population of droplets may be incompati-

ble with some chemical or biological assays [14].

Another method which does not require synchronization of droplets for fusion

relies on a hydrophilic patch inside a microchannel to trap droplets before fusion.

A photomask is used to allow selective polymerization of acrylic acid on a

PDMS device, using UV light. Areas exposed to the UV light are patterned with

polyacrylic acid, rendering these areas hydrophilic. The rest of the PDMS device

retains its native hydrophobicity. When a hydrophilic droplet approaches

the hydrophilic patch in the channel, the droplet is slowed and stopped over the

patch. Additional droplets gather behind the first droplet near the patch, until the

viscous drag force generated by their presence is enough to overcome the interfacial

forces holding the first droplet to the patch. At this point, the first droplet begins to

move downstream, and the trapped droplets all fuse. Since this device functions by

balancing the interfacial interaction force between the droplets and the patch, and

the viscous drag force imposed by the continuous phase, the number of droplets to

be trapped and fuse can be tuned by changing the continuous phase flow rate, which

changes the viscous drag force on the droplets [15]. Although this fusion mecha-

nism requires no special geometry and could potentially be incorporated into

any straight microchannel, the possibility for contamination between droplets

exists, due to the requisite interaction of droplets with the polyacrylic acid patch

in the channel.
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A unique approach to droplet fusion using a laser has been attempted in recent

years. By carefully directing an Argon ion laser in a microchannel, localized

heating is induced in the channel which can induce fusion between two droplets.

Droplet fusion is induced when the laser is directed to the interface between the two

droplets. Heat applied at this location leads to disturbances in the surface tension

which result in destabilization of the droplet interfaces and eventually fusion. The

laser is also capable of stopping droplets in a channel, potentially allowing for

trapping a given number of droplets and fusing them together, using only a laser.

Although this design minimizes the chance of inter-droplet contamination, due to

the fact that droplets are not physically constrained on a surface, the throughput of

this approach may be lower due to the need to precisely control the timing and

location of laser heating [16].

2.2.2.3 Adding Reagents into Passing Droplets

An alternative to passive droplet fusion schemes that generate two droplets and then

fuse them together is a technique where reagent is metered into a passing droplet from

a microchannel intersecting the main channel. This strategy accomplishes the same

goal of droplet fusion and precludes the need to generate many different populations

of droplets. This technique has been used to produce nanoparticles in microdevices

that are more monodispersed than nanoparticles produced in a benchtop process [17].

One drawback to this technique is that the possibility for contamination is more

significant, since passing droplets come into direct contact with the second reagent

stream. To overcome this issue, a device has been introduced more recently that uses

several narrow hydrophilic channels to introduce the second reagent (Fig. 2.3). This

reduction in the dimension of the injection channel raises the dimensionless Peclet

number in this design, meaning that addition of reagent to passing droplets is due

more to convection than diffusion. The authors postulate that the smaller injection

channel dimension minimizes the effect of diffusion, which causes contamination

between droplets due to the chaotic mixing it introduces. Although temporal syn-

chronization of the release of the second reagent was a problem in the earlier designs,

the technique employing several narrow channels can avoid the problem of extra

droplet formation by carefully selecting the volumetric flow rate of the continuous

and dispersed phases [18]. One disadvantage to this approach is less control over the

specific amount of reagent that is added to a passing droplet. In systems where two

separate droplets are generated and then brought together, the calculation of the

specific volume of added reagent is more straightforward.

2.2.3 Active Fusion Methods

In addition to the passive fusion techniques discussed above, other fusion

methods employing active controls, such as electrocoalescence, dielectrophoresis,

2 Microfluidic Droplet Manipulations and Their Applications 29



and optical tweezers have also been developed. Such methods are inherently more

complex than many passive droplet fusion schemes, since many require fabrication

of electrodes and precise timing of electrical signals in order to fuse droplets. With

the use of electricity come concerns of contamination between droplets, if some of

the droplet contents become deposited on an electrode, as well as biocompatibility

of electrical signals on biological molecules, such as DNA or proteins. The advan-

tage to such systems is that the use of electricity can hasten the development of

instabilities in the surface tension between droplets [19], initiating fusion more

quickly and increasing the throughput capabilities of the device.

While several research groups have developed devices to fuse microdroplets

using electrodes, the size and positioning of the electrodes in these devices is

diverse, with each design presenting its own strengths for particular applications.

In one design with applications for studying chemical kinetics, the electrodes

comprise a platinum wire that is positioned inside the main microfluidic channel

Fig. 2.3 As an alternative to fusing droplets, reagent may be metered into passing droplets from

several narrow side channels. Successful injection of substrate requires a careful balance of the

volumetric flow rates of the continuous and dispersed phases (Reproduced with permission from

Li et al. [18])
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where continuous phase flows, and an indium tin oxide ground electrode on the

base of the microfluidic device. Perpendicular to this main channel, two dispersed

phase streams enter near the wire and form droplets through a simple T-junction

configuration. When voltage is applied across the electrodes, fusion of one droplet

entering from each of the dispersed phase channels occurs at the tip of the wire.

The application of voltage in this nonuniform electric field induces a positive

dielectrophoretic (DEP) force on the droplets, which pulls them toward the wire.

Once both droplets have been pulled close to the wire, the layer of continuous phase

separating them becomes thin, and instabilities in the surface tension between

the droplets result in fusion. Using this device, the progress of a chemical reaction

can be tracked optically in the droplets, which each act as individual microreactors.

Since the rate of droplet formation in the device is constant, the droplets produced

display the progress of the chemical reaction at discrete time points, providing a

simple means of studying the kinetics of a reaction [20]. While well suited for this

purpose, this device is limiting in that the contents of all the fused droplets are

exactly the same. For many applications, the production of many droplets with

diverse contents is necessary.

For more complicated reactions or assays, the fusion of multiple droplets may be

desired or needed. In 2009, Tan et al. developed a round microfluidic chamber in

which a variable number of droplets could be fused. The chamber is designed to

slow entering droplets, to give them more time for fusion, and helps to position the

droplets parallel to the electric field. This orientation minimizes the electric field

strength needed for droplet fusion, which occurs when the electric field disrupts

surfactant molecules on the surface of the droplets. The fusion chamber is also

designed large enough that droplets do not contact the electrodes during the fusion

process, which decreases the risk of droplet-to-droplet contamination that may

occur in devices where droplets come into contact with the electrodes. For fusion

of two droplets, only the electric field is necessary both to align the droplets

correctly and to fuse them. To fuse several droplets, however, laser tweezers

were employed to position all of the droplets in a line parallel to the electrical

field. The disadvantage to this technique is its low throughput. Five 10 ms pulses of
DC voltage, space 0.2 s apart, were required for a single fusion event [21]. Due to

the spaces between pulses, the maximum rate of fusion would be less than one event

per second, which is much slower than most other droplet fusion mechanisms.

Another device traps passing droplets on the electrode surface to induce the

fusion of multiple droplets. As the droplet slows and becomes trapped, it deforms

and spreads on the electrode surface, which provides space allowing continuous

phase to flow around the droplet. The next droplets carried through the channel also

become trapped on top of the electrodes and fuse with previously trapped droplets

(Fig. 2.4). The ability of the electrodes to trap and hold the droplets on their surface

is a balance achieved between the DEP force imposed by the electrodes and the

hydrodynamic force imposed by the flow of the continuous phase in the channel.

Eventually, as multiple droplets become trapped on the electrodes, the hydro-

dynamic force on the droplets overcomes the DEP force from the electrodes, and

the fused droplet is released from the electrode surface. The number of droplets to
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be fused on the electrodes can thus be controlled by careful selection of the DEP

force and hydrodynamic pressure applied to the system. Fusion rates of 50 per

second were routinely demonstrated with this device. Higher rates of up to

100 fusions per second were achieved, but at high voltage levels, which could

provide problems for biological assays and can also induce hydrolysis of water in

the droplets. In addition, the reliance of this technique on droplet contact with

the electrodes could mean that contamination from droplet-to-droplet is likely.

One advantage to this technique is that no synchronization system is required.

The first trapped droplet can wait indefinitely on the electrode surface until

subsequent droplets arrive [19].

A common shortcoming in active fusion designs is their incompatibility to

accommodate biological solutions, owing to the high voltages applied to induce

droplet fusion. To address this problem, Priest et al. demonstrated a device that

requires only a 1 V DC pulse to fuse droplets—a considerably lower voltage than

many other systems. Lower voltages are required in this system due to the proxim-

ity of the droplets to the electrodes. While other designs used an expansion chamber

to fuse their droplets, necessitating high voltage values to span a larger area [21],

these design droplets are tightly packed as they flow past the electrodes. Even with

tightly packed droplets, isolated fusion events between adjacent droplets can occur,

as long as the droplet interface where fusion takes place is parallel to the electrodes.

Fig. 2.4 Electrodes are used to slow and trap a droplet. Deformation of the droplet onto the

electrodes allows continuous phase to pass around the droplet. As a second droplet approaches,

it fuses with the first, and the blockage of continuous phase flow produces force that pushes the

fused droplet off of the electrodes (Reproduced from Zagnoni and Cooper [19], by permission of

The Royal Society of Chemistry, http://dx.doi.org/10.1039/b906298j)
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For different types of droplet packing, different electrode orientations could be used

to achieve this purpose. Fusion rates of around 10 per second can be obtained using

this technique. In addition to the increased biocompatibility of this approach, an

insulating layer of Poly(methyl methacrylate) coats the electrodes in the device,

which reduces the chance of contamination, another significant concern for active

fusion devices [22].

One unique approach to active droplet fusion allows for the trapping and storage

of an array of fused droplets, in order to observe a reaction or the behavior of a cell

over time. The first droplet is trapped in a side compartment adjoining the main

fluidic channel when a DC voltage is applied (Fig. 2.5a). Voltage, applied across the

channel, induces a DEP force on the droplet that causes it to move in one direction

or another, depending on the type of DEP force applied. Using the DC voltage

again, this trapped droplet can be induced to move toward the main channel, where

it can contact and fuse with a passing droplet. Once fused, the droplet returns to

the side compartment as the DC voltage is switched off, and the droplet may be

observed indefinitely in the side compartment. These structures are designed to

keep the fused droplet trapped at lower continuous phase flow rates, but allow the

compartments to be cleared when the continuous phase flow rate is increased [23].

Fig. 2.5 (a) Droplets may be stored and fused in the same device by applying a DC voltage across

the fluidic channel. Here, fused droplets may be removed from the array by increasing the

continuous phase flow rate (Reproduced from Wang et al. [23], by permission of The Royal

Society of Chemistry, http://dx.doi.org/10.1039/b903468d). (b) Droplets are paired and fused by

an AC field (Reproduced from Mazutis et al. [29], by permission of The Royal Society of

Chemistry, http://dx.doi.org/10.1039/b907753g)
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Instead of using electrodes to induce coalescence at the point of droplet contact,

an alternative design imposes an opposite electrical charge on different populations

of droplets, which then become fused together in the presence of an electrical field.

As droplets are generated, either a positive or negative charge is imposed on them,

such that droplets from one inlet become positively charged, while droplets from a

second inlet become negatively charged. A potential disadvantage to this approach

is that fused droplets become electrically neutral. In order to perform more than one

fusion step, droplets would need to undergo charging after each fusion event [24].

Expanding upon a concept used to fuse droplets passively, one active fusion

scheme induces pairing of droplets prior to fusion by generating droplets of

different sizes. Smaller droplets move more rapidly through microfluidic channels,

which cause them to catch up to and pair with larger droplets. Once paired, the

droplets are fused controllably by a pair of electrodes across the microfluidic

channel [25].

Electrowetting is another approach that has been used to manipulate droplets,

inducing droplet formation as well as fusion. In this approach, droplets are posi-

tioned atop an array of individually addressable electrodes, and deform over the

electrode when a voltage is applied, due to a minimum in the electric field that is

induced over the electrode. Using computer software, the electrodes can be

activated in a certain order to induce movement of the droplet. To fuse droplets

using this technique, two droplets need only to be brought into close proximity

using the electrode array. Although this technique offers very precise control over

the movement of droplets, inter-droplet contamination is a concern, since the

droplets wet the surface of the electrodes when they are trapped [26].

For most applications, droplet fusion is desired to initiate a chemical reaction;

however, it may be necessary for some applications to convert information

contained in individual droplets into a continuous stream for the purpose of analysis

of droplet contents. For this purpose, Fidalgo et al. designed a device whereby

selected droplets in a stream of oil could be induced to merge with an adjacent

aqueous stream. If a droplet is selected to merge with the aqueous stream, an

electric field is applied, inducing a DEP force on the droplet which causes it to

move into the aqueous stream [27].

One particularly exciting application for droplet fusion technology is the ability

to fuse liposomes or cells. Using a device with embedded electrodes, liposomes

and prokaryotic cells were fused using a device which applied alternately AC and

DC voltages. First, AC voltage is applied to align the liposomes or cells for fusion.

This alignment is followed by the application of a DC voltage which fuses the

liposomes or cells. Although this technique could find wide application in a wide

variety of studies on cellular gene regulation, the fusion rate is relatively low at 75%,

and the throughput of the technique is also very low, requiring 5 s alone to position

liposomes close together, and another full second for the fusion event to occur [28].

Recently, electrofusion has also been used to combine reagents for the study of

the kinetics of a biological reaction, such as the activity of the translated protein of

the cotA laccase gene. Using electrodes on either side of the microfluidic channel,

AC voltage was applied at a frequency of 30 kHz. Fusion events occurred at a rate
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of 3,000 per second, and a high fusion efficiency of 90% was achieved (Fig. 2.5b).

This high fusion rate provided by this active droplet fusion scheme allows a more

precise study of the kinetics of the reaction, since more samples are produced with a

shorter time step between them than could be achieved using a passive droplet

fusion device [29].

Electrical fields may also be used to introduce reagent into passing droplets, as

demonstrated by Abate et al. A series of fluid-dispensing channels were oriented

perpendicular to a main microfluidic channel, and each dispensing channel

contained a set of electrodes. By momentarily applying an electrical field across a

set of electrodes, reagent could be dispensed from that channel into droplets in the

main microfluidic channel without the use of valves. The application of an electrical

field also destabilizes the interface between phases, leading to fusion of the passing

droplet with the injected reagent. The amount of fluid injected into passing droplets

may be tuned by adjusting the pressure in the dispensing channel as well as the

velocity of the passing droplets. Using this device, researchers were able to add

reagent selectively into passing droplets at a rate of 10,000 droplets per second [30].

2.3 Droplet Fission

The fusion or combining of the contents of different droplets has obvious importance

for the execution of chemical reactions in droplet microfluidic systems; however, the

ability to divide droplets is also a necessary operation for the execution of assays and

the production of sample replicates. A simple way to introduce multiple sample types

into a microfluidic device involves the consecutive aspiration of a large plug of fluid

from a number of microtiter plate wells. In these devices, droplet fission is used to

divide the plug into many smaller volume droplets, which allow individual droplets

to be paired and mixed with different reagents [31], and also provide a smaller

volume container, which allows for rapid mixing and reduces the reaction time in

the droplet [32]. Droplet fission designs also provide the potential to increase the

throughput of droplet production, and to digitize biological assays, increasing their

sensitivity. Like droplet fusion, both passive, geometry-mediated droplet fission

schemes have been developed, along with active droplet fission schemes, which

employ the use of electricity or localized heating to split droplets.

2.3.1 Geometry-Mediated Splitting

Link et al. developed two simple methods to induce droplet fission, using only the

geometry of the microchannels. In one device, a simple bifurcation of the main

microfluidic channel is introduced in order to split droplets. Through experimenta-

tion, it was determined that droplet fission would occur at this bifurcation if the

droplet is plug-like: that is, when the length of the droplet in the microchannel is
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greater than the circumference on the edge of the droplet. The droplet splits evenly

if the resistances of the two daughter channels—downstream of the bifurcation—

have the same fluidic resistance. Since fluidic resistance is proportional to

microchannel length, according to the Hagen–Poiseuille equation, changing the

length of one of the two daughter channels allows droplets to split unevenly. In this

way, the volume ratio of the daughter droplets produced by the fission can be

changed. Another design proposed by the group employed a large post near the

middle of a microfluidic channel to induce droplet fission (Fig. 2.6a–d). By

adjusting the position of this large post in the microchannel, the ratio of sizes of

daughter droplets can be changed [33].

Building on this technology, another group used a repeating bifurcation structure

to split a single parent droplet into 8 or 16 daughter droplets of nanoliter volumes.

The bifurcation structure consists of a T-shaped junction, where the parent

microfluidic channel meets the daughter microfluidic channels at an angle of 90�.
This group observed asymmetric splitting of droplets despite symmetric channel

designs, in devices containing consecutive bifurcations. It was hypothesized that

asymmetric droplet breakup was due to a high surface tension pressure relative to

the pressure drop in the microchannel. They determined that asymmetric splitting in

bifurcating junctions can be minimized by keeping the surface tension low, for

example, by adding surfactants to the system, or increasing the flow rate through the

device [34].

Fig. 2.6 (a–d) A large post structure in a microchannel packed with droplets mediates droplet

splitting (b) symmetrically and (c, d) asymmetrically, depending on the placement of the post

(Reproduced from Link et al. [33], Copyright 2004 by the American Physical Society, http://prl.

aps.org/abstract/PRL/v92/i5/e054503). (e) Repeated fission is induced by 45� bifurcation

junctions (Reproduced with permission from Hsieh, et al. [35])
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Utilizing a different bifurcation design, a single droplet was split into

128 monodispersed droplets. In this design, the parent microfluidic channel splits

into daughter channels at an angle of 45� forming a Y-shaped bifurcation junction

(Fig. 2.6e). Hsieh et al. found that using a bifurcation channel angle of 45� reduced
the asymmetric breakage of droplets, when compared to a design using an angle of

90�. In addition, the use of droplet fission for a new application—the production of

a large number of PEG microspheres—was demonstrated [35].

Another approach to combating the problem of asymmetric droplet splitting

involved the use of syringe pumps to withdraw fluid evenly from multiple outlets.

In a device that split a single droplet into 8, fluid was withdrawn from 7 of the

8 outlets at 1/8 the rate of the inlet flow. The eighth outlet of the device was left

open to remove any excess fluid from the device. This technique minimized the

pressure differences between the outlet channels and as a result, the device pro-

duced droplets with a size coefficient of variation of 9.38% [31].

Finally, a liquid sample can be split into nanoliter volume plugs by feeding the

liquid into a main channel that splits into several smaller, daughter channels.

The liquid fills each smaller channel until it reaches a valve. Mielnik et al. used a

hydrophobic valve to arrest the flow of fluid into each daughter channel, while a

waste channel was placed downstream of the daughter channels to drain excess

fluid [36]. Once filled, each daughter channel contains 335 nL of fluid that can be

metered out of each channel for further processing. The series of daughter channels

effectively splits a single sample plug into eight smaller plugs. Using this technique,

a single nucleic acid sample from a patient was split into ten smaller plugs, and each

plug could be screened against a different reagent, allowing simultaneous screening

for multiple viruses [37].

2.3.2 Droplet Splitting Using Electrical Fields, Heat and Lasers

While the aforementioned devices have the ability to split a droplet reliably into

daughter droplets, the fission product volumes are constrained by the fixed geome-

try of these devices. Thus, several devices employing electrical fields, heat, and

lasers have been developed to achieve more control over the droplet fission process

and allow for dynamic adjustment of the daughter droplet volumes. In addition,

such methods have the ability to “switch” droplets completely to one outlet or

another, in lieu of executing droplet fission, so that only selected droplets may be

divided if necessary. These additional functionalities come at the cost of a more

complex device, but may be desirable or necessary, depending on the system’s

application.

The throughput of droplet fission can be raised dramatically through the use

of electric fields to split droplets. Link et al. used a device similar in geometry

to the previously developed passive devices with bifurcating junctions, but added

electrodes to charge and induce droplet splitting. Electrodes are placed under

the two daughter channels after the bifurcation junction, and an electrical field
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is established between them. Uncharged droplets enter the bifurcation junction

and the electrical field. The droplets polarize in the field and divide at the bifurca-

tion (Fig. 2.7a–c). Simultaneously, opposite charges are induced on the two

daughter droplets. Additionally, the authors noticed that at higher electrical

fields, no droplet splitting occurred and the entire parent droplet was diverted to

one of the daughter channels. Such a phenomenon could be used to remove

erroneous droplets, or control the number of volume of daughter droplets

produced in a bifurcating design. While this technique allows high throughput

of up to 100,000 Hz, the use of electrical fields may preclude the use of this

technique for some applications where reagents may be damaged by electrical

fields [24].

Fig. 2.7 (a–c) Droplet splitting induced by an electric field (Reproduced from Link et al. [24],

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.). (d–g)

Thermocapillary actuation, combined with chemical patterning of the device surface, was used

to induce droplet fission through selective heating of the device surface (Reproduced from

Darhuber et al. [41], by permission of The Royal Society of Chemistry, http://dx.doi.org/

10.1039/b921759b)
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Droplets may also be divided using a technique known as electrowetting-on-

dielectric (EWOD). In this technique, electrical potentials are applied to specific

points on a dielectric surface in order to induce movement of droplets by changing

the wetting ability and contact angle of the fluid. Numerous groups have

demonstrated the use of EWOD for droplet splitting [38, 39], however, the detailed

mechanism and use of this technique is beyond the scope of this text.

One unique method for inducing droplet splitting involves the use of a laser.

To use this technique, a microfluidic channel containing a post near the middle of

the channel is used. In the absence of the laser, droplets split evenly around the

post and form two daughter droplets of equal volume. However, when the laser

is applied to one side of the post, the droplet is induced to split asymmetrically.

Heat from the laser causes a local increase in the surface tension on the droplet,

which prevents forward movement of the droplet past the laser [40]. The laser acts

to block the droplet, and can affect the volume of the daughter droplets produced

based on the length of time that the laser is applied in this position. As with the

electrical fields, a droplet can be “switched” into a single channel instead of

divided, by increasing the laser power used [16]. Although novel, this technique

may not deliver as high a throughput as the technique in which electrical fields were

used to split droplets, and may suffer from the same biocompatibility issue as

well. However, the use of a laser provides even greater control over the volume

of daughter droplets produced and may prove useful in devices where very precise

manipulation of droplets is required.

Finally, microheaters integrated into microfluidic chips have been used to

control droplet splitting and “switch” droplets to one of multiple downstream

channels. In a technique similar to EWOD, Darhuber et al. used a technique called

thermocapillary actuation, combined with chemical patterning of the surface of

the device, to induce droplet splitting (Fig. 2.7d–g). The technique consists of

stretching a fluid over a set of microheaters, activating the heaters sequentially to

draw the fluid out, and then selectively turning off microheaters to induce splitting

of the fluid [41]. Another group used an integrated microheater, positioned beneath

one of the daughter channels (downstream of a bifurcation junction) to provide

control over the volume of daughter droplets produced, as well as to allow

switching of the droplet from one daughter channel to another. When the heater

is turned on, a viscosity gradient is created and the viscosity of continuous phase

in the heated daughter channel decreases. The fluidic resistance in the heated

daughter channel is decreased owing to this decrease in viscosity. When a droplet

reaches the bifurcation junction, a larger daughter droplet is produced in the

heated daughter channel due to the difference in viscosity and interfacial tension

between the two branches. By adjusting the temperature of the heater, different

daughter droplet volumes can be produced. In addition, the use of an integrated

microheater does not preclude the use of biological materials, since the heater

works sufficiently for dividing droplets at 36�C. At slightly higher temperatures,

the droplet does not split at the junction, but the entire droplet is carried or

switched to the daughter branch containing the heater, providing a simple sorting

mechanism [42].
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2.4 Droplet Mixing

One advantage to digital or droplet microfluidics over other types of microfluidic

platforms is that droplets serve to contain the contents of a reaction. Owing to their

small volumes (in the nanoliter or picoliter range) droplet contents mix more

rapidly than the contents of a microtiter plate well, due to the decrease in diffusion

distance alone. The advantages of rapid mixing in droplet microfluidics systems

have motivated new methods for directly observing the kinetics of reactions with

millisecond resolution [43], and will allow for higher throughput testing for many

different types of applications.

When the droplet diameter is greater than the width of the channel and the

droplet forms a plug, mixing within the droplet is enhanced by the contact of the

droplet with the device wall. This contact induces the formation of a double

recirculating flow pattern within the droplet, which increases the rate of mixing

due to advection. This double recirculation flow has been observed optically [44]

and measured, using particle image velocimetry [45]. Although the rate of mixing

in such small volumes is relatively fast, high-throughput applications may demand

even faster mixing. Several microfluidic devices to further enhance the mixing

speed in droplets are discussed below.

Mixing in droplets is aided by recirculating flow inside the droplets, which is

induced by shear forces from either the continuous phase fluid or the channel wall.

However, the recirculation flow alone limits the ability of droplets to mix, since a

double recirculating flow pattern does not allow for rapid movement of droplet

contents across the centerline of the droplet. To overcome this limitation, winding

channels have been implemented into microfluidic devices. As a droplet enters a

winding channel, the shear forces experienced on either side of a droplet become

uneven, and the droplet contents undergo a phenomenon known as “stretching and

folding,” in which the recirculation patterns begin to cross the center of the droplet

(Fig. 2.8a–c). The result of this folding action is that the distance over which

diffusion must occur is shortened, thereby accelerating mixing of droplet contents.

In addition, increasing the velocity of the droplets exaggerates the difference in

shear force on either side of the droplet, and further increases the rate of mixing

within the droplet [44, 45]. A mixing time of 2 ms was achieved using such a

device. Another group studied the effect of the angle of the winding channels on

droplet mixing, and concluded that a 45� winding channel provided faster mixing

than either 90 or 135� bends [46]. The theory of mixing in droplets using these

techniques is developed further elsewhere [47, 48].

To improve mixing further, several research groups have added bumps onto the

edges of the winding channel design [49, 50]. This feature further enhances the

asymmetry of shear forces on either side of the droplet as it traverses the winding

channels, which aids mixing (Fig. 2.8d). In this design, one research group observed

sticking of protein solution from droplets on the microchannel walls, but this

problem was addressed by selecting a perfluorinated chemical as the continuous

phase around the droplets [50]. Such a device was used for the detection of DNA in
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droplets using molecular beacons, and allowed for monitoring of the hybridization

reaction in real time [49].

An alternative to the geometry-mediated methods of droplet mixing presented

above is active mixing in droplet aided by lasers. By pulsing two lasers at high

frequencies in a time-varying pattern, asymmetric mixing could be induced in

droplets. The laser locally heats fluid inside the droplet and induces flow toward

this heated spot. While novel, this technique may have limited applicability to

microfluidic systems requiring high throughput, since droplets must be stopped in

order for the mixing to occur. Hence, the maximum processing rate of droplets for

mixing has been 1 per second. The advantage is that such a technique offers control

over the duration and intensity of mixing [51].

2.5 Droplet Sorting

2.5.1 Passive (Hydrodynamic)

The simplest droplet sorting techniques require no detection or switching

mechanisms, but instead rely on creative device geometry that allows the separation

of droplets by size. By simply creating a bifurcating junction geometry in which the

daughter channels had different widths, droplets were induced to sort into one of

the channels (Fig. 2.9). For droplets within a certain size range, all of the droplets in

a stream will sort into the daughter channel with a smaller width, since the shear is

higher in this direction than the channel with a larger width [4]. A similar geometry

Fig. 2.8 (a–c) Mixing within droplets is enhanced by winding channels, which fold the fluid

and decrease the diffusion distance within the droplet (a, b, Reprinted with permission from

reference [47], Copyright 2003, American Institute of Physics. (c) Reprinted from reference [44],

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission). (d) Further

agitation within droplets is induced by adding bumps to the edges of the winding channels

(Reproduced from Fig. 2.3b of Hsieh et al. [49], with kind permission from Springer Science +

Business Media BV)
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to exploit the streaming patterns of differently sized droplets was used to remove

droplets much smaller than the desired size (termed “satellite droplets”) [52].

Building on the idea that large droplets could be diverted to a stream with higher

shear, an asymmetrical bifurcating junction was created to separate large and small

droplets based on two principles. The daughter channels from the bifurcating

junction were designed with different widths as well as different channel lengths,

to induce sorting based on both the shear at the bifurcating junction as well as the

flow rate difference created by the difference in resistance due to channel length.

While larger droplets were induced to sort into the narrower daughter channel, due

to higher shear at that point, smaller droplets were sorted into the other channel

[53]. Although simple to implement, the limitations of this technology are due in

part to its fixed geometry. Only a certain range of droplet sizes and speeds are

amenable to sorting using a given device with fixed dimensions. However, given a

stable method of droplet generation, the size variation in produced droplets should

not preclude the use of such a device to obtain monodispersed droplets after sorting.

One group used the principle of hydrodynamic sorting to sort droplets containing

cells from those without cells. A hydrodynamic, flow focusing geometry was used

to generate droplets from a stream containing cells in solution. Since the droplet

generator was operated in the jetting regime, the droplets generated from the cell

solution were normally small. However, when a cell approached the droplet

generation junction, jetting was disrupted, and a larger than normal droplet was

created. By applying uneven flow rates of continuous phase on either side of the cell

solution phase, smaller droplets were directed toward the channel wall while larger

droplets containing cells remained in the center of the channel. Then, the droplets

containing cells were separated from those without cells downstream by dividing

Fig. 2.9 (a) Schematic of a microfluidic device for passive sorting of droplets by size. (b) Large
droplets sort to the left due to higher shear on this side while (c) smaller droplets sort to the right
due to a lower fluidic resistance in the shorter channel (Reproduced from Fig. 2.4a–c of Hsieh et al.

[53], with kind permission from Springer Science + Business Media BV)
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the main channel into several outlet channels. Such a device was able to process

up to 160 cells per second, and the sorted droplet population was 99% pure.

The device was later used to separate rare cells from whole blood, since

T-lymphocytes, indicative of disease, are larger than red blood cells [54]. Hydro-

dynamic flow has also been combined with gravity-induced sedimentation in a

device for the separation of polydispersed perfluorocarbon droplets into more

monodispersed populations [55].

2.5.2 Magnetic

Just as magnetic particles have been used to tag and separate cell populations of

interest, this technique can also be used to separate droplets containing magnetic

particles from those which do not contain the particles. In 2004, a research group

showed that such technology could be used to move aqueous droplets in air over a

surface using a magnetic field. The aqueous droplets contained iron oxide

nanoparticles, encased in silicon particles, which enabled control over the direction

of the droplets [56]. Although efficient, the throughput of this approach was limited.

Several years later, another group incorporated this concept into a microfluidic

device to enable continuous sorting of droplets in this manner. Superparamagnetic

magnetite nanoparticles were produced and incorporated into droplets, which could

then be deflected into different channels by the targeted application of a perpendic-

ular magnetic field (Fig. 2.10). To change the destination of the droplets and

switch them to different outlets, the magnets were moved to different locations

parallel to the main channel flow. This technique allowed separation of droplets

at a rate of 10 per second. The use of such small magnetic particles ensures that

they retain no magnetic “memory”, reducing the possibility of aggregation of the

particles, and increasing their biocompatibility. Indeed, similar particles have been

used safely in several types of biological assays [57].

2.5.3 Dielectrophoresis

Just as dielectrophoresis has been used to facilitate the fission of droplets, it has also

been used to sort droplets for further processing. The application of a nonuniform

electric field exerts a force on droplets that can be used to direct droplets into one

of several outlets of a device. In a device by Ahn et al., droplets flowed into the

lower resistance outlet in the absence of DEP force. With the application of this

force, however, the droplets were directed to a higher resistance outlet of the device

(Fig. 2.11a–d). Sorting could occur at rates of up to 4,000 droplets per second using

this approach [58]. For more precise manipulation of droplets, an array of

128 � 256 individually addressable electrodes was designed and used to move

droplets. Droplets could be moved over the surface of this array at speeds of up to
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Fig. 2.10 (a–c) Droplets loaded with magnetic nanoparticles are sorted into different outlet

channels by positioning a magnet at different locations near the sorting region. (d–f) Consecutive

droplets containing magnetic nanoparticles can be deflected in similar to the single droplets in

panes (a–c) (Reproduced from Zhang et al. [57], by permission of The Royal Society of Chemis-

try, http://dx.doi.org/10.1039/b906229g)

Fig. 2.11 (a–d) Droplets are sorted by dielectrophoretic force, imposed by application of potential

across the two electrodes (Reprinted with permission from Ahn et al. [58], Copyright 2006,

American Institute of Physics). (e–g) Patterned laser light is used to deflect droplets toward the

desired outlet (Reprinted with permission from Cordero et al. [65], Copyright 2008, American

Institute of Physics)
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30 mm per second by selectively activating electrodes. A lubrication layer of oil

separate from the continuous phase surrounding the droplets facilitates movement

of the droplets. This layer also prevents contamination between droplets during

sorting. In addition, the application of DEP is made biocompatible by the applica-

tion of an AC field, which is not as harmful to cells as DC fields [59, 60]. Several

other devices employing dielectrophoresis with different electrode designs have

been used for the separation of cells or beads [61–63].

In much the same manner as fluorescent cells can be sorted by a technique

known as fluorescence-activated cell sorting (FACS), droplets containing fluores-

cent contents have been separated using dielectrophoresis. Such a device, termed a

fluorescence-activated droplet sorter (FADS) detects passing fluorescent droplets

and applies an AC field to direct fluorescent droplets to an alternate outlet channel.

In the absence of the AC field, droplets are carried to the lower resistance outlet by

default. A device by Baret et al. was able to achieve a sorting speed of up to 2,000

droplets per second, with a false sorting rate of 1 in 10,000 droplets, under optimal

conditions for speed and accuracy, respectively. The FADS device was used to sort

cells encapsulated in the droplets, and successfully distinguished between droplets

with an active enzyme (which fluoresced) and those without the active enzyme

(which did not fluoresce) [64].

2.5.4 Optical

For precise manipulation of droplets, focused laser light can also be used. In a

device fabricated with a post structure in the middle of a microfluidic channel,

a laser can be focused to one side of the post to prevent the droplet from passing the

post on that side. After a droplet passes the post on the other side, hydrodynamic

flow will direct the droplet into the corresponding branch of a bifurcation that

follows the post structure in the channel. In this way, by positioning the laser on

either side of the post, droplets can be sorted into one of two daughter channels.

Although not addressed directly in the paper, the comparatively low throughput of

the system as well as the biocompatibility of a laser could be issues [40]. To sort

droplets into more than two daughter channels, a pattern of laser light spots has

been used to direct droplets into one of three outlets (Fig. 2.11e–g). The sorting

speed using a laser light pattern was between 30 and 60 droplets per second [65].

In a more complex approach, Kovac et al. enabled phenotype sorting of cells using

an infrared laser—however, the technique could presumably be applied to sorting

of cells encapsulated in droplets. Cells were first allowed to settle onto an array

inside a microfluidic device, and cells of interest were identified manually by

observation. Selected cells were lifted from the array using an infrared laser, into

the flow through the device, and collected at the outlet. This approach avoids the

manufacture and control issues associated with making an array of individually

addressable electrodes. In addition, a low divergence laser beam was used in this

method, which provided a large enough working distance to move the cells to the
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desired area, while operating at a lower intensity than optical tweezers to avoid

damaging the cells. One disadvantage to this approach is its low throughput—

between 18 and 45 s were needed to sort a single cell [66]. Despite a lower

throughput, these approaches offer a greater degree of precision in the sorting of

droplets and may prove valuable for an application where the purity of the sorted

population must be very high. Several other optical sorting approaches, including

the use of optical tweezers and handles have been used for sorting particles or cells,

and the technology could potentially be applied to droplet sorting as well [67].

2.5.5 Other

A handful of other techniques have been used to sort droplets, using electrical

phenomena, fluid pressure induced by mechanical actuation, heat, surface acoustic

waves (SAW), and others. An electric field imposed at a bifurcating junction has

been shown in a device to induce sorting of droplets into one daughter channel or

the other, depending on the direction in which the field is applied [24]. In another

technique employing use of an electric field, selected droplets could be pushed into

a separate stream by applying an electric field. Once selected, droplets were pushed

into an aqueous stream flowing adjacent to the continuous phase flow, and the

sorted aqueous droplets were absorbed into the continuous aqueous flow stream.

Such a technique could be useful for downstream processing and enable droplets to

be characterized using techniques that rely on analog, rather than digital flow, such

as chromatography [27].

A unique approach to droplet sorting induced by mechanical actuation is the

use of piezoelectric materials to produce a cross flow across the main channel of

a microfluidic device containing droplets. To sort a droplet or train of droplets, a

piezoelectric material is actuated, which depresses a PDMS membrane above

a reservoir of continuous phase fluid. Depression of this membrane induces a

flow of the continuous phase fluid in a channel perpendicular to the main channel

flow. When streamlines from this side channel occupy at least 50% of the cross-

sectional area of the main fluidic channel, droplets are diverted into a secondary

outlet. Depending on the type of detector used to identify droplets for sorting,

droplets could be sorted based on their volume or fluorescence [68]. Using similar

device geometry, another group enabled droplet sorting by inducing electrokinetic

crossflow in a device. In contrast to the device enabling crossflow using a piezo-

electric actuator, fluid movement can be induced instantaneously upon activation of

the electrodes which induce the electrokinetic flow. The disadvantage to this

approach is that electrokinetic flow can only occur in a continuous phase where

ions are present—thus the technique would not work well in a system where the

droplets comprise the aqueous phase and the continuous phase is hydrophobic oil.

Nevertheless, this sorting approach may be useful for some applications and was

demonstrated successfully for the sorting of fluorescent beads from a stream of

water [69], as well as cell sorting [70]. Franke et al. also demonstrated success in
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droplet sorting using a piezoelectric actuator. In the absence of actuation, droplets

in the main channel sort into the device outlet with lower resistance. For sorting, the

piezoelectric material is actuated, which creates SAW that induces acoustic stream-

ing to move droplets in the main channel. In this manner, droplets may be sorted

into the higher resistance outlet, simply by actuating the piezoelectric material [71].

As mentioned earlier, passive sorting designs employ asymmetric bifurcation

junction geometries to induce sorting based on flow rates and hydrodynamic

resistance. Using a similar approach, Yap et al. induced droplet sorting by design-

ing a device in which the fluidic resistance of the bifurcation junction daughter

channels could be changed. A microheater, integrated into the microfluidic device,

allowed switching of droplets into the higher resistance daughter channel following

a bifurcation by heating the fluid in that channel. This heat reduced the hydro-

dynamic resistance in that daughter channel, which caused droplets to sort into the

heated channel [42].

2.6 Conclusion

Although many varied and creative strategies have been devised for the manipula-

tion of droplets—including the combination, separation, mixing, and sorting of

these droplets—the potential for integration of these techniques into a complete

processing device is what would eventually revolutionize the field and change

the paradigm of how biological and chemical assays are carried out. Attempts to

combine several droplet manipulation steps on chip have been successful for

the execution of biological assays, but these techniques often depend on off-chip

equipment for sample preparation or droplet storage [29]. The transition of

microfluidic devices from a pursuit largely backed by academic labs to one

endorsed and supported by industry will rely on the continued integration of

multiple droplet processing steps in a single device. With the continued develop-

ment of integrated microfluidic devices for droplet processing will come a reduc-

tion in processing time due to automation, a decrease in contamination potential

by reducing manual handling steps, and a reduction of the cost of assays and

reactions, due to a minimal consumption of all reagents involved.
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Chapter 3

Active Control of Droplet Formation

Process in Microfluidics

Nam-Trung Nguyen and Say-Hwa Tan

3.1 Introduction

Droplet-based microfluidics involves the generation and manipulation of droplets.

Highly monodispersed droplets of diameter ranging from nanometers to micro-

meters can be produced at a frequency of up to 20,000 per second [1]. The

compartmentalization of liquid within a droplet is useful as the droplet interface

acts as a barrier confining its content thus limiting contamination. Droplets can

be transported, mixed, and analyzed [2]. The high surface area to volume ratio in

microscale results in improved heat and mass transfer. Droplet-based microfluidics

has been used in a number of biological and chemical applications such as poly-

merase chain reaction [3–5], protein crystallization [6], DNA/blood analysis [7, 8],

enzyme kinetics studies [9], and synthesizing uniform nanoparticles [10].

Droplets are formed in a system of immiscible liquids such as water and oil.

In general, both water in oil (W/O) and oil in water (O/W) droplets can be formed

[13]. The determination of which liquid is inside the droplet depends on the wetting

property of the channel wall. On the one hand, if the aqueous liquid is used as the

dispersed phase and oil as the continuous phase in a channel with hydrophobic

walls, water in oil (W/O) droplets are formed as oil can wet the channel walls.

On the other hand, if the channel wall is hydrophilic, oil in water (O/W) droplets are

formed when aqueous liquid and oil work as the continuous phase and the dispersed

phase, respectively. Multiphase emulsions such as water-in-oil-in-water system can

also be formed using encapsulation in a two-step process [11, 12]. The surface

wettability can be altered using different methods. For instance, SDS can be added

into water when used as the continuous fluid to make partially hydrophilic

polymethylmethacrylate (PMMA) hydrophobic [20]. The surface properties of

polydimethylsiloxane (PDMS) can be modified using different methods such as
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coating of the inner walls [14], attachment of active groups [15], plasma oxidation

[16], and thermal aging [17].

In droplet-based microfluidics, droplets are formed mainly by hydrodynamic

means, which are categorized here as passive methods. A passive formation process

relies on the flow field to deform the interface and to promote the growth of

interfacial instabilities. Passive droplet formation can be achieved with a T-junction

(Fig. 3.1a) and cross-junction (Fig. 3.1b). Further design optimization such as

using a nozzle structure at the junction can improve the breakup process of the

droplets, Fig. 3.1c. In a passive formation process, two immiscible liquids are

driven into separate microchannels by external pumps or pressure sources. Either

the volumetric flow rates or the pressures are fixed. The immiscible liquids meet

at the junction and the dispersed phase liquid extends to form a “finger,” while the

continuous phase liquid acts to deform the interface. A droplet is formed when

the dispersed phase “finger” is pinched off due to the instability of the interface. The

geometry and depth of the microchannels, flow rates, applied pressures, and fluid

properties determine the local flow field which act to deform the interface and thus

the formation process.

As a variety of physical phenomena occur in microfluidic devices, their relative

significance is judged against competing phenomena by dimensionless numbers.

Dimensionless numbers expressing the ratio of these phenomena can represent

the operation regimes in the space of fluidic parameters [18]. For instance, the

Reynolds number indicates the relative importance of inertia compared to viscous

stress:

Re ¼ Inertial force

Viscous force
¼ rUDh

m
; (3.1)

where Dh is the hydraulic diameter of the microchannel, r and m are the density

and the dynamic viscosity of the fluid, and U is the mean flow velocity. If the

a cb

Fig. 3.1 Two main droplet formation configurations: (a) T-Junction; (b) cross junction; and

(c) cross junction with diffuser for improved velocity gradient
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microchannel has a rectangular cross section of width w and height h, the Reynolds
number is calculated as:

Re ¼ 2rQ
mðwþ hÞ ; (3.2)

where Q is the volumetric flow rate.

In a droplet formation process, capillary number is used to describe the ratio

between viscous stress and surface tension:

Ca ¼ Viscous stress

Surface tension
¼ mcUc

s
; (3.3)

where mc is the dynamic viscosity of the continuous phase and s is the interfacial

tension between the immiscible liquids. For the case of a rectangular channel, the

capillary number is calculated as Ca ¼ mcQ=ðswhÞ.
The T-junction is probably one of the most common microfluidic configuration

for generating droplets. This configuration is popular as droplets can be formed

easily at high monodispersity over a wide range of flow rates and at a relatively high

frequency. The dispersity is defined as the standard deviation of the droplet size

relative to the average droplet size. Thorsen et al. [22] demonstrated stable droplet

formation in microfluidic devices using pressure controlled flows. The devices

were fabricated using acrylated urethane molded from a silicon master. The device

consists of a tapered channel at the junction where water and oil/surfactant mixture

meet. The tapered channel increases the local shear stress gradient and promotes

the formation of the droplets. In their experiment, Thorsen et al. demonstrated that

stable droplet formation is achieved when the imposed pressure of both water and

oil/surfactant mixture are comparable. The size of the water droplet increases when

the driving pressure for water increases. The size of the droplet can be estimated by

balancing the capillary stress and viscous stress leading to the correlation between

the droplet radius and the capillary number of R / Ca�1. Nisisako et al. [19]

used another T-junction fabricated on PMMA to generate water in oil droplets.

Sunflower oil was used as the continuous phase and water as the dispersed phase.

Uniform droplets were generated at a rate of up to 250 per second. The results also

showed the correlation of R / Ca�1 as proposed by Thorsen et al.

In other experiments with different devices fabricated in PMMA and glass,

Nisisako et al. [19] also showed that surface properties of channel walls also

determine the formation of either O/W or W/O droplets. Uniform W/O droplets

can only be generated using the PMMA device and O/W droplets in the device

fabricated out of glass. This work indicated that low interfacial tension between the

continuous phase and channel surface, and a high interfacial tension between

the dispersed phase and channel wall are needed to generate monodispersed

droplets. In addition, the channel width for the continuous phase affects the size

of the formed droplets. A narrower channel causes a greater shearing force and

consequently smaller droplet size.
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Xu et al. used a quartz capillary embedded in PMMA to form the T-junction for

generating O/W droplets [20, 21]. N-Octane was used as the dispersed phase and

water with different concentration of sodium dodecyl sulfate (SDS) as the continu-

ous phase. The results showed that the surfactant concentration affects the inter-

facial tension and the wetting ability of the fluid. The formation of disordered

and ordered two-phase flow pattern depends on the surfactant concentration. When

the surfactant concentration is below the critical micelle concentration (CMC),

disordered flow pattern formed as the water partially adheres to the channel walls.

Ordered flow pattern can only be formed when the concentration is greater than

the CMC as the surfactant makes the channel wall hydrophilic. The diameter of

the formed droplet was found to be smaller than the height of the microchannel. The

correlation of R / Ca�1 agrees reasonably well with the experimental data.

However, when the diameter of the droplet formed was greater than the channel

height, the dependency of the droplet diameter with the Ca number was much

weaker. If the droplet is small, the hydrodynamic forces exerted by the channel

walls are not important, and hence the droplet breakup fully relies on the shear

stresses imposed by the flow. If the droplet is big, the wall effects become dominant

over the shearing stresses and hence the dependency of the droplet sizes on the

continuous flow rate is weaker. The average droplet size decreases with increasing

continuous phase viscosity and depends weakly on the dispersed phase. Increasing

the viscosity of the continuous phase increases the shearing stress leading to the

formation of smaller droplets.

The results of Xu et al. [20] showed that the proposed correlation by Thorsen

et al. [22] may not be suitable for all cases of droplet formation in a T-junction. When

the droplet formed is much bigger than the channel height, additional forces seem to

affect the dynamics of the droplet formation. Garstecki et al. suggested that when the

Ca number is low (Ca< 0.01), interfacial force dominates the shear stress [23]. In this

regime, the dynamics of droplet breakup should be dominated by the pressure drop

across the droplet as it is forming. At a low capillary number, the droplet grows into

a plug which obstructs the continuous phase channel. This obstruction increases

the upstream pressure in the continuous phase and results in an addition force exerted

on the interface that promotes the breakup. The added force scales with the gap d
between the emerging droplet and the outer channel wall as:

Fp ¼ mcQcwc

h2d3
: (3.4)

The droplet formation process at low capillary number is called the squeezing

regime. In this regime, the size of the droplets is solely determined by the ratio of

the volumetric flow of the two immiscible fluids. Garstecki et al. [23] proposed the

following scaling law for the size of the droplets:

L

w
¼ 1þ a

Qd

Qc

; (3.5)
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where L is the length of the immiscible plug, w is the width of the continuous phase

channel, Qd and Qc are the volumetric flow rates of the continuous and dispersed

phases, and a is a constant on the order of unity. The above equation clearly shows

that the plug lengths formed do not depend on the capillary number and the

properties of the fluids. The measured plug lengths agree well with the above

scaling law when a is unity.

To operate in the squeezing regime, the T-junction should fulfill two conditions:

(a) the width of the main channel should be greater than the channel height, and

(b) the width of the inlet channel should be at least equal to half the width of the main

channel. De Menech et al. used a diffuse interface method to numerically simulate

the droplet breakup in a T-junction with a square cross section. Three distinct

droplet formation regimes were identified: squeezing, dripping, and jetting [24].

A critical capillary number of Cacr � 0.015 was also identified to distinguish

between the squeezing and dripping regime. In the squeezing regime Ca < Cacr,

the tip of the dispersed fluid almost blocks the entire continuous phase channel.

The obstruction created by the dispersed fluid led to an increase of pressure in the

upstream which starts to squeeze the neck of the dispersed fluid. The squeezing

time is defined as the time between the continuous phase fluids beginning to squeeze

the neck of the dispersed fluid to until breakup. De Menech et al. argued that as the

squeezing time mainly depends on the velocity of the fluids, the size of the formed

droplets is independent of capillary number and the viscosity ratio of the fluids.

As the capillary number increases to Ca¼ 0.5, the dripping regime gives way to the

jetting regime. The droplet formed in this regime is mainly caused by the

Plateau–Rayleigh instability. In this regime, the droplet detachment point moves

gradually downstream with increasing flow rate.

An alternative to the T-junction configuration described above is the cross-

junction, Fig. 3.1b, c. Droplets can be formed via shearing elongational flows

through an orifice. This flow focusing approach was first implemented by Anna

et al. to form water droplets [25]. In this configuration, the dispersed fluid (DI

Water) flows in the middle stream and the continuous fluid (oil) flows in the two

side channels. The two immiscible liquids are then forced to flow through the orifice

which is located downstream. In the experiments, two different droplet formation

regimes were observed. The first regime forms droplets that are comparable to the

size of the orifice. The second regime generates droplets that are much smaller than

the orifice, and the droplet size is mainly determined by the diameter of the thin

“focused” thread.

Anna et al. later observed four different droplet formation regimes using the

same device [26]. The four main droplet formation modes identified are geometry

controlled, thread formation, dripping, and jetting. In addition, each droplet regime

is a function of both the capillary number Ca and flow rate ratio. In the geometry

controlled regime, the droplet sizes are roughly equal to the orifice size. The

generated droplets are also highly monodisperse. Increasing the capillary number

by increasing in the flow rate leads to the thread formation regime. In this regime,

very thin threads are formed after the breakup of the droplets. Several tiny discrete

droplets are formed. The droplet generation is not monodisperse and the size of the
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tiny discrete droplets varies. The dripping regime is formed when the capillary

number increases further. In this regime, the tip does not retract but remain at a

fixed position in the orifice. The droplets formed are smaller than the previous two

modes. The dripping regime gives way to the jetting regime as the capillary number

Ca continues to increase. In this case, the tip will extend beyond the orifice and

resembles a long viscous jet. The droplets formed are bigger than the dripping

regime but has a higher polydispersity.

Wacker et al. used a glass-based flow focusing device to study the influence of

viscosity and different oil types [27]. The experimental results showed that the oil

type has a bigger influence on the droplet size than the viscosity of the oil. Results

from the passive formation process at a T-junction or at a cross-junction indicate

that if the flow rates are fixed, controlling the pressure in squeezing or geometry-

controlled regime and controlling the capillary number would allow controlling the

size of the formed droplets. Changing these parameters involves external physical

fields such as temperature field and magnetic field. In the following sections, active

control of droplet formation by using these external fields is discussed. The control

schemes are categorized according to the actuation concepts. The different schemes

either change the hydrodynamic properties of the liquids and consequently the

capillary number or induce additional forces that support or act against the capillary

pressure of the droplet.

3.2 Thermal Control

3.2.1 Thermal Control at T-Junction

As elaborated in the introduction of this chapter, the capillary number can be used

to control the droplet formation process. If the flow rates are fixed, the capillary

number is determined only by the interfacial tension and the dynamic viscosity.

Therefore, the temperature dependence of both dynamic viscosity and interfacial

tension can be used to control and manipulate the size of the droplets formed.

Figure 3.2 shows the characteristic temperature dependency of the viscosity

of a mineral oil (Sigma M5904, mixed with 2% w/w Span 80 surfactant Sigma

S6760) and the interfacial tension between this oil and water. The interfacial

tension was measured with a commercial tensiometer (FTA 200, USA) and

viscosity was measured with a low-shear rheometer (LS 40, Switzerland). Both

viscosities and interfacial tensions are normalized by their nominal values at 25∘C.

At 25∘C, viscosities of mineral oil is 26.4 mPa/s. The interfacial tension between

water and mineral oil is 27.35 mN/m. The two empirical correlations for

the interfacial tension and the viscosity at different temperatures are s ¼ s0 exp

�0:0144ðT � T0Þ½ � and m ¼ m0 exp �0:0344ðT � T0Þ½ �, where m0 ¼ 23:8� 10�3Pa.

s, s0 ¼ 3:65� 10�3 Nm� 1 and T0 ¼ 25∘C [39].
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The T-junction device with the integrated micro heater and sensors as shown in

Fig. 3.3 were fabricated using molding PDMS on a SU-8 template and lift-off

technique. The widths of the channels for the dispersed and continuous phases are

100 mm and 50 mm, respectively. Devices with channel depth of 30 or 300 mm were

used to investigate the effect of heating in channels with different depths.

oC)
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Fig. 3.2 Characteristic temperature dependency of viscosity of a mineral oil and of the interfacial

tension between this oil and water

Aqueous
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Carrier
fluid
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Fig. 3.3 A T-junction with integrated heater and temperature sensor
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The fluids are driven separately into the device using two syringe pumps (KDS

200 Two-Syringe Infusion Pump). A DC power source (Instek GPS-3030D) was

used to supply current to the device via the wires connected to the contact pads. The

temperature was varied by changing the magnitude of the supply current. A digital

multimeter (Fluke 8808A) measured the resistances of the temperature sensor. The

resistance was subsequently used for calculating the temperature of the heated

junction. Since the droplet diameter is larger than the channel height and has a

disc shape, the equivalent diameter of a spherical droplet with the same volume is

calculated as [28]:

Deq ¼ 2
1

16

� �1
3

2D3 � ðD� hÞ2ð2Dþ hÞ
h i

: (3.6)

Figure 3.4 shows the typical droplet formation process achieved with the device.

At the initial stage, the dispersed phase extrudes into the main channel (channel for

continuous fluid) and forms a half disk as shown in Fig. 3.4a. As the flows proceed,

the extruded dispersed phase starts to grow and gains more volume. The continuous

phase continues to flow in the main stream and deforms the extruded dispersed

phase. Figure 3.4b shows the moment right before the detachment of the droplet and

form into a droplet. The characteristic necking was also clearly observed as shown

in Fig. 3.4b. The breakup process confirms that droplet size is primarily controlled

by local shear stress, Fig. 3.4c.

If the heater is located at one side of the channel, the channel depth will affect the

temperature distribution at the junction and consequently the formation process.

A channel with a smaller depth has a larger temperature gradient as compared to a

channel with a larger depth. As mentioned above, the effect of channel depth on the

droplet formation process was investigated using two T-junction devices with

different depths (30 and 300 mm) and keeping both the flow rate ratio and average

flow velocity constant. The experiment was first conducted using the device with a

channel depth of 30 mm. The flow rates of both the dispersed phase (DI water) and

continuous phase (Mineral oil with surfactant) were kept constant at 6 ml/h and

12 ml/h, respectively. The droplets formed at different temperature were then

recorded and evaluated. Next, flow rates of 60 and 120 ml/h were used for the

channel with a depth a 300 mm. The flow rate increased by ten times to keep

Fig. 3.4 Droplet formation process at a T-junction, the flow rates of the dispersed phase and

continuous phase are 6 ml/h and 12 ml/h, respectively
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the mean velocity constant as the depth increased by the same amount. The same

mean velocity is needed for both experiments tomaintain the same condition for heat

convection and shear stress. Figure 3.5 shows the normalized diameters as a function

of temperature. The diameters are normalized by the values at 25∘C. The droplet

sizes formed at the T-junctions of 300 mm and 30 mm channel depths are 334 mm and

85 mm, respectively. Experimental results show that the droplet size increases with

temperature in both channel depths. However, for the channel with 300 mm depth,

overall droplets size increased only by 14% as the temperature increases from 25∘C

to 39∘C. The increase is 86% for the channel with a depth of 30 mm.

3.2.2 Thermal Control at Cross Junction

To investigate the concept of thermal control at a cross junction, a microfluidic

device was fabricated in PDMS. Similar to the T-junction device, the cross-junction

device was equipped with integrated micro heater and temperature sensor, Fig. 3.6.

The junction is designed as a nozzle to increase the velocity gradient. A higher

velocity gradient means a higher shear stress and easier droplet breakup. The

heating effect on the droplet formation regimes at constant flow rates was studied

and the transition capillary numbers Ca at different temperatures were identified.

As mentioned in the introduction of this chapter, the capillary number Ca is often

used in droplet-based microfluidics to estimate the size of formed droplets and to
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Fig. 3.5 Droplet size as function of temperature at T-junctions with different depths
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determine the droplet formation regimes. For the flow focusing geometry, the

capillary number Ca and the effective shear rate G can be determined as [25]:

Ca ¼ mcaQc
sh

1

wz
� 1

b2

� �
; (3.7)

where mc and Qc are the dynamic viscosity and the total volumetric flow rate

of the continuous phase, s is the interfacial tension between the two fluids, a is the

half-width of the dispersed phase channel, h is the channel depth, w is the width of

the orifice entrance, z is the distance between the dispersed phase channel and the

orifice, and b is the width of the channel for the continuous phase.

DI water with 0.05% w/w fluorescence dye (Sigma F6377) and mineral oil

(Sigma M5904) with 2% w/w of surfactants (Span 80) worked as the dispersed

phase and the continuous phase, respectively. With the empirical temperature-

dependent functions of the viscosity and the interfacial tension, the capillary

number Ca can be expressed as a function of temperature:

CaðTÞ ¼ m0aQc
s0h

1

wz
� 1

b2

� �
expð�0:02DTÞ: (3.8)
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Fig. 3.6 Cross junction device with integrated heater and temperature sensor
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Thus, the expected relationship between the droplet diameter and the

temperature is:

D / CaðTÞ�1 ¼ m0aQc
s0h

1

wz
� 1

b2

� �� ��1

expð0:02DTÞ: (3.9)

As shown in the above equations, temperature can be used to control the

capillary number and consequently the formation regimes and the droplet size.

An increase in temperature reduces the capillary numbers as viscosity decreases

more than the interfacial tension over the same temperature change, Fig. 3.2. Thus

the temperature also changes the droplet formation regimes leading to an increase

in size of the formed droplets.

The same experimental setup described in Sect. 3.2.1 was used. The flow rates

of the dispersed phase (DI water) and the continuous phase (mineral oil with 2% w/w

surfactant) were first kept constant at 5 ml/h and 30 ml/h, respectively. As the

temperature increases from 25∘C to 45∘C, three different droplet formation regimes

were observed.

At room temperature (25∘C), the size of the formed droplets was smaller than the

width of the constriction (Fig. 3.7). This formation regime was similar to the

dripping regime reported by Anna et al. [26]. In this regime, the tip of the dispersed

phase is fixed and oscillates around the constriction, and the neck does not block the

Fig. 3.7 Dripping regime

encountered at room

temperature of 25∘C
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constriction, Fig. 3.7b. The breakups are observed at a fixed point at the orifice

due to the focused velocity gradient created by the nozzle geometry. As a droplet

breaks free, the tip never retracts from the constriction and immediately starts

forming a new droplet, Fig. 3.7c. The formed droplets were smaller than the

width of the orifice.

As the temperature increased to 35∘C, the formation process started to change.

A second formation regime similar to the squeezing regime described by Anna et al.

[26] was observed. In this regime, the tip of water is some distance away upstream

of the constriction. The tip gradually narrows down as it extends toward the

constriction, Fig. 3.8. The tip then penetrates into the constriction and grows

into a bulb behind the constriction until it breaks off, Fig. 3.8b. After the breakup,

the tip retracts back upstream, Fig. 3.8c. The formed droplets in this case were

significantly larger than the width of the orifice. In order to distinguish between the

different modes of squeezing, this mode is called squeezing regime A.

At a temperature of around 45∘C, a third droplet formation regime was observed.

This droplet formation mechanism is similar to the squeezing regime mentioned

above. However, the water tip grows into a bulb with a large radius of curvature,

Fig. 3.9a. In contrast, in the previous regime, the tip is pointed toward

the constriction and has a smaller radius. There is also a slight difference after the

droplets were formed. In this regime, the tip retracts further away from the

constriction as compared to the previous regime, Fig. 3.9c.

Fig. 3.8 Squeezing regime A

encountered at a temperature

of 35∘C
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In the water/oil system tested above, an increase in temperature results in the

decrease in capillary number due to the temperature dependency of viscosity and

interfacial tension, Fig. 3.10. The dripping regime was observed from 25∘C to 30∘C

in the capillary number range of 0.018 > Ca > 0.016. In the temperature range of

30∘C to 42∘C, the squeezing A regime was observed in the capillary number range

of 0.016 > Ca > 0.013. Lastly, at temperature greater than 42∘C, squeezing regime

B was observed in the capillary number range of Ca< 0.013. Figure 3.11 shows the

change of droplet diameters in the different regimes over the investigated tempera-

ture range.

3.3 Magnetic Control

If the fluids in the formation process can respond to an external field other than

temperature field, this field can also be used for controlling the droplet formation

process. For the case of a magnetic field, the fluid needs to be magnetic. Ferro-

fluid is a class of smart fluids [29] that have been extensively used in many

engineering applications. They are colloidal suspension of single domain magnetic

nanoparticles coated by a layer of surfactants in a carrier liquid such as water or

oil [30]. The surfactants provide a short range steric repulsion between particles and

Fig. 3.9 Squeezing regime B

encountered at a temperature

of 45∘C
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prevent particle agglomeration in the presence of a magnetic field [31]. Brownian

motion keeps the magnetite (Fe3O4) from settling under gravity [35]. Ferrofluids

have superparamagnetic properties, because the magnetic domains have the same

size as the particles [32]. Unlike magnetorheological fluids (MRF) which may

behave like a solid in the presence of a strong magnetic field, ferrofluids keeps its
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Fig. 3.11 Droplet diameter as function of temperature
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Fig. 3.10 Ca number and droplet formation regimes at different temperature
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fluidity even when subjected to a strong magnetic field [33]. As the typical size

of the commercial ferromagnetic particles is around 10 nm, only very weak

magnetoviscous effects are present [34].

In the absence of a magnetic field, the magnetic nanoparticles are randomly

distributed and thus the ferrofluid has no net magnetization. The size of each

ferrofluid droplet is determined by the geometry, flow rates, and capillary number,

i.e., the balance of viscous forces and capillary pressure. In contrast, when a

magnetic field is applied to the ferrofluid, the ferro-particles will automatically

orient themselves in neat alignment along the magnetic field. The magnetization

of the ferrofluid responds quickly to any changes in the applied magnetic field and

the moments randomize rapidly when the applied field is removed. In a gradient

field, the forces acting on the magnetic fluid are proportional to the gradient of the

external field and the magnetization value of the fluid. The magnetic force density

[35] acting on an incompressible ferrofluid can be described as

Fm ¼ m0MrH; (3.10)

where m0 is the dynamic viscosity of the fluid, M is the magnetization of the

ferrofluid, and ∇H is the gradient of the external magnetic field. This means that

the induced magnetic forces can be used to manipulate and to control the size of

the ferrofluid droplets formed in a microchannel. The magnitude and direction

of the magnetic force can also be manipulated by changing the location of the

magnet and the gradient of the external magnetic field.

3.3.1 Magnetic Control at a T-Junction

In the absence of a magnetic field, the size of the formed ferrofluid droplets

decreases linearly with the increase of the continuous phase flow rate. In the

presence of a magnetic field, the size of ferrofluid droplets was controlled and

manipulated using a disk-shaped permanent magnet. A nonuniform magnetic field

with different strengths at the junction was generated by placing the magnet at

different locations relative to the junction. This induced attractive magnetic force

affects the droplet formation process leading to the change in the size of the

droplets. In addition, experimental results show that relative change in the size of

the droplets depends on the continuous flow rates.

The T-junction devices used in the experiments were fabricated using the same

soft lithography method mentioned in Sect. 3.2. However, the PDMS microchannel

was now bonded to a flat piece of glass with thickness of about 100 mm. The glass

substrate provides a rigid support which enables the magnet to be placed easily at

the desired location. The inlet widths of the dispersed and continuous phase

channels are 50 mm and 300 mm, respectively. A small circular permanent magnet

of 3-mm diameter and 2-mm thickness was integrated to provide the external

magnetic field. The magnetic field strength was varied by placing the magnet at
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different locations relative to the junction. The droplet diameters and evolving

shapes were evaluated by a customized MATLAB program. Figure 3.12 shows

the geometry of the T-junction and the experimental setup.

Water-based ferrofluid (Ferrotech, EMG 807) was used in the experiment as the

dispersed phase fluid. The dynamic viscosity and density of the ferrofluid at 27∘C

are m¼ 2 mPa.s and r¼ 1,100 kg/m3, respectively. The saturation magnetization of

this ferrofluid is 10 mT. The initial susceptibility of this ferrofluid is w ¼ 0.39.

Silicone oil (Sigma Aldrich) was used as the continuous phase fluid. The kinematic

viscosity and density are m¼ 100 mPa.s and r¼ 960 kg/m3. The interfacial tension

between the ferrofluid and silicone oil of approximately s ¼ 21.07 mN/m was

measured using a commercial tensiometer (TVT-2, Lauda, Germany).

In order to understand the formation of ferrofluid droplets in the absence of a

magnetic field and to investigate the effect of the continuous flow on the formation

of ferrofluid droplets, the experiment was first carried out by fixing the flow rate of

the dispersed phase Qd at 10 ml/h and varying the flow rate of the continuous phase

from Qc ¼ 50 ml/h to 150 ml/h. Figure 3.13 shows the diameter of the formed

ferrofluid droplet as a function of the flow rate of the continuous phase as well as

of the capillary number. This result shows that as the continuous flow Qc increases,

the diameter of the droplets decreases linearly. The capillary number ranges from

approximately 0.002 to 0.006 and is in the transition between squeezing and

dripping regimes. In this transition regime, the droplet formation process is

dominated by both the viscous shear stress and squeezing pressure [36]. Figure 3.14

compares the droplet formation process at different continuous flow rates (Qc ¼
50ml/h and Qc ¼ 100ml/h). The dispersed flow rate is fixed at 10 ml/h. The time

30

a

b

o

Ferrofluid
Qd

Silicone oil
Qc

PDMS

Ferrofluid

Glass

Glass

LW
c=

30
0 

µm

Wd=50 µm

Fig. 3.12 Schematics of the experimental setup (not to scale): (a) the microfluidic network;

(b) the setup with the permanent magnet
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Fig. 3.13 Ferrofluid droplet diameters as a function of continuous flow rate

Fig. 3.14 Measured formation process of ferrofluid in the absence of an external magnetic field:

(a) Qc ¼ 50 ml/h; (b) Qc ¼ 100 ml/h
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evolving images are generated using a customized MATLAB program whereby the

interfaces between the ferrofluid and silicone oil are detected. The overlapping

images of the droplet clearly show that when the continuous flow increases,

the interface radius of curvature becomes steeper and the distance between the

emerging fluid and the channel wall also decreases.

In order to investigate the effect of magnetic field during droplet formation,

a permanent magnet is placed upstream and downstream of the junction. The

magnet was placed at a distance to the junction ranging from 2,300 to 3,800 mm.

Fixed flow rates of Qd ¼ 10 ml/h and Qc ¼ 100 ml/h were used throughout the

experiments. Magnetic flux density of the permanent magnet was measured using

a commercial gaussmeter with accuracy level of � 1% (Hirst, GM05, UK).

A micropositioner was used to align and adjust the distance between the magnet

and the probe. Figure 3.15 depicts the droplet size as function of both distance and

magnetic flux density. The results show that when the magnet is placed upstream of

the junction, the size of the formed droplets is larger than in the case without

an external magnet. However, as the magnet is shifted further upstream, the size of

the droplets decreases and approaches that without the magnetic field. The differ-

ence in droplet size becomes insignificant when the magnet is placed at a distance

greater than 3,000 mm. Conversely, when the magnet is placed at the downstream of

the continuous phase channel, the size of the droplets decreases as compared to the

droplets formed without an external magnet. The difference in the droplets size

becomes insignificant when the distance is greater than 3,000 mm.
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Magnetic force acting on the ferrofluids depends on both the magnetic field

strength and the relative location of the permanent magnet. When the distance

between the ferrofluids and the magnet increases, a relatively smaller magnetic

force acts on the ferrofluid. Thus, a smaller difference in the droplet size can be

expected. The location of the magnet also plays an important part in influencing

the size of the formed droplets. When placed upstream of the junction, a pulling

magnetic force retards the droplet breakup process. This pulling force allows

more dispersed fluid to emerge and flow into the continuous phase channel. This

force holds and supports the ferrofluid leading in a larger formed droplet. When

the magnet is placed a downstream of the junction, a pushing force acts on the

emerging ferrofluids. However, in this case, the pushing magnetic force accelerates

the droplet breakup process. The particles in the ferrofluid align and move toward

the magnet due to the magnetic attraction. This phenomenon results in forming

smaller droplets as less ferrofluid emerges into the continuous phase channel prior

to breakup.

In the absence of a magnetic field, the flow rate of the continuous phase affects

the size of the formed droplet significantly. The induced shear stress allows the

droplet to break up more easily. Thus, increasing flow rate reduces the diameter of

the formed droplet. In order to investigate the role of the flow rate of the continuous

phase in the presence of a magnetic field, the experiment was repeated using

another set of flow rates of Qd ¼ 10ml/h and Qc ¼ 150ml/h. Figure 3.16 shows the
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Fig. 3.16 Droplet diameters as a function of Ca number
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relative change in droplet diameter versus magnet position and flux density at the

two different flow rates. At a lower flow rate, the formation results in a larger

change in droplet diameter. The curve of Qc ¼ 100ml/h has higher gradient.

This phenomenon can be explained by the nature of the magnetic force as a volume

force. The magnetic force acting on the ferrofluid is proportional to its volume

emerging into the continuous phase. At a higher flow rate of Qc ¼ 150ml/h,
the volume of the ferrofluid in the continuous phase is smaller leading to a decrease

of magnetic force. The less significant magnetic force leads to a smaller change in

droplet size at the higher flow rate.

3.3.2 Magnetic Control at Cross Junction

In a nonuniform magnetic field, the magnetic body force is generated toward the

direction of the highest magnetic flux. This induced force as described in the

previous section manipulates the size of ferrofluid droplets formed at a T-junction.

However in a uniform magnetic field, the nanoparticles in the ferrofluid aligns with

the magnetic field and results in magnetization of the fluid. For instance, a spherical

ferrofluid droplet elongates along the field direction with maximum magnetization

at both of its poles. The coupling of magnetic field results in a singular normal

force acting on the interface between the droplet and the surrounding medium.

This magnetic interfacial force has a similar effect as the interfacial tension. Under

a uniform magnetic field, this force can be used to control the size of a ferrofluid

droplet during the formation process.

A cross-junction device was fabricated using standard soft lithography as

described previously. However, the PDMS microchannels were now bonded to a

spin coated layer of PDMS of thickness 200 mm, to ensure uniform surface

properties of the microchannels. The device was aligned and placed on a glass

slide. The rectangular channel has a uniform height of 100 mm. The inlet widths of

the continuous and dispersed phase fluids are fixed at 100 mm. Figure 3.17 and 3.18

shows the schematic sketch of the flow focusing device and the experimental setup.

To generate a uniform magnetic field, an electromagnet [37] with 350 turns around

a C-shape soft-magnetic core (Fig. 3.17). The air gap for the uniform magnetic field

measures 26 mm. A DC power source (Instek, GPS-3030DD) was used to control

the magnitude of the magnetic field strength, which is calibrated using a commer-

cial gaussmeter (Hirst, GM05, UK).

Figure 3.19 shows the normalized diameters of the droplets formed as a function

of both current and magnetic field strength. The diameter at 0 A is about 115 mm.

The normalized diameter is calculated using d� ¼ di=d0 , where d0 refers to

the diameter of the formed droplet in the absence of the magnetic field and di
is the diameter at the respective field strengths. At fixed flow rates, the size of the

ferrofluid droplets increases with the increase of the magnetic field strength,

Fig. 3.19. Figure 3.19 compares the effect of the flow rates on the dependence of

the droplet size on the magnetic field strength. Keeping the flow rate ratio between
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the dispersed phase and the continuous phase as 1:8, flow rates combinations of

Qd ¼ 6, Qc ¼ 24 ml/h and Qd ¼ 5, Qc ¼ 20 ml/h were used to investigate the effect

of flow rates. Similar to the case of a T-junction, lower flow rates lead to a larger

dependence of the droplet size on the magnetic field strength.

Fig. 3.17 Schematic sketch of the experimental setup for the formation of ferrofluid droplets

under a uniform magnetic field
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Fig. 3.18 The microfluidic flow focusing geometry used in the experiment
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Figure 3.20 visualizes the formation process of a ferrofluid droplet in the absence

(Fig. 3.20a) and presence (Fig. 3.20b) of a magnetic field. In the absence of a

magnetic field, the droplets were formed in the “squeezing” regime described by

Garstecki et al. [38]. In the presence of a uniform magnetic field, the magnetic

interfacial force allows more dispersed fluid to flow into the orifice by virtually

“holding” onto the forming droplet. The size of the droplets thus increases in the

process. The time taken for the droplet to form in the absence of the magnetic field

is about 0.592 s. In the presence of the magnetic field (B¼ 42.3 mT), the time taken

for the droplet to form is about 1.016 s. The droplet formation period almost

doubled in the presence of the magnetic field.

3.4 Conclusions

The temperature dependence of droplet formation at both T-junction and cross-

junction devices was investigated. An integrated micro heater and a temperature

sensor was used to control the temperature. In the experiments reported in this

chapter, the droplet sizes increases with increasing temperature due to the domi-

nance of temperature dependency of viscosity. The smaller the depth of the

channel, the larger is the increase of droplet size with temperature. At constant

flow rates, three different droplet formation regimes were observed at a cross
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junction and when the temperature increases. The formation and manipulation of

ferrofluid droplets at a T-junction and a cross-junction were investigated using a

permanent magnet and an electromagnet. In the presence of a magnetic field, the

size of the droplets depends on the magnetic field strength and the location

of the permanent magnet. The induced magnetic force may accelerate or decelerate

the droplet formation process depending on both the magnetic field strength and

location of the magnet. An electromagnet was used to control and manipulate

ferrofluid droplets formed in a cross-junction device. The stronger the applied

uniform magnetic field, the larger are the formed droplets. For both permanent

magnet and electromagnet, the dependence on the magnetic field strength increases

with decreasing flow rates.

References

1. Kobayashi I et al (2007) Formulation of monodisperse emulsions using submicron-channel

arrays. Colloid Surface Physicochem Eng Aspect 296:285–289

2. Teh SY et al (2008) Droplet microfluidics. Lab Chip 8:198–220

3. Sun Y et al (2009) Rapid amplification of genetically modified organisms using a circular

ferrofluid-driven PCR microchip. Anal Bioanal Chem 394:1505–1508

4. Sun Y et al (2008) High-throughput polymerase chain reaction in parallel circular loops using

magnetic actuation. Anal Chem 80:6127–6130

Before breakupa

b Before breakup

After breakup

After breakup

Fig. 3.20 Normalized diameters as a function of both current and magnetic field strength

3 Active Control of Droplet Formation Process in Microfluidics 73



5. Wang W et al (2005) Droplet-based micro oscillating-flow PCR chip. J Micromech Microeng

15:1369–1377

6. Zheng B et al (2004) Formation of droplets of alternating composition in microfluidic channels

and applications to indexing of concentrations in droplet-based assays. Anal Chem

76:4977–4982

7. Song H et al (2006) Reactions in droplets in microfluidic channels. Angew Chem Int Ed

45:7336–7356

8. Li L et al (2007) Using a multijunction microfluidic device to inject substrate into an array of

preformed plugs without cross-contamination: comparing theory and experiments. Anal Chem

79:2756–2761

9. Song H, Ismagilov RF (2003) Millisecond kinetics on a microfluidic chip using nanoliters of

reagents. J Am Chem Soc 125:14613–14619

10. Shestopalov I et al (2004) Multi-step synthesis of nanoparticles performed on millisecond time

scale in a microfluidic droplet-based system. Lab Chip 4:316–321

11. Nisisako T et al (2005) Controlled formulation of monodisperse double emulsions in a

multiple-phase microfluidic system. Soft Matter 1:23–27

12. Okushima S et al (2004) Controlled production of monodisperse double emulsions by two-step

droplet breakup in microfluidic devices. Langmuir 20:9905–9908

13. Xu JH et al (2006) Controllable preparation of monodisperse O/W and W/O emulsions in the

same microfluidic device. Langmuir 22:7943–7946

14. Dou YH et al (2002) A dynamically modified microfluidic poly(dimethylsiloxane) chip with

electrochemical detection for biological analysis. Electrophoresis 23:3558–3566

15. Alcantar NA et al (2000) Polyethylene glycol-coated biocompatible surfaces. J Biomed Mater

Res 51:343–351

16. Tan et al (2010) Oxygen plasma treatment for reducing hydrophobicity of a seal polydimethyl-

siloxane microchannel. Biommicrofluidics 4:032204

17. Eddington DT et al (2006) Thermal aging and reduced hydrophobic recovery of polydimethyl-

siloxane. Sensor Actuator B Chem 114:170–172

18. Squires TM, Quake SR (2005) Microfluidics: fluid physics at the nanoliter scale. Rev Mod

Phys 77:977–1026

19. Nisisako T et al (2002) Droplet formation in a microchannel network. Lab Chip 2:24–26

20. Xu JH et al (2006) Shear force induced monodisperse droplet formation in a microfluidic

device by controlling wetting properties. Lab Chip 6:131–136

21. Xu JH et al (2006) Preparation of highly monodisperse droplet in a T-junction microfluidic

device. AIChE J 52:3005–3010

22. Thorsen T et al (2001) Dynamic pattern formation in a vesicle-generating microfluidic device.

Phys Rev Lett 86:4163–4166

23. Garstecki P et al (2006) Formation of droplets and bubbles in a microfluidic T-junction-

scaling and mechanism of break-up. Lab Chip 6:437–446

24. De Menech M et al (2008) Transition from squeezing to dripping in a microfluidic T-shaped

junction. J Fluid Mech 595:141–161

25. Anna SL et al (2003) Formation of dispersions using “flow focusing” in microchannels.

Appl Phys Lett 82:364–366

26. Anna SL, Mayer HC (2006) Microscale tipstreaming in a microfluidic flow focusing device.

Phys Fluid 18:121512

27. Wacker J et al (2009) Influence of oil type and viscosity on droplet size in a flow focusing

microfluidic device. Procedia Chem 1:1083–1086

28. Nie Z et al (2008) Emulsification in a microfluidic flow-focusing device: effect of the

viscosities of the liquids. Microfluid Nanofluid 5:585–594

29. Nair SS et al (2008) An optical limiter based on ferrofluids. Appl Phys Lett 92:171908

30. Chen CY et al (2009) Experiments on breakups of a magnetic fluid drop through a

micro-orifice. J Magn Magn Mater 321:3520–3525

74 N.-T. Nguyen and S.-H. Tan



31. Zahn M (2001) Magnetic fluid and nanoparticle applications to nanotechnology. J Nanopart

Res 3:73–78

32. Berger P et al (1999) Preparation and properties of an aqueous ferrofluid. J Chem Educ

76:943–948

33. Scherer C, Neto AMF (2005) Ferrofluids: properties and applications. Braz J Phys 35:718–727

34. Odenbach S (2003) Ferrofluids - magnetically controlled suspensions. Colloid Surface

Physicochem Eng Aspect 217:171–178

35. Rinaldi C et al (2005) Magnetic fluid rheology and flows. Curr Opin Colloid Interface Sci

10:141–157

36. Christopher GF et al (2008) Experimental observations of the squeezing-to-dripping transition

in T-shaped microfluidic junctions. Phys Rev E Stat Nonlinear Soft Matter Phys 78:036317

37. Ogawa C et al (2001) Domain structure andMR effect of ferrofluid emulsion. Int J Mod Phys B

15:859–863

38. Garstecki P et al (2005) Formation of bubbles and droplets in microfluidic systems. Bull Pol

Acad Sci Tech Sci 53:361–372

39. Nguyen et al (2007) Thermally mediated droplet formation in microchannel. Appl Phys Lett

91:084102

3 Active Control of Droplet Formation Process in Microfluidics 75



Chapter 4

Recent Advances in Electrowetting

Microdroplet Technologies

Robert W. Barber and David R. Emerson

4.1 Introduction

The ability to handle small volumes of liquid, typically from a few picolitres (pL) to

a few microlitres (mL), has the potential to improve the performance of complex

chemical and biological assays [1–6]. The benefits of miniaturisation are well

documented [7–9] and include smaller sample requirements, reduced reagent con-

sumption, decreased analysis time, lower power consumption, lower costs per assay

and higher levels of throughput and automation. In addition, miniaturisationmay offer

enhanced functionality that cannot be achieved in conventional macroscale devices,

such as the ability to combine sample collection, analyte extraction, preconcentration,

filtration and sample analysis onto a singlemicrofluidic chip [10].Microfluidics-based

lab-on-a-chip devices have received considerable attention in recent years, and are

expected to revolutionise clinical diagnostics, DNA and protein analysis and many

other laboratory procedures involving molecular biology [11–13]. Currently, most

lab-on-a-chip devices employ continuous fluid flow through closed microchannels.

However, an alternative approach, which is rapidly gaining popularity, is to mani-

pulate the liquid in the form of discrete, unit-sizedmicrodroplets—an approach which

is often referred to as digital microfluidics [14–18]. The use of droplet-based

microfluidics offers many benefits over continuous flow systems; one of the main

advantages is that the reaction or assay can be performed sequentially in a similar

manner to traditional (macroscale) laboratory techniques. Consequently, a wide range

of established chemical and biological protocols can be transferred to the micro-scale

without the need to establish continuous flow protocols for the same reaction. In

addition, droplet-based systems avoid many of the problems associated with single-

phase microfluidics such as sample cross-contamination and diffusional dilution.
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One of the most important consequences of miniaturisation is the increase in the

surface-to-volume ratio of the fluid. For example, the surface-to-volume ratio for a

device with a characteristic length of 1 m is of order 1 m�1 whilst the surface-to-

volume ratio for a microfluidic device having a characteristic length of 1 mm will

increase to 106 m�1. In other words, the surface-to-volume ratio of the fluid

scales according to the inverse of the characteristic length [8]. Consequently, as

devices are reduced in size, inertial forces will decrease while viscous effects and

surface energies will become increasingly important. In the case of submillimetre-

sized liquid droplets, capillary forces dominate the motion [19]. Under these

circumstances, the control of the surface energy provides a useful tool for

manipulating droplets [20–23]. Although chemical and topographical patterning

of substrates has received considerable attention in recent years [24–26], the

static nature of these surface treatments prevents the active control of droplets,

as required in a fully-controllable digital microfluidic system. As a consequence,

considerable work has been dedicated to the development of techniques that allow

the wettability of the substrate to be varied both spatially and temporally. The most

promising droplet actuation technique for digital microfluidic applications appears

to be electrowetting [27–32], although other mechanisms have been demonstrated

including dielectrophoresis [33–35], thermocapillary actuation [36–38] and

optoelectrowetting [39–43]. In addition, other promising droplet handling

techniques such as surface acoustic wave (SAW) actuation have been developed

[44–47] although in this case, the droplet movement is achieved via the creation of

acoustic waves rather than by changing the wettability of the surface. Furthermore,

electrowetting can be combined with electrophoresis/dielectrophoresis, to provide a

method for particle separation or sample enrichment [48–51], or can be used to

collect or separate magnetic particles [52–54].

Over the last few years, electrowetting has become an increasingly important

technology for droplet manipulation. Electrowetting can commonly achieve contact

angle variations of more than 40� and the switching cycles can be performed

hundreds of thousands of times without any detrimental effects to either the fluid

or the chip. The switching response time for millimetre-sized droplets is relatively

fast (typically several milliseconds) and is only limited by the inertia of the droplet

rather than the switching time of the equilibrium contact angle [31]. Within just

a few years, a rapidly expanding community of researchers has taken the concept

of electrowetting from the initial research stage into fully-integrated digital

microfluidic devices that are capable of complex chemical and biological assays

[55–57].

4.2 Theory of Electrowetting

The phenomenon of electrocapillarity (or electrowetting) was first described by

Lippmann [58] in 1875 when he showed that the capillary depression of mercury in

contact with an electrolyte solution could be controlled by the application of a voltage.
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Aswell as formulating the basic theory for electrocapillarity, he also proposed several

practical devices that made use of the phenomenon, including a very sensitive

electrometer which was later used to record the world’s first electrocardiogram

(ECG). Unfortunately, the application of electrowetting to aqueous electrolytes is

severely restricted due to the electrolytic decomposition of water beyond a few

hundred millivolts. In the 1990s, however, Berge [59] and Vallet et al. [60] realised

that the problem of electrolysis could be overcome by the introduction of a thin

insulating layer to separate the conductive liquid from the metal electrode. This

concept is nowadays referred to as electrowetting-on-dielectric (EWOD) [61] or

electrowetting-on-insulator-coated-electrodes (EICE) [28] and involves applying a

voltage to modify the wetting behaviour of a conductive liquid in contact with a

hydrophobic, insulated electrode. Thorough descriptions of electrowetting have been

published by Mugele and Baret [31], Berthier [62] and Berthier and Silberzan [63]

whilst investigations into the types of liquids that can be transported by EWOD have

been conducted by Pollack [64], Srinivasan [65] and Chatterjee et al. [66].

In most practical electrowetting applications, the droplets reside on a hori-

zontal planar substrate and are usually composed of aqueous solutions with a

typical droplet diameter of 1 mm or less. The medium surrounding the droplet

can either be air or another immiscible liquid such as silicone oil. However, recent

work by Brassard et al. [67] has shown that it is possible to use an alternative mode

of operation where the aqueous droplet is enclosed in a thin layer of oil which

in turn is surrounded by air; this technique is referred to as water-oil core-shell
droplets.

The relative importance of the gravitational force to the surface tension force can

be expressed by the Bond number [62],Bo ¼ DrgR2=slv whereDr is the difference
in density between the droplet and the surrounding medium, g is the acceleration

due to gravity, R is the radius of curvature of the droplet, andslv is the liquid-vapour
surface tension. (The Bond number is sometimes referred to as the E€otv€os number,

Eo.) In most electrowetting applications, the Bond number is usually less than unity

[62], implying that gravitational forces are small in comparison to the surface

tension force; it is therefore appropriate to ignore gravity in electrowetting

applications [31].

In the absence of an external electric field, the shape of the droplet is determined

solely by the surface tension, according to standard equilibrium theory (Young’s

equation) [62]. As shown in Fig. 4.1a, a surface tension (a force per unit length

or an energy per unit area) is associated with the interface between each of the three

phases; the solid substrate (s), the liquid droplet (l) and the surrounding ambient

phase, which for simplicity is often denoted as vapour (v). Each interface exerts a

force on the three-phase contact line, and the balance between the interfacial

surface tensions i.e. ssv (solid-vapour), ssl (solid–liquid) and slv (liquid-vapour)

must be in equilibrium:

ssv � ssl � slv cos yeq ¼ 0 (4.1)
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where yeq is the equilibrium (or Young’s) contact angle. Rearranging (4.1) yields

the familiar form of Young’s equation:

cos yeq ¼ ssv � ssl
slv

(4.2)

It should be noted that the vertical component of the surface tension force is

balanced by normal stresses within the solid substrate [31].

Applying a potential difference, V, between the liquid and the substrate will

change the shape of the droplet, as shown schematically in Fig. 4.1b. This is due to

the fact that the solid–liquid interface effectively behaves as a parallel-plate

capacitor, with a capacitance per unit area, C. The energy stored in the capacitor

is CV2=2 whilst the work done by the external supply voltage is � CV2 and

therefore the free energy of the droplet per unit interfacial area is reduced byCV2=2.
Application of the voltage therefore causes the solid–liquid interfacial surface

tension to be reduced to ssl � CV2=2 leading to a new force balance equation:

ssv � ðssl � CV2=2Þ � slv cos yEW ¼ 0 (4.3)

where yEW is the steady-state contact angle after the application of the

electrowetting voltage. Combining (4.1) and (4.3) leads to the Lippmann-Young

equation governing the contact angle of the droplet:

cos yEW ¼ cos yeq þ CV2

2slv
(4.4)

Fig. 4.1 A schematic diagram of wetting and electrowetting. (a) In the absence of an external

electric field, the sum of the forces along the three-phase contact line must balance, leading to an

equilibrium contact angle, yeq. (b) Application of a potential difference between the liquid and the
substrate creates a capacitance, C, at the solid–liquid interface which causes the solid–liquid

interfacial surface tension to be reduced by CV2=2. This causes the droplet to spread and reduces

the contact angle to yEW
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Equation (4.4) shows that the contact angle will decrease (i.e. the surface will

become more hydrophilic) as the applied voltage increases.

Early electrowetting experiments were conducted with exposed metallic

electrodes in direct contact with the conductive liquid or electrolyte. In this case,

the potential difference between the liquid and electrode forms an electrical double

layer at the solid–liquid interface. The specific capacitance (i.e. the capacitance per

unit area) of the ionic double layer can be estimated by making the assumption that

the counter-ions in the liquid are located at a fixed distance from the surface; this is

sometimes referred to as the Helmholtz model [31, 62]. The specific capacitance of

the electrical double layer is therefore given by

CH ¼ e0el
lD

(4.5)

where e0 is the permittivity of free space (e0 ¼ 8:8541878� 10�12 F/m), el is the
relative permittivity of the conductive liquid and lD is the Debye screening length

[68], typically in the nanometre range. Substituting (4.5) into the Lippmann-Young

equation leads to

cos yEW ¼ cos yeq þ e0elV2

2lDslv
(4.6)

As discussed by Mugele and Baret [31] and Berthier [62], it is sometimes

necessary to modify the Lippmann-Young equation to account for the spontaneous

charge which occurs when a conducting surface is immersed in an electrolyte:

cos yEW ¼ cos yeq þ e0el
2lDslv

ðV � VpzcÞ2 (4.7)

where Vpzc is the potential difference at zero charge. Usually, the electrical double

layer has a relatively high capacitance, and therefore large changes in contact angle

can be achieved using relatively small applied voltages. Unfortunately, direct

application of electrowetting using metallic electrodes is somewhat limited due to

the electrolytic decomposition of the aqueous liquid above a certain voltage.

To overcome the problem of electrolysis, a thin dielectric layer can be used to

insulate the conductive liquid from the electrode. The main advantage of EWOD

over conventional electrowetting is that higher potential differences and, therefore,

greater contact angle changes can be employed without any detrimental electro-

chemical reactions on the electrode. In addition, the surface of the microfluidic chip

can be coated with highly hydrophobic compounds to enhance the contact angle

changes due to electrowetting. A practical demonstration of EWOD-based

actuation is shown in Fig. 4.2 [69] which illustrates the variation in the wettability

of a water droplet on a Teflon surface.

With the introduction of a dielectric layer, the EWOD system is effectively

composed of two capacitors in series with each other; namely, the capacitance due
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to the electrical double layer at the solid–liquid interface, CH and the capacitance

due to the dielectric layer, Cd which is given by

Cd ¼ e0ed
d

(4.8)

where ed is the relative permittivity of the dielectric layer and d is the thickness of

the layer. Comparing (4.5) and (4.8) leads to

CH

Cd

¼ el
ed

d

lD
(4.9)

Since d � lD and el > ed thenCH � Cd i.e. the capacitance of the electrical double

layer,CH is usually much larger than the capacitance of the dielectric film,Cd. Since

the capacitors are in series, the total specific capacitance, C, is given by

1

C
¼ 1

CH

þ 1

Cd

(4.10)

which can be approximated by C � Cd. Thus, for EWOD actuation, (4.6) is

replaced by

cos yEW ¼ cos yeq þ e0edV2

2dslv
(4.11)

The last term on the right-hand side of (4.11) is sometimes referred to as the

dimensionless electrowetting number, � ¼ e0edV2=ð2dslvÞ ¼ CV2=ð2slvÞ and is a

measure of the relative importance of the electrostatic energy compared to the

surface tension [31]. One of the disadvantages of EWOD is that the lower specific

Fig. 4.2 Experimental visualisation of electrowetting clearly demonstrating the control of the

contact angle: (a) in the absence of an external electric field, the water droplet exhibits a strong

hydrophobic contact with the Teflon substrate (DuPont® AF 1600), (b) application of an electric

potential of 80 V to the droplet causes a significant reduction in the contact angle. Reproduced

from Berthier et al. [69] with kind permission from Elsevier
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capacitance of the dielectric layer requires significantly larger potentials to

achieve a given reduction in contact angle. For example, considering a 1 mm thick

dielectric layer composed of Teflon AF 1600 (ed ¼ 1:93) with water as the conduc-
tive liquid (slv ¼ 0:072 N=m), gives a dimensionless electrowetting number of

approximately 10�4V2 . This implies that external voltages of between 30 and

80 V [62] are required to create substantial reductions in the contact angle. One of

the other disadvantages of using a dielectric layer is the fact that biomolecules can

sometimes bind nonspecifically to the hydrophobic surface. Yoon and Garrell [70]

have shown that biomolecular adsorption can be controlled by minimising the time

during which the electrodes are switched off and also by carefully choosing the pH

of the solution and the polarity of the electrodes. In addition, Luk et al. [71] have

shown that low concentrations of Pluronic F127 can limit the extent of protein

adsorption.

In practical EWOD applications, the substrate usually comprises of a metallic

electrode, a dielectric layer (Parylene, SiO2 or Si3N4) and a hydrophobic layer

(spin-coated Teflon or plasma deposited SiOC). In some cases, the situation is

further complicated by the fact that the dielectric layer is formed from a sandwich

structure composed of SiO2/Si3N4/SiO2. The effective capacitance of the combined

substrate (formed from n parallel layers) can be determined from the usual law for

capacitors in series:

1

C
¼

Xn
i¼1

1

Ci
(4.12)

The capacitance of the electrical double layer at the solid–liquid interface is

usually neglected. However, direct calculation of the capacitance of the dielectric

layer can sometimes be avoided by fitting the Lippmann-Young equation to experi-

mental data of contact angle vs. applied voltage. This is usually done by plotting

ðcos yEW � cos yeqÞ against V2. The gradient of the fitted line is equal to C=ð2slvÞ
and therefore knowledge of the liquid-vapour surface tension,slv leads to an estimate

of the capacitance, C. This technique is sometimes preferred to direct computation,

due to uncertainties in estimating the thickness and relative permittivities of the

deposited layers.

A significant advantage of controlling the variation in the wetting angle via

electrowetting, rather than by thermocapillary effects, is the speed with which the

contact angle can be modified. Mugele and Baret [31] indicate switching times of

typically several milliseconds, and this makes the technique potentially fast

enough to be used in video display screens [72]. The manipulation and transport

of droplets above a solid surface are equally as fast; velocities of between 1 and

100 mm/s have been reported [27, 29, 73, 74] while droplets have been shown to be

split in less than 1 s [74]. Other potential applications for electrowetting include

variable focal length liquid micro-lenses [75–77], dynamically tuneable fibre-optic

devices which act as switches and waveguides [78, 79] and adaptive cooling of

integrated circuits [80].
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4.2.1 Contact Angle Saturation and Dielectric Breakdown

An important observation that is common to all EWOD studies is that the contact

angle variation in the Lippmann-Young equation is only valid below a critical

threshold voltage, after which the electrowetting process saturates and the contact

angle becomes independent of the applied voltage [81–84]. The essential features of

contact angle saturation are illustrated in Fig. 4.3 which indicates that there is an

effective upper limit to the electrowetting force, implying that it is impossible to

achieve perfect wetting of yEW ¼ 0 ð cos yEW ¼ 1Þ. However, Krupenkin et al. [85]
have shown that it is possible to achieve complete wetting at voltages as low as

22 V, by using superhydrophobic nanostructured surfaces.

Although contact angle saturation is well documented [86, 87], the physical

explanation for the saturation limit is not fully understood [62] and a number of

different (and sometimes conflicting) theories have been developed to explain the

phenomenon. Verheijen and Prins [88] have proposed that the injection of charges

into the insulating layer at higher voltages causes a screening, or trapping effect,

which reduces the density of the charges at the solid–liquid interface thereby

weakening the electrowetting force. On the other hand, Vallet et al. [86] have

explained the phenomenon by the ionisation of the air in the vicinity of the contact

line. This reduces the electric charge density and prevents the electrowetting force

increasing with applied voltage. However, Vallet et al.’s explanation assumes that
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Fig. 4.3 Variation of measured contact angle vs. applied voltage for a glycerol-NaCl water

droplet with silicone oil as the ambient medium and a 5 mm thick layer of Teflon AF 1601 as

the dielectric. The filled symbols denote increasing voltage and the open symbols denote decreas-
ing voltage. The solid line denotes the fitted parabolic variation in the value of cos yEW as predicted

by the Lippmann-Young law—(4.11). Adapted from Mugele and Baret [31] with permission from

IOPscience 2005
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the droplet is surrounded by air and therefore cannot explain the occurrence of

contact angle saturation when the droplet is surrounded by another liquid, such as

silicone oil. Other researchers, such as Papathanasiou and Boudouvis [83], have

explained the phenomenon by the presence of ‘fringe’ effects at the contact line.

These fringe effects can increase the electric field strength in the dielectric by an

order of magnitude, or more, causing breakdown in the dielectric, and leakage of

electrical charge.

4.2.1.1 Modified Lippmann-Young Equation

Despite the lack of consensus as to the physical explanation for contact angle

saturation, it is possible to derive a constitutive relationship for the contact

angle variation in terms of the saturation contact angle, ys . At low voltages, the

Lippmann-Young equation (4.4) indicates that there is a linear relationship between

cos yEW and V2 whilst at large voltages, the contact angle asymptotes to a fixed

value, ys. This situation is analogous to paramagnetism where the induced magnetic

moment is a linear function of the magnetic field at small field strengths and

asymptotes to the saturation limit at large field strengths. The work on paramagne-

tism was pioneered by Langevin in the early twentieth century and led directly to

the so-called Langevin (or sometimes, Langevin-Debye) function, L, defined by

LðxÞ ¼ cothð3xÞ � 1

3x
(4.13)

Berthier et al. [62, 63, 69] have shown that the Langevin function can be

used to modify the standard Lippmann-Young equation to account for contact

angle saturation. Firstly, the Lippmann-Young formula (4.4) is written in the

following form:

cos yEW � cos yeq
cos ys � cos yeq

¼ CV2

2slvðcos ys � cos yeqÞ (4.14)

The modified Lippmann-Young equation, accounting for contact angle saturation,

can then be obtained by introducing the Langevin function into the right-hand side

of (4.14) to give:

cos yEW � cos yeq
cos ys � cos yeq

¼ L
CV2

2slvðcos ys � cos yeqÞ
� �

(4.15)

Experimental evidence [69] suggests that the Langevin approximation provides a

fairly accurate constitutive law for the variation of contact angle with applied

electrical potential.
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4.2.1.2 Dielectric Breakdown

If the electric field strength exceeds a critical value, denoted as EBD, the dielectric

will suddenly break down resulting in an electrically-conductive pathway through

the material which degrades or even destroys the insulating properties of the

dielectric layer. It is therefore necessary to ensure that the operating conditions

within the EWOD system are below the critical value of the electric field strength.

For a dielectric layer of thickness, d, the breakdown voltage, VBD is related to the

critical electric field strength, EBD by

VBD ¼ EBDd (4.16)

Taking Teflon as an example insulator, the critical electric field strength is

60 V/mm. Thus, a 1.5 mm thick layer of Teflon should be able to withstand an

applied voltage of just under 90 V. However, dielectric breakdowns are sometimes

observed at voltages lower than theory would suggest; these are thought to be

caused by defects in the dielectric layer or in the underlying substrate. In addition,

anomalous dielectric breakdowns can occur when cells or proteins adhere to the

dielectric layer [63]. In this case, geometrical inhomogeneities in the relative

permittivity are thought to increase the local electric field strength causing dielec-

tric breakdown.

The choice of dielectric thickness is crucial to the design of any EWOD

system since the thickness not only affects the breakdown voltage but also the

capacitance of the dielectric layer which in turn affects the dimensionless

electrowetting number, �. Increasing the thickness of the dielectric layer reduces

the electrowetting number which leads to larger electric potentials to achieve a

given reduction in contact angle. A criterion for the dielectric thickness can

be obtained by rearranging the Lippmann-Young relationship (4.11) in the follow-

ing form:

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2dslv
e0ed

ðcos yEW � cos yeqÞ
r

(4.17)

For a fixed reduction in the contact angle, it can be seen that the externally applied

voltage, V, varies according to the square root of the dielectric thickness, d.
However, to prevent dielectric breakdown, the thickness of the layer also needs to

satisfy (4.16). Combining (4.16) and (4.17) then leads to a minimum dielectric

thickness [62]:

dmin ¼ 2slv
e0edE2

BD

ðcos yEW � cos yeqÞ (4.18)

If the dielectric layer is thinner than this limit, the voltage required to create the

desired contact angle of yEW will cause the dielectric to break down.
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4.2.2 Contact Angle Hysteresis

Experimental evidence indicates that electrowetting and thermocapillary processes

exhibit dynamic hysteresis whenever the three-phase contact line is in motion

[31, 62, 89, 90]. This is due to the different contact angles at the advancing and

receding menisci. Increasing the applied voltage on a droplet reduces the

solid–liquid interfacial surface tension, ssl, causing the droplet to spread; this

situation gives rise to an advancing contact line. Conversely, when the voltage is

decreased, the droplet will revert to its original (equilibrium) shape creating a

receding contact line. Experimental observations indicate that, for a given

electrowetting voltage, the advancing contact angle is always larger than the

receding contact angle. The change in the contact angle away from the equilibrium

(static) value can be defined as the electrowetting hysteresis angle, a. In the case of
de-ionised water surrounded by silicone oil on an SiOC substrate, the hysteresis

angle is typically between 1.5 and 2�. However, de-ionised water surrounded by air
on a Teflon substrate has a much larger electrowetting hysteresis angle of between

7 and 9� [90]. Contact angle hysteresis can therefore have an important effect on

EWOD-based droplet manipulation [91].

4.2.2.1 Minimum Actuation Potential

Contact angle hysteresis is responsible for the minimum or threshold potential that

has frequently been observed when transporting droplets between different control

electrodes [90]. It is informative to consider the motion of a droplet straddling two

adjacent control electrodes, as shown schematically in Fig. 4.4. One of the control

electrodes is assumed to be actuated whereas the other electrode is switched off. In

the absence of contact angle hysteresis (i.e. a ¼ 0), the droplet would be able to

move under the smallest of applied voltages. However, experimental evidence

indicates that, in practice, the droplet will not begin to move until the electrical

potential exceeds a certain threshold, Vmin . At the onset of droplet motion, the

contact angle above the actuated electrode will be yEW þ a (i.e. an advancing

contact line) whereas the contact angle above the non-actuated electrode will be

yeq � a (a receding contact line). The potential at the threshold of droplet motion

can then be determined from the requirement that there must be a net positive

electrowetting force towards the activated electrode, i.e.

yEW þ a � yeq � a ) cosðyEW þ aÞ � cosðyeq � aÞ (4.19)

This expression can be combined with the Lippmann-Young formula (4.4) to

determine the minimum actuation potential, Vmin. It can readily be shown that

C

2slv
V2
min ¼ tan a½sin yEWðVminÞ þ sin yeq	 (4.20)
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Assuming Vmin and a are small, then yEWðVminÞ ! yeq and (4.20) can be

simplified to

Vmin � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
slva sin yeq

C

r
(4.21)

where a is expressed in radians. It can be seen that a large dielectric capacitance, C,
a large equilibrium contact angle, yeq , (i.e. a very hydrophobic surface), a small

hysteresis angle, a, and a low surface tension, slv, are desirable in order to minimise

the actuation potential of the droplets.

4.2.3 AC Actuation

The theoretical descriptions of electrowetting discussed so far are applicable to the

static conditions that occur in DC actuation. In the case of a very slowly varying AC

voltage, the contact angle will follow the instantaneous value predicted by the

Lippmann-Young equation. However, if the frequency of the applied AC voltage

exceeds the hydrodynamic response frequency of the droplet, then the liquid will

have insufficient time to adjust to the voltage variations, and the response then

depends on the time-averaged voltage on the control electrode. (In EWOD

applications involving millimetre-sized droplets, this will typically occur when

the AC frequency exceeds approximately 100–200 Hz). Thus, in the case of AC

droplet actuation, the voltage in the Lippmann-Young equation has to be replaced

by the RMS (root-mean-square) value. As discussed by Mugele and Baret [31], the

use of the Lippmann-Young equation for AC conditions is appropriate as long as

the basic assumptions used to derive the equation are still valid. One of the most

important assumptions is that the liquid can be treated as a perfect conductor.

This is valid at low and moderate frequencies but above a critical frequency, oc ,

the liquid will start to behave as a dielectric, and the Lippmann-Young equation

will begin to break down. The value ofoc for a 10
�4 M aqueous solution of NaCl is

Fig. 4.4 Schematic diagram of the advancing and receding contact angles at the onset of droplet

motion. Due to contact angle hysteresis, the contact angle above the actuated electrode is yEW þ a
whilst the contact angle above the non-actuated electrode is yeq � a . For the droplet to move,

yEW þ a < yeq � a
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of order 108 s�1 but demineralised water, for example, has a much lower value of

oc � 4� 103 s�1 [31].

AC actuation is often preferred for transporting solvents such as acetone,

chloroform, dimethylformamide, ethanol, etc. since it has been found difficult

or impossible to transport these liquids with DC voltages [64]. In addition, AC

actuation has a number of other advantages including reduced dielectric hysteresis

of the capacitance-voltage characteristics, and increased reliability by avoiding

the build up of charges on the insulators. As a consequence, AC actuation has

become the favoured method in most EWOD applications [14]. Actuation using a

square wave is also considered a useful transport option in EWOD systems [92].

Section 4.2 has presented a brief overview of the theoretical considerations

behind electro-wetting-on-dielectric actuation. In the interests of brevity, the

descriptions of the underlying theory and the mathematical derivations have been

kept as concise as possible. However, it is hoped that the reader will have obtained

an increased awareness of the many subtleties that underpin electrowetting theory.

For a more detailed description of the fundamentals of electrowetting, the reader is

referred to the comprehensive review article by Mugele and Baret [31], and the

appropriate chapters in Berthier [62] and Berthier and Silberzan [63]. In addition,

there is now a growing volume of literature on the modelling and simulation of

droplet-based electrowetting, with important work reported by Shapiro et al. [93],

Zeng and Korsmeyer [94], Zeng [95], Lienemann et al. [96], Walker and Shapiro

[97], Berthier et al. [69, 90], Lu et al. [98], Song et al. [99] and Clime et al. [100].

The main goal of the present chapter is to focus on the progress that has been made

in the development of droplet-based electrowetting technologies for chemical and

biological applications. The next section therefore discusses the various types of

EWOD systems that are currently used in digital lab-on-a-chip applications.

4.3 Implementation of EWOD-Based Digital Microfluidics

EWOD-based microfluidic systems can be divided into two distinct categories

depending on whether the system is open to the atmosphere or is covered.

In open EWOD systems, the droplets are manipulated on a horizontal solid sub-

strate which is exposed to the atmosphere, whereas in covered EWOD systems, the

droplets are confined between two horizontal parallel plates, typically separated by

a distance of between 50 and 200 mm. Each of these approaches has advantages

and disadvantages. For example, it has been found that dispensing, transporting and

splitting of droplets are best performed in covered EWOD systems, whereas droplet

mixing and evaporation (so as to increase the concentration of the sample) are best

performed in open EWOD systems [62].

Figure 4.5 illustrates a typical cross-section through a covered EWOD

microfluidic chip. The lower plate of the chip contains the individual addressable

electrodes and is usually fabricated from silicon or glass. The electrodes are then
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covered with a thin dielectric layer (Parylene, SiO2 or Si3N4), typically about 1 mm
in thickness, and finally the surface is coated with a highly hydrophobic layer (spin-

coated Teflon or plasma deposited SiOC) to achieve an equilibrium contact angle

larger than 90�. In closed EWOD systems, the upper confining plate usually

contains a continuous electrode. Alternatively, the upper plate can be fabricated

from conductive ITO (indium tin oxide) glass to provide the necessary electrical

contact to the droplets. The upper plate is usually treated with the same hydropho-

bic coating as the lower plate, and the gap between the plates is generally filled with

a silicone oil to prevent droplet evaporation and reduce surface contamination.

In the case of open EWOD systems, the electrical contact to the droplets is achieved

either through the use of a network of conducting wire electrodes (catenae) located
a suitable distance above the surface of the chip [62, 69] or via the use of a co-
planar design in which the lower plate contains both the buried activation

electrodes and the contact electrodes [14, 101]. Co-planar designs have also been

used successfully with closed EWOD systems; in this case, the upper conducting

plate is simply replaced by a passive confining plate.

The basic concept of EWOD microfluidics is illustrated conceptually in Fig. 4.6.

The chip is arranged with an array of equispaced control electrodes so that the

droplets can be directed to various locations on the chip. In most applications, the

electrodes are typically between 500 mm and 1 mm square, although considerable

effort is currently being directed towards further miniaturisation of the technology.

Sequential activation of the control electrodes creates zones of increased wettability

which can be used to dispense, transport, split and merge the droplets in order to

perform chemical and biological assays.

Many research groups have developed practical systems to implement EWOD-

based droplet actuation. Some of the earliest demonstrations of EWOD microfluidic

systems were presented by Pollack et al. [27, 29], Lee et al. [61], Moon et al. [102],

Cho et al. [74], Paik et al. [103, 104] and Srinivasan et al. [105, 106]. Within a very

short period of time, electrowetting technologies have developed to the point where it

is now possible to conduct on-chip multiplexed assays to determine the concentration

of target analytes. An example of a fully automated and integrated EWOD-based

multiplexed lab-on-a-chip assay is shown in Fig. 4.7 which shows a pipelined glucose

Fig. 4.5 A typical cross-section through a covered EWOD microfluidic chip
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assay developed by Srinivasan et al. [105]. In addition, Srinivasan et al. [107],

Wheeler et al. [108] and Moon et al. [109] have demonstrated the use of EWOD-

based systems for multiplexed proteomic sample preparation for high-throughput

MALDI-MS (matrix assisted laser desorption/ionisation mass spectrometry).

Fig. 4.6 Schematic representation of EWOD-based digital microfluidics showing each of the four

main droplet handling operations: droplet dispensing, droplet transport, droplet merging and

droplet splitting

Fig. 4.7 Example of a fully automated and integrated EWOD-based system for conducting

multiplexed lab-on-a-chip glucose assays. Reproduced from Srinivasan et al. [105] by permission

of the Royal Society of Chemistry
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Figure 4.8 shows a conceptual representation of the sample pre-treatment developed

byMoon et al. [109]which consists of seven individual stages. Initially, droplets of the

sample are dispensed from the sample reservoir and transported to the deposition sites

where they are dried under vacuum for between 1 and 2min. A series ofwater droplets

are then dispensed from the rinsing water reservoir and moved over the protein

deposition sites in order to remove any impurities from the samples; the rinsing

droplets being discarded in the waste reservoir. Finally, droplets of 2,5-

dihydroxybenzoic acid (DHB) are dispensed from thematrix reservoir and transported

to the deposition sites where they are again dried under vacuum for between 1 and

2 min. After the drying stage is complete, the MALDI mass spectra can then be

collected. The complex droplet handing protocols in this example serve to illustrate

the huge potential of EWOD-based digital microfluidic systems for many laboratory

procedures. However, one of the issues in developing fully-integrated digital

microfluidic devices that can be used for chemical and biological assays is related to

devising suitable protocols for the activation of the control electrodes. Some of the

challenges of automating the droplet control operations in highly parallelised digital

microfluidic chips have been addressed by B€ohringer [110] and Griffith et al. [111].
One of the practical limitations of EWOD-based actuation is the requirement to

fabricate a paved track of control electrodes beneath the surface of the microfluidic

chip. In EWOD applications which require a large number of electrodes, it is

Fig. 4.8 Schematic view of

an EWOD-based system for

multiplexed sample

preparation for MALDI-MS.

Reproduced from Moon et al.

[109] by permission of the

Royal Society of Chemistry
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sometimes difficult to address each of the electrodes individually; this is

especially the case if the electrical control circuitry is arranged on a single

plane within the substrate of the chip. An elegant solution to the problem is the

use of multiplexing, where groups of electrodes are attached to the same electrical

control line. Multiplexing is particularly efficient for high-throughput parallel

applications where the same droplet manipulation sequence is simultaneously

performed on a large number of droplets. However, in some EWOD applications,

there may be specific requirements to address all the electrodes separately. In this

case, the control circuits need to use multiple conducting layers as found in IC

(integrated-circuit) technologies. Gascoyne et al. [112] demonstrated the feasibility

of individually addressing a large number of electrodes with a 32 � 32 programma-

ble element dielectrophoresis chip based on CMOS (complementary metal-oxide-

semiconductor) technology. More recently, Li et al. [113] have reported the integra-

tion of EWOD actuation on a standard CMOS chip. In addition, Gong and Kim [114]

have investigated the use of EWOD-based systems fabricated from low-cost multi-

layer PCB (printed circuit board) substrates. Four different PCB post-processing

methods were investigated, resulting in PCB-EWOD devices with varying degrees

of performance and fabrication cost. The droplet handling operations on the best

performing PCB substrate were found to be comparable to those on polished glass or

silicon, making the PCB-EWOD approach valid for low-cost/disposable applications.

A number of highly innovative, low-cost microfabrication approaches have also been

developed by Abdelgawad and Wheeler [115, 116]. These enable EWOD systems to

be manufactured without the use of specialist photolithographic and vapour deposi-

tion equipment, thus increasing the accessibility of EWOD technologies.

One of the most important parameters in EWOD devices is the voltage required

to manipulate the droplets. Early EWOD applications typically required control

voltages in the region of 80–100 V. However, by carefully selecting a dielectric

material with a high relative permittivity, ed (both barium strontium titanate or

bismuth zinc niobate appear to be very promising materials in this respect), and by

carefully controlling the thickness of the dielectric layer, control voltages can be

substantially reduced. This is enormously beneficial in EWOD applications due to

the difficulties of implementing high-voltage CMOS technologies. The use of better

dielectric materials has enabled EWOD-based droplet actuation to be reduced

below 15 V in some applications [113].

Considerable effort is currently being directed towards improving the properties

of the hydrophobic layer in order to create as large an equilibrium contact angle as

possible. One of the most promising techniques for creating superhydrophobic

surfaces is to pattern the substrate with nanostructured pillars [117]. Verplanck

et al. [118] have studied a variety of wettability switching technologies for

superhydrophobic surfaces, and have concluded that electrowetting droplet

actuation is still the most promising approach compared to other control techniques

such as optical, mechanical or thermal switching. However, electrowetting on

superhydrophobic surfaces is still in its infancy and there are a number of problems

to be overcome associated with the non-reversibility of the EWOD effect [62].

Another promising area for EWOD-based digital microfluidics is the development
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of all-terrain droplet actuation (ATDA) [119] which removes the requirement to

perform the droplet manipulation on a single horizontal plane. ATDA has been

demonstrated for a wide range of non-planar geometries including inclined, verti-

cal, twisted and upside-down surfaces and is a powerful technique that will enable

the development of three-dimensional EWOD microfluidic systems, by stacking

multiple layers on top of each other. In addition, ATDA should allow EWOD-based

devices to be readily integrated into other microfluidic technologies. For example,

Abdelgawad et al. [120] have recently demonstrated a hybrid device that integrates

digital microfluidics and microchannels on the same substrate. This is an important

step towards fully-integrated lab-on-a-chip systems for automatic sample

processing and separation. Furthermore, Fan et al. [121] have demonstrated that

ATDA technologies can be used to manipulate droplets against gravity around a

flexible 8-in. (203 mm) long curved pathway, opening up the possibility of EWOD-

based ‘droplet-on-a-wristband’ technologies for point-of-care applications.

4.4 Droplet Manipulation Using EWOD

The success of any microfluidic assay employing EWOD actuation relies crucially

on the accuracy of the on-chip droplet handling operations which need to be precise,

in terms of the volumes of the droplets produced, and repeatable over many

operating cycles. It is therefore informative to consider each of the fundamental

unit droplet operations in detail. However, before discussing the underlying theory

and practical issues related to droplet manipulation, it is useful to assess the relative

importance of the various forces that affect the droplets in EWOD devices.

4.4.1 Dimensional Considerations

In Sect. 4.2, the relative importance of the gravitational force to the surface tension

force was shown to be expressed by the Bond number, Bo. In most electrowetting

applications, the Bond number is usually less than unity, implying that gravitational

forces are small in comparison to the surface tension forces. However, when

dealing with droplets in motion, it is necessary to consider additional forces acting

on the droplet, including the electrowetting, viscous and inertial forces. As previ-

ously discussed in Sect. 4.2, the strength of the electrowetting effect can be

expressed by the dimensionless electrowetting number, � ¼ CV2=ð2slvÞ. In addi-

tion, the ratio between the viscous force and the inertial and surface tension forces

in a droplet can be expressed by the non-dimensional Ohnesorge number, Oh [69]:

Oh ¼ mffiffiffiffiffiffiffiffiffiffi
rlslv

p (4.22)
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where m is the dynamic viscosity of the liquid and l is the characteristic dimension

of the droplet. Above a critical Ohnesorge number, Ohcrit � 0:03 [62], viscosity

is found to play an important role in droplet handling operations. Considering

a typical EWOD application using millimetre-sized droplets of water gives m ¼
10�3 Ns/m2 , r ¼ 1; 000 kg/m3 , l ¼ 0:001 m and slv ¼ 0:072 N/m—yielding an

Ohnesorge number, Oh � 4� 10�3 which is an order of magnitude less than the

critical value of 0.03. This indicates that the effects of the viscosity of the liquid are

generally quite small in most EWOD applications. However, it should be noted

that in certain applications, involving highly viscous ionic liquids, the Ohnesorge

number may exceed the critical value and the resulting droplet motion will then be

significantly damped by the viscous forces.

It is also necessary to consider the ratio between the inertial and surface tension

forces which can be determined from the non-dimensional Weber number,We [69]:

We ¼ rv2l
slv

(4.23)

where v is the velocity of the droplet. Above a critical Weber number, Wecrit � 1:1
[62] the droplet will start to become distorted by the inertial forces and droplet break-

up is a strong possibility [122]. Again, it is useful to consider the Weber number for

typical EWOD applications involving millimetre-sized droplets. Experimental evi-

dence indicates that droplet transport is relatively fast with typical transit times of

order 20 ms to move a droplet between two adjacent electrodes spaced 800 mm apart

[69]. This gives a characteristic velocity of approximately 0.04 m/s and leads to a

Weber number (for a 1 mm diameter droplet) of We ¼ 0:022which is well below the

critical value. Inertial effects are therefore relatively unimportant in most EWOD

systems. However, in certain applications, surfactants are added to the liquid in order

to allow easier spreading and splitting of the droplets. The addition of a surfactant

reduces the liquid-vapour interfacial surface tension [123] and therefore increases the

Weber number, making droplet distortion more likely.

The analysis of droplet motion often makes use of two further dimensionless

numbers; the capillary number, Ca and the Reynolds number, Re. The capillary

number expresses the ratio between the viscous and surface tension forces and is

defined as

Ca ¼ mv
slv

(4.24)

However, the capillary number can be written in terms of the Ohnesorge and Weber

numbers: Ca ¼ Oh
ffiffiffiffiffiffiffi
We

p
and therefore the capillary number is not strictly an

independent dimensionless parameter. Similarly, the Reynolds number expresses

the ratio between the inertial and viscous forces and is defined as

Re ¼ rvl
m

(4.25)
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The Reynolds number can be also written in terms of the Ohnesorge and Weber

numbers using the relationship: Re ¼ ffiffiffiffiffiffiffi
We

p
=Oh . Consequently, EWOD-induced

droplet handling is usually classified in terms of the Ohnesorge and Weber

numbers.

4.4.2 Droplet Transport

Droplet motion in EWOD systems is carried out by sequentially activating the

buried control electrodes one-at-a-time in order to set up suitable surface tension

gradients on the surface of the microfluidic chip. This causes the droplets to move

incrementally between neighbouring electrodes in accordance to changes in the

electrowetting force. Since the Weber number in most EWOD applications is

relatively low, the inertial forces acting on the droplets are generally small.

Thus, the droplets will respond quickly to any changes in the electrowetting force

and will rapidly accelerate up to a steady velocity before finally decelerating again

once the droplets reach the target electrode. However, as discussed in Sect. 4.2.2.1,

droplet motion can only be induced once the applied voltage exceeds a certain

threshold voltage, Vmin, due to contact angle hysteresis. In practice, the threshold

voltage can be reduced by immersing the droplets in silicone oil although the

magnitude of the reduction in the threshold voltage has been found to depend on

both the viscosity of the silicone oil as well as the viscosity of the liquid in the

droplets [64]. Alternatively, simply exposing the surface of the chip to silicone

oil and then drying has also been found to be effective at reducing the threshold

voltage [64].

The droplet transport velocity is found to depend on the magnitude of the applied

electrowetting force, as well as many other factors including the viscosity of the

liquid, the electrowetting hysteresis angle and, in the case of covered EWOD

systems, the separation distance between the upper and lower plates of the chip.

An estimate of the maximum (steady-state) velocity of the droplet can be obtained

by considering a simple force balance between the electrowetting force causing the

motion and the viscous damping force due to the shear stress along the surface

of the chip. In the case of covered EWOD systems, Berthier [62] has shown that

the droplet velocity can be approximated by

v � hslv
6pmr

ðcos ya � cos yrÞ (4.26)

where h is the separation between the upper and lower plates, r is the radius of the
droplet in the horizontal plane, and ya and yr are the contact angles at the advancing
and receding contact lines, given by ya ¼ yEW þ a and yr ¼ yeq � a, respectively.
If the actuation voltage is less than the saturation voltage, and assuming that contact
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angle hysteresis is small, then the Lippmann-Young equation can be substituted

into (4.26) to obtain

v � h

12pmr
CV2 (4.27)

indicating that the droplet velocity varies with the square of the applied voltage.

Repeating the analysis using the modified Lippmann-Young equation (4.15) which

accounts for contact angle saturation, leads to

v � hslv
6pmr

ðcos ys � cos yeqÞL CV2

2slvðcos ys � cos yeqÞ
� �

(4.28)

where L is the Langevin function. Similar expressions to (4.26) and (4.27) can be

derived for open EWOD systems, giving [62]:

v � 4Hslv
5pmr

ðcos ya � cos yrÞ ¼ 2H

5pmr
CV2 (4.29)

where H is the maximum height of the droplet above the surface of the chip.

The dynamics of EWOD-based droplet transport have been considered by a number

of investigators including Ren et al. [124], Bahadur and Garimella [125],

Chakraborty and Mittal [126], Baird et al. [127], Bavière et al. [128], Ahmadi

et al. [129], Chatterjee et al. [130] and Song et al. [99].

4.4.2.1 Geometry of the Electrodes

Section 4.4.2 has shown how droplets can be transported across the substrate of a

microfluidic chip using an incremental displacement from one electrode to the next.

Ideally, the control electrodes should be placed as close as possible to each other in

order to minimise the gap between the electrodes. Unfortunately, the method of

fabrication often places a restriction on the proximity of the electrodes which

usually have to be separated by a gap of between 10 and 30 mm, depending on

the precision of the manufacturing process. The separation gap effectively creates a

permanent hydrophobic halo around each electrode which can cause difficulties

when trying to move a droplet to an adjacent electrode. This is especially the case in

covered EWOD systems where the droplets are usually similar in size to the control

electrodes. If a droplet comes to rest entirely within the perimeter of a single

electrode, it becomes impossible to transport it any further, and the droplet is left

permanently stranded or ‘pinned’ at the location.

An ingenious solution to the problem of droplet pinning is to incorporate jagged

or crenellated edges around each of the electrodes, as shown in Fig. 4.9. The use of

crenellated or inter-digitated electrodes ensures that at least part of the droplet
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extends onto the neighbouring electrode, thereby avoiding the problem of droplets

becoming stranded. Clearly, the use of crenellations introduces additional complex-

ity into the fabrication process but experimental evidence has shown that it is a very

effective design strategy for aiding droplet motion. However, for the technique to

be effective, the geometry and dimensions of the indentations have to be carefully

selected. Berthier and Peponnet [131] have developed a detailed mathematical

criterion that can be used to assess the effectiveness of the indentations, using the

assumption that the crenellated edge can be approximated by a sinusoidal boundary.

The effectiveness of the indentations can be found from the value of the function, G:

Gðl; e; d; nÞ ¼ l=e
d=eþ ½y1=y2 � 1	=pn (4.30)

wherel is the size of the indentations, e is the width of the electrode,d is the separation
gap between the electrodes, n is the total number of indentations along one side of an

electrode and y1 and y2 are the contact angles on the non-activated and activated

electrodes, respectively. It should be noted, however, that not all EWOD applications

make use of inter-digitated electrodes; a simple alternative is to ensure that the

droplets are sufficiently large so that they always extend onto the adjacent electrodes.

4.4.3 Droplet Splitting and Merging

Splitting and merging are important droplet handling operations that are found in

almost all EWOD applications. The basic principle of droplet splitting is illustrated

Fig. 4.9 Examples of crenellated and jagged electrode design. Reproduced from (a) Moon and

Kim [132] with permission from Elsevier and (b) Pollack et al. [29] with permission from the

Royal Society of Chemistry
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in Fig. 4.10 and involves three electrodes as described by Pollack et al. [29]. During

the splitting process, the outermost electrodes are activated which reduces the

contact angle. This creates two hydrophilic zones that stretch the droplet in the

longitudinal direction. At the same time, the non-actuated central electrode is a

hydrophobic region which tends to exert a ‘pinching’ force on the droplet which

causes the neck of the droplet to split. In practice, splitting is very difficult to

achieve in open EWOD systems since the droplet tends to ‘escape’ to one of the

Fig. 4.10 Time-lapse

sequence of images showing

the successful splitting of a

900 nL droplet of 0.1 M KCl

into two equal-sized daughter

droplets in a covered EWOD

system. Initially, only the left-

hand electrode is energised

(a). The middle electrode is

then activated (b) and, after a

short time delay, the voltage

is switched from the middle

to the right-hand electrode

(c) resulting in division of

the droplet (d). The electrodes

are spaced at a pitch of

1.5 mm and the plate

separation distance is 300 mm.

The droplet is surrounded by

1 cSt silicone oil. Reproduced

from Pollack et al. [29] by

permission of the Royal

Society of Chemistry
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hydrophilic electrodes. However, droplet splitting is feasible in covered EWOD

systems, provided the plate separation distance is sufficiently small. By considering

the pressure difference inside the droplet due to the different surface curvatures

above the hydrophilic and hydrophobic electrodes, it is possible to show that for a

square electrode of dimension, e, an approximate criterion for the maximum plate

separation is given by [69]:

hmax

e
¼ � cos yeq (4.31)

where it is assumed that the equilibrium contact angle, yeq, is larger than 90� so that
cos yeq is negative. Taking a typical EWOD system with a hydrophobic contact

angle of yeq ¼ 110� and 1 mm2 electrodes, implies that the vertical separation of the

plates should not exceed 340 mm. In practice, however, the plate separation is

usually between 50 and 150 mm for 1 mm2 electrodes.

A criterion for droplet splitting has been developed by Cho et al. [74] using

Laplace’s theorem [19, 31] to estimate the pressure within the droplet. Assuming

that the principal radii of curvature of the droplet above the hydrophobic and

hydrophilic electrodes are R1 and R2, respectively, then it can be shown that droplet

splitting will occur when

R2

R1

¼ 1� R2

h
ðcos y2 � cos y1Þ (4.32)

where y1 and y2 are the contact angles on the non-activated (hydrophobic) and

activated (hydrophilic) electrodes, respectively. The cutting operation is initiated

by a pinching process in the middle of the droplet, yielding a concave contact line

and a negative value of R1. This condition can be achieved either by having a large

value of ðcos y2 � cos y1Þ due to the electrowetting process, or by employing a

small plate separation distance, h. It is interesting to note that the contact angle

along the upper plate of the EWOD system does not affect the droplet splitting

process. Neglecting contact angle hysteresis, then y1 ¼ yeq and y2 ¼ yEW . The

droplet splitting criterion can be then found by substituting the Lippmann-Young

expression (4.11) into (4.32) to yield:

R2

R1

¼ 1� R2

h

e0edV2

2dslv
(4.33)

The radius of curvature above the hydrophilic electrode, R2, can be

approximated from the size of the control electrode, e. At the point of droplet

splitting jR1j is usually much larger than jR2j and hence the voltage required to split
the droplet can be determined from (4.33). Recently, Song et al. [99] have presented

a more detailed criterion for droplet splitting, based on the critical capillary number

for droplet break-up, Cacrit � 10�3 . In practice, the voltage required to split a

droplet can also be determined by CFD (computational fluid dynamics) simulations.
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As an example, Fig. 4.11 shows the results of a simulation using the commercial

CFD software tool, CFD-ACE+ [133]. The simulations allow the determination of

the minimum actuation voltage for droplet splitting.

The merging of droplets in EWOD systems is an important handling operation

since it enables the dilution of samples/reagents. For example, merging a sample

droplet of concentration, C, with a buffer droplet of equal volume results in a

droplet of twice the volume but with a concentration of C/2. Splitting this droplet

then yields two droplets of concentration, C/2. By repeating this process of merging

and then splitting the diluted droplets yields an exponential dilution of 2N after

N steps. Fortunately, the merging of droplets is relatively straightforward in EWOD

systems and simply involves displacing the two droplets using electrowetting

onto a common electrode. For applications involving aqueous liquids, the droplets

generally coalesce very quickly due to the relatively high surface tension of water.

However, the speed of coalescence is found to be reduced at higher Ohnesorge

numbers.

One of the most challenging aspects when merging droplets is to ensure that the

combined droplet is adequately mixed afterwards. This is especially important

if the merging operation is part of a dilution assay. Droplet mixing is best performed

in open EWOD systems since the presence of the confining plate in covered

EWOD devices tends to suppress the natural droplet oscillations during the

Fig. 4.11 Simulation of droplet splitting in a covered EWOD system using the commercial

computational fluid dynamics (CFD) solver, CFD-ACE+ [133]. The images show the maximum

elongation of the droplet as a function of applied voltage: (a) 50 V, (b) 55 V, (c) 60 V, (d) 65 V.

Below a critical threshold voltage, the droplet fails to split
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coalescence stage, thereby slowing the mixing processes [134]. The relatively poor

mixing behaviour in covered EWOD systems is demonstrated in Fig. 4.12

which shows an experimental visualisation of the mixing following two identical

droplet merging operations using an open and a covered EWOD system. Paik et al.

[103, 104] have investigated a number of strategies to overcome the lack of mixing

in covered EWOD systems. One possible remedy is to ‘shuttle’ the merged droplet

backwards and forwards several times along a row of electrodes; the repeated

changes in direction tend to increase the level of mixing inside the droplet.

Alternatively, successive merging and splitting of the same droplet is also found

to aid the mixing process. Another mixing strategy that is sometimes favoured

is to transport the droplet in a looped motion, around a 2 � 2 or 2 � 4 array

of electrodes, to promote a simultaneous stretching and folding motion in the

liquid [104].

The success of any dilution study using repeated merging and splitting depends

crucially on the reproducibility of the droplet volumes. The conventional ‘three

electrode splitting procedure’, as described by Cho et al. [74], can lead to relatively

large errors in the volumes of the individual droplets [14]. This in turn leads to

significant errors in the accuracy of the dilution assay. To enhance the uniformity of

the droplet splitting procedure, Ren [135] developed a novel electrode design which

automatically aligns the droplet at the centre of the electrode. The design replaces

Fig. 4.12 Comparison of the mixing behaviour of two identically-sized droplets in an open

EWOD system (a) and a covered EWOD system (b). Reproduced from Cooney et al. [134] with

kind permission of Springer Science and Business Media
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the single central electrode by three specially-shaped electrodes [14] that help

guide the droplet into the correct symmetrical position. After droplet alignment,

conventional side electrodes are then activated to complete the splitting process.

4.4.4 Droplet Dispensing

Droplet dispensing or droplet creation is the process of dividing a larger volume of

liquid into smaller droplets that are suitable for manipulation within the EWOD

system. As pointed out by Fair [14], droplet dispensing is one of the most crucial

procedures in EWOD applications because it represents the interface from the

macroscopic outside world to the microfluidic world within the chip. A typical

droplet dispensing procedure is illustrated in Fig. 4.13 and is usually composed of

three individual steps. Initially, the liquid is extruded from the reservoir by

activating a number of electrodes to create a hydrophilic region that draws fluid

out of the reservoir (see Fig. 4.13a, b). The extrusion of liquid is assisted by

switching off the electrode(s) under the reservoir, creating a hydrophobic region

Fig. 4.13 Visualisation of droplet dispensing from a reservoir. The time-lapse sequence shows

fluid being drawn out of the reservoir by activating the control electrodes immediately adjacent to

the reservoir (a, b), the deactivation of the voltage on the ‘cutting’ electrode (c) and the ‘back-

pumping’ stage (d). Reproduced from Berthier et al. [69] with kind permission from Elsevier
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that tends to push fluid out of the reservoir. Once the extruded ‘finger’ of liquid has

reached the electrode where the droplet is to be created, the voltage is deactivated

on the ‘cutting’ electrode, causing a pinching effect as illustrated in Fig. 4.13c.

In some applications, this pinching step is sufficient to create the droplet. However,

a ‘back-pumping’ stage [62, 69] is sometimes used to assist the droplet formation

process; this consists of reactivating the control electrode(s) under the reservoir to

create either a hydrophilic (yEW<90�) or a neutral (90�<yEW<95�) contact angle.
This reduces the pressure within the liquid which enhances the pinching effect,

causing the droplet to detach from the main body of liquid. A detailed mathematical

analysis of the criterion required for droplet detachment has been presented by

Fair [14] and Song et al. [99]. Alternatively, the voltage required to draw liquid out

of the reservoir and the voltage required for the back-pumping stage can be

determined from CFD simulations. As an example, Fig. 4.14 shows the results of

a numerical simulation using CFD-ACE+ [133] for determining the contact angle

(and hence the required voltage) in the reservoir during the back-pumping stage.

Experimental evidence and numerical simulations show that the magnitude of the

surface tension, slv, has very little effect on the droplet dispensing process [62, 69].
Instead, the main factor affecting the successful creation of droplets is the aspect

ratio of the electrode size to plate separation distance, e=h . Droplet dispensing
becomes easier as the value of e=h increases and it has been found that droplets

can be created using a single cutting electrode when the ratio is larger than

about six [14]. In some applications, the dispensing process can be assisted by

incorporating a plastic wall to separate the reservoir from the main part of the

fluidic chip [62, 69], as shown in Fig. 4.13.

EWOD microfluidic chips generally have a minimum of three reservoirs; one

containing the sample, one for the reagent and the third for collecting the waste

droplets once they have been analysed. In some applications, additional reservoirs

Fig. 4.14 Simulation of droplet dispensing from a reservoir using the commercial CFD solver,

CFD-ACE+ [133]. The image shows the ‘back-pumping’ stage when the control electrode under

the reservoir has been reactivated to reduce the pressure in the droplet in order to aid the cutting

process
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are needed to store a range of calibration solutions. An example of the layout of

reservoirs on a typical EWOD system is shown in Fig. 4.15. One of the critical

parameters affecting the overall reliability of EWOD systems is the shape of the

electrode under the reservoir. This is important because the volume of liquid in the

reservoir progressively decreases each time a droplet is dispensed. It is essential to

ensure that the droplet in the reservoir is always in contact with the first working

electrode along the dispensing track, otherwise the droplet creation mechanism will

fail. One of the most popular designs for the reservoir electrode involves a tapered

shape, as shown in Fig. 4.15. The tapered geometry is able to guide the droplet

automatically into the correct position at the start of the dispensing track. In other

applications, star-shaped electrodes have been found to be particularly effective at

centralising the reservoir droplet at a predetermined location on the chip [69].

Section 4.4 has reviewed the fundamental EWOD droplet handling operations

that are used in digital microfluidic systems. The final section of this chapter

discusses how these individual operations can be integrated together to enable

complex biological and chemical assays to be performed.

4.5 Chemical and Biological Applications of EWOD

One of the most common application areas for digital EWOD-based microfluidics

is determining the concentration of target analytes in multiplexed assays, where

multiple analytes are detected in a single sample. The fluidic steps usually involve

Fig. 4.15 An example of an EWOD multiplexed assay chip developed by Srinivasan [65] which

contains one sample reservoir, one waste reservoir and three reagent reservoirs. Reproduced from

Fair [14] with kind permission of Springer Science and Business Media
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the following operations: (1) loading of the sample and reagents into the reservoirs,

(2) dispensing droplets of the sample and reagent, (3) transport of the droplets to

other parts of the chip, (4) mixing the sample and reagent droplets together, and (5)

detection of the reaction products, either in-situ or remotely. In some applications,

sample dilution, sample purification and particle separation may also be required.

In most EWOD systems, the droplets containing the sample and the reagents, by

necessity, have to be transported along the same fluidic tracks and consequently,

there is potential for cross-contamination of the droplets. Experience has shown

that non-biological electrolytes can be transported relatively easily, in both air and

silicone oil, without cross-contamination being a major issue. However, the trans-

port of droplets containing proteins, enzymes or human physiological fluids is

more problematic due to the fact that biomolecules can sometimes bind nonspecifi-

cally to the hydrophobic layer, thus contaminating the surface of the chip. To avoid

bio-fouling, silicone oil is normally used to isolate the droplet from the surface of

the chip. In addition, proteins such as bovine serum albumin or casein are some-

times added to biological samples to reduce the level of nonspecific binding [62]

while biocompatible surfactants such as Pluronic F127 can also be used to the limit

the extent of protein adsorption [71]. Furthermore, experience suggests that the

voltages required to perform the fundamental EWOD droplet handling operations

are generally higher when the droplets contain biological macromolecules,

proteins, cells or whole blood [62]. Despite these difficulties, a wide range of

EWOD-based technologies have been developed. This section attempts to highlight

some of the possible application areas in chemistry and biology.

4.5.1 EWOD-Based Glucose Assay

One of the first successful EWOD-based lab-on-a-chip devices for performing

multiplexed assays was developed by Srinivasan et al. [105, 106] for determining

the concentration of glucose in human physiological fluids. The device has already

been illustrated in Fig. 4.7 of Sect. 4.3, and is based on a colorimetric enzyme-

kinetic method based on Trinder’s reaction [136]. The microfluidic device consists

of fluid injection ports, reservoirs for the sample and reagents, fluidic tracks for

droplet transport, an area for droplet mixing, and optical detection sites which use

light-emitting-diodes (LEDs) and photodiodes to measure the absorbance of the

sample. The glucose assay is performed as follows: droplets of the sample and

reagent are dispensed from the appropriate reservoirs and then merged and mixed

by shuttling the combined droplet across three electrodes for 15 s at a frequency of

8 Hz. After mixing, the droplet is then transported to the detection site where a

photodiode measures the absorbance of the droplet at a wavelength of 545 nm for

30 s. The device is thus able to measure the concentration of glucose in less than

60 s and repeated measurements on the same sample concentration reveals changes

in the measured concentration of less than 2%, indicating minimal variation in the
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volumes of the droplets. Cross-contamination was avoided by filling the chip

with silicone oil which effectively isolates the droplets from the Teflon AF hydro-

phobic layer.

4.5.2 EWOD-Based TNT Assay

Pamula et al. [137] have demonstrated the use of EWOD-based microfluidics for

detecting nitroaromatic compounds such as commercial-grade 2,4,6-trinitrotoluene

(TNT) or 2,4-dinitrotoluene (DNT). The most widely-accepted solvents for

performing TNT analyses include acetone, acetonitrile or methanol. Unfortunately,

none of these solvents are compatible with oil-based EWOD systems since they are

miscible with silicone oil. To overcome this difficulty, Pamula et al. used dimethyl

sulfoxide (DMSO) as the solvent since this dissolves nitroaromatic compounds

whilst being immiscible with silicone oil. The basis of the assay involves reacting

TNT or DNT with potassium hydroxide (KOH) to form coloured Jackson-

Meisenheimer complexes [138] which can easily be detected on the chip using

optical measurements in the UV and visible parts of the spectrum. Since the

coloured complexes formed by reacting TNT and DNT with KOH are mutually

independent, the assay is able to measure the concentration of TNT in the presence

of DNT. The microfluidic chip developed by Pamula et al. was found to be capable

of detecting TNT concentrations down to approximately 2.6 mg/mL.

4.5.3 EWOD-Based PCR Systems

The feasibility of EWOD-based polymerase chain reaction (PCR) devices was first

demonstrated by Pollack et al. [139] for single-nucleotide polymorphisms (SNPs)

and by Chang et al. [140] for a detection gene for the Dengue II virus. PCR involves

the exponential amplification of fragments of DNA using a thermal cycling proce-

dure which theoretically doubles the DNA concentration each cycle. At present,

PCR is normally performed in large thermocycler systems that heat and cool 96-,

384- or 1536-well assay plates between three predetermined temperatures that are

associated with the denaturation, annealing and extension phases of the DNA

amplification process. One of the key advantages of being able to perform PCR

in digital microfluidic systems is the ability to reduce the volume (and thereby cost)

of the reagents and also to reduce the time taken to perform the thermal cycling due

to the smaller thermal mass.

Pollack et al. [139] showed that the electrowetting actuation mechanism does not

affect the PCR amplification process, thus demonstrating that EWOD can be used

in PCR applications. In addition, they found that the higher ambient temperatures

associated with PCR amplification tended to reduce the threshold voltage for

droplet movement, enabling faster droplet transport. To date, most PCR-EWOD
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systems apply the thermal cycling to the entire chip, allowing heating and cooling

rates of between 1 and 2�C/s. However, alternative designs of EWOD chip

are currently being investigated where the thermal regulation is performed on

the chip itself to provide faster cycling times [62, 140]. One option is to use

stationary droplets above a zone which is repeatedly heated and cooled while the

other possibility is to transport the droplets between regions having different

temperatures. A particularly promising technology for temperature regulation on

EWOD chips is the use of mini-Peltier devices to cool (or heat) specific regions of

the chip. However, there are a number of difficulties associated with PCR-EWOD

systems. Firstly, the relatively high temperature of the denaturation stage (95�C)
can lead to the formation of bubbles which disrupt the droplet transport mechanism

and can also damage the dielectric layer. Rigorous de-gassing protocols are there-

fore essential in order to avoid problems with bubble formation. Evaporation is

also a major issue at high temperatures and therefore it is essential that the droplets

are surrounded by silicone oil. However, the main concern regarding EWOD-based

PCR systems is the possibility of cross-contamination of DNA from one individual

droplet to the next. Although cross-contamination can occur via the silicone oil,

it is more likely to be caused by adsorption/desorption of the DNA on the hydro-

phobic layer of the chip. Pollack et al. [139] conducted experiments to ascertain

the level of cross-contamination in a PCR-EWOD system, by repeatedly tran-

sporting DNA-containing and DNA-free droplets across a common electrode.

After transporting the droplets for 45 min (and 75 thermal cycles), during which

there were 15,000 separate opportunities for cross-contamination, little evidence

was found for the transfer of DNA into the DNA-free droplets. Nevertheless,

there are still some concerns regarding the problem of adsorption of DNA on to

the surface of the chip, especially if the EWOD-chip is to be reused several times

for different PCR assays.

4.5.4 EWOD-Based DNA Sequencing

Recent advances in digital microfluidics have opened up the possibility of

performing DNA sequencing by synthesis. Figure 4.16 shows a prototype

EWOD-based digital microfluidic device for DNA pyrosequencing that has been

developed by Advanced Liquid Logic [14]. ‘Sequencing-by-synthesis’ involves

taking the DNA strand of interest and synthesising its complementary strand

enzymatically, one base pair at a time. The pyrosequencing method is based on

detecting the activity of DNA polymerase (a DNA synthesising enzyme) using a

chemiluminescent enzyme (luciferase). The assay is carried out by sequentially

adding solutions of the four nucleotide bases—adenine (A), thymine (T), cytosine

(C) and guanine (G) to the DNA sample of interest and detecting (by chemilumi-

nescence) which of the nucleotides is added at each stage; this then allows the

sequence of the unknown strand of DNA to be determined.
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The operating sequence for the EWOD-based pyrosequencing chip involves

dispensing a droplet containing one of the nucleotides (A, T, C or G) and transporting

it to the site labelled ‘S’ containing the immobilised single-stranded DNA. The

droplet is allowed to incubate at the site to allow time for polymerisation to take

place, and is then transported away from the site and allowed to react with a droplet

containing the chemiluminescent enzyme. After mixing, the combined droplet is

transported to an optical sensor that detects chemiluminescent activity in the droplet.

The system has no limitations on the number of bases than can be read since the

synthesis and optical detection are physically separated on different parts of the chip.

However, one of the practical difficulties appears to be the on-chip immobilisation of

the DNA strand since the movement of the droplets over the site can cause the DNA

molecules to be dislodged after many droplet operations. Nevertheless, the prototype

EWOD-based pyrosequencing chip developed by Advanced Liquid Logic graphically
demonstrates the power of digital microfluidic systems.

4.6 Future Trends and Concluding Remarks

Droplet handling technologies based on electrowetting have the potential to

revolutionise many areas of analytical science by providing new functionalities

and paradigms that are not possible in conventional laboratory procedures.

Fig. 4.16 Prototype DNA pyrosequencing chip developed by Advanced Liquid Logic. The chip

contains reservoirs for dispensing solutions of A, T, C and G nucleotides and also a reservoir for

the chemiluminescent enzyme (luciferase). The DNA is immobilised at location ‘S’. Reproduced

from Fair [14] with kind permission of Springer Science and Business Media
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The recent developments in EWOD-based microfluidics have demonstrated that

complex biological and chemical assays, including DNA and protein analyses,

can be performed in digital microfluidic systems. EWOD-based microfluidic

technologies are still very much in their infancy. However, the growing literature

on EWOD droplet manipulation suggests that the technique will become an

important technology in the development of the next generation of microfluidic

devices.

Initial results have demonstrated that the use of digital microfluidics provides

all the usual benefits associated with miniaturisation including smaller sample

requirements, reduced reagent consumption, decreased analysis time, lower power

consumption, lower costs per assay and higher levels of throughput and automation.

However, the introduction of fully-controllable ‘digital’ microfluidic systems where

the samples and reagents are manipulated using a standard set of droplet handling

operations takes the technology beyond that which can be achieved using continuous

flow microfluidics. The elegance of digital (droplet-based) microfluidics originates

in the fact that the reactions or assays can be performed sequentially rather than as

a continuous reaction, enabling complex chemical and biological protocols to be

performed on a relatively simple microfluidic chip.

Undoubtedly, one of the factors that would make the use of electrowetting

more attractive is further miniaturisation of the technology. The reduction in the

volume of the droplets by scaling the control electrodes from the current dimensions

(typically hundreds of microns) down to tens of microns, and the associated increase

in the electrowetting switching speed will bring enormous benefits to EWOD-based

applications. For example, miniaturisation of the technology would enable massively

parallel DNA sequencing to be to be carried out, which would make sequencing a

one million base-pair long genome feasible on a single microfluidic chip. Without

doubt, further miniaturisation will be enormously challenging, not only due to the

limitations and difficulties in device fabrication, but also due to fundamental issues

associated with the fluid mechanics of micron-sized droplets. However, overcoming

these challenges will enable EWOD-based digital microfluidic systems to play a

major role in the next generation of microdroplet technologies.
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Chapter 5

Automated Droplet Microfluidic Chips

for Biochemical Assays

Tomasz S. Kaminski, Krzysztof Churski, and Piotr Garstecki

5.1 Automation of Droplet Microfluidics:

Opportunities and Challenges

After 20 years of research on microfluidic systems a vast expertise is available on

automation of single phase flows through the use of mechanical actuation [1, 2] or

through the use of electrokinetic effects [3, 4]. These systems are perfectly suited

for a range of applications but are inherently inefficient in handling massively large

numbers of processes due to correspondingly large number of input/output controls

that at best scales logarithmically in the number of processes.

On the other hand, conducting reactions in thousands micro droplets embodies

many of the acclaimed promises of microfluidics—ultra-miniaturization, speed,

rapid mixing, and extensive control of physical conditions. Demonstrations of

incubation of bacteria [5], in vitro translation [6, 7] and directed evolution [8, 9]

confirm that these techniques can reduce the cost and time of existing processes

by orders of magnitude. The critical opportunities and challenges in applications

of the droplet microfluidic systems in biochemistry are in automation of these

systems. Here we discuss the technical state of the art in building modules for

automation of droplet microfluidic systems and the use of automated droplet chips

in biochemistry.

Building on the original fabrication techniques and demand for portable analyti-

cal systems for defense [10], the science of controlling flow in microchannels

progressed from the pressure driven [11] and electrokinetic [3] flow, onto more

complicated configurations. There are a number of different schemes of driving the

fluids through microchannels. The first demonstration [3] employed electrophoretic

separation on chip. Electrokinetic systems that utilize both electrosmosis and
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electrophoresis to drive and separate the liquids and analytes are now among

the more important classes of systems. Interesting modifications include the use

of centrifugal force, mostly in systems designed for analytics purposes [12]. Other

schemes are increasingly researched, as, e.g., recent advances in the use of

patterned strips of paper to execute complicated assays with the flow forced solely

by capillary forces [13]. The techniques of microfluidics and their use have been

extensively reviewed, see, e.g., [14, 15].

A completely separate class of systems encompasses multiphase flows in which

two (or more) immiscible liquids are driven through microchannels, and one (or

more) of them is controllably dispersed in droplets. Droplet microfluidics started off

in 2001 [16] progressively building fundamental understanding of the dynamics of

formation and transport of droplets and the use of these as micro-reaction beakers.

The techniques of formation of ultra small droplets (pL to mL in volume) at high

rates (up to several kHz) opened up the possibility of conducting chemical and

biochemical reactions inside droplets. The droplet microfluidic systems excel

[17, 18] in many of the most important advantages of microfluidics: (1) ultra

small volumes of reactions, (2) perfect control of reaction conditions (including

temperature, rate of mixing, exposure to stimuli, titrations, kinetics), and (3)

phenomenal statistics through the ease, speed, and low cost of running multiple

repetitions of the same miniaturized experiments. These characteristics prompted

a myriad of academic demonstrations of reactions in droplets, as diverse as,

e.g., synthesis of monodisperse nanoparticles, [19, 20] crystallization of proteins

[21–24] or incubation and detection of bacteria [25]. Important recent

developments include performing directed evolution of enzymes [9] or screening

of the activity of hormones [26] done at rates that are by far superior with respect to

traditional apparatus and with a greatly smaller consumption of reagents.

Advantages of conducting reactions within microdroplets and opportunity in auto-

mation prompt for further research that needs to be directed towards applications.

Still, the vision of applications of droplet microfluidic chips to perform a

wide range of reactions is still outstanding. In order for the droplet microfluidic

systems to realize their true potential to perform multiplexed reactions at high

throughput, they need to be able to realize arbitrary, programmed, protocols

for aspiration of samples, preparation of a range of compositions of reaction (or

incubation) mixtures, sort the droplets, and recycle them on chip to avoid off-chip

manipulations. All these operations require interfacing the chips with computer

control. The use of constant rate of flow (or pressure) inputs enable only formation

of thousands (or millions) of identical droplets. Programmable syringe pumps

allow to scan the concentrations of a set of reagents inside the droplets but at

rates that are much slower than the generation of droplets [21]. There are already

a number of demonstrations of modules for automation of generation and traffick-

ing of droplets, and we review them below. An interested reader should also

consult other chapters in this book for a review of, e.g., the very attractive

digital-microfluidic systems in which droplets travel on plates rather than in

channels and are guided with the use of gradients of temperature [27] or gradients

of intensity of electric field [28].
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Here we review the recent advances in building modules for automation of

handling of droplets in microfluidic channels. These include the modules for

generation of droplets on demand, aspiration of samples onto chips, splitting and

merging of droplets, incubation of the content of the drops, and sorting. There are a

number of demonstrations of each of these operations and many (e.g., sorting [29])

are already well developed. As the whole field of microfluidics experiences a

significant shift of interest from fundamental aspects to applications, we also review

the existing demonstrations of use of automated droplet systems in biochemistry,

diagnostics, and handling of living cells in microdroplets.

5.2 Modules

5.2.1 Formation of Droplets

The most important module in any droplet microfluidic system is the one for

formation of droplets. Generation of monodisperse segments of liquids with the

use of either constant pressure applied to the inlets of the device or with constant

rates of flow of the liquids is relatively well studied. The common microfluidic

geometries used for formation of droplets include the T-junction introduced by

Thorsen et al., [16] and a flow-focusing junction introduced first in an axisymmetric

version by Ganan-Calvo [30] and in the planar format that is relevant to lab on chip

systems by Anna et al. [31] The mechanisms of formation of drops in the T-junction

[32–35] and in the flow-focusing geometry [36–39] are qualitatively similar. At low

values of capillary numbers (Ca < 10�2), which are typical to use of these systems,

generation of droplets is dominated by interfacial effects. The tip of the fluid-to-be-

dispersed obstructs the cross section of the junction or orifice which leads to an

effective blocking of the flow of the continuous liquid and to an increase of pressure

upstream of this tip. The elevated pressure squeezes the neck between the inlet

stream of the fluid-to-be-dispersed and the growing droplet at a rate that is propor-

tional to the rate of flow of the continuous phase. [36] Within this regime the

volume of the bubbles or droplets is a function solely of the ratio of the rates of flow

of the two immiscible phases. [32, 36] At higher rates of flow the shear stresses

exerted by the continuous fluid on the growing droplet introduce additional effects.

This introduces a dependence of the volume of the generated droplets on the value

of the capillary number. [34, 35] These mechanisms allow for formation of mono-

disperse droplets at rates up to several kHz. However, because fluids are supplied at

constant rates of flow these systems do not provide for control of the volume of each

individual droplet. Such control can be realized only within active (on-demand)

systems that are controlled with a preprogrammed electronics.

Any active system for formation of droplets on demand must use a module for

controlling the flow of at least one of the two immiscible liquids. Most of the

research on development of droplet on demand systems concentrated on
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construction of microvalves integrated with the chips. Several different strategies

can be applied, and these include the use of thermocapillary, electrokinetic and

acoustic effects and mechanical valving. Below we review the recent advances in

formation of droplets on demand. We want to underline that by formation of

droplets on demand we understand techniques for formation of droplets at an

individually (i.e., independently for each droplet) prescribed time of emission and

of an individually prescribed volume. The vast literature on modulating the fre-

quency and volume of continuously produced droplets with the use of external

fields does not fall into this category.

Formation of droplets at microscale allows for use of the interfacial tension to

create a mechanism for blocking the flow of the liquid-to-be-dispersed. Prakash

and Gershenfeld [40] constructed a system that used the thermo-capillary effect.

The inlet channel for the discontinuous phase had a gradual narrowing immediately

upstream of the flow-focusing junction. This narrowing induced an increasing

curvature of the tip of the liquid-to-be-dispersed and the Laplace pressure blocked

the flow. A thin film heater positioned underneath the converging nozzle served to

increase the temperature and lower the interfacial tension to allow the stream of gas

to enter the junction to create a single bubble. A similar concept was used by

Attinger and colleagues [41]: a piezoelectric element increased the pressure in a

reservoir of the liquid-to-be-dispersed and forced the tip of this phase into the flow

focusing junction. This system generated uniform droplets of average volume of

single nano-liters at few Hz. Bransky et al. [42] reported slightly faster generation

of droplets in a similar system that had the piezoelectric actuator integrated in the

polydimethylsiloxane (PDMS) device. The systems using the Laplace blockade to

control the flow of the droplet phase are limited in the range of pressures that can be

applied to the discontinuous phase as it cannot surpass the Laplace pressure (of the

order of ~10 mbar).

Electrokinetic effects can be effectively used to form droplets on demand.

Most common demonstrations of the use of electric field to generate droplets use

dielectrophoresis and electrowetting. Jones et al. [43] reported a configuration of

two parallel electrodes with a source of the liquid to be dispersed positioned

between them. Application of pulses of alternating electric field dragged the

dispersed phase into the space between the electrodes and allowed for formation

of droplets [44]. Quite well developed are also the techniques within the digital

microfluidics platform which use electrowetting to form single droplets. In these

systems the dispersed phase is fed from reservoirs positioned at the edges of planar

arrays of electrodes [45]. Application of current between selected electrodes drags

the liquid to the regions of higher intensity of the electric field. The major drawback

of this technique lies in typically extended times of generation of droplets and in

incompatibility with the idea of massively high-throughput screening (operations

on tens of thousands of droplets).

Conceptually most straightforward is the use of mechanical valves. These can be

either integrated with the chips (microvalves) or external to the chip, providing for

modularity. The most popular microfluidic microvalve was introduced by Quake

and colleagues [1]. The valve is fully fabricated in PDMS—an elastic polymer and
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comprises two perpendicular channels (a flow channel and a control channel)

separated by a thin PDMS membrane. Application of high pressure to the control

channel deflects the membrane and closes the cross section of the flow channel.

This technique is widely used in microfluidics both in academia and in

commercial applications (e.g., Fluidigm). Zeng et al. [46] reported the use of the

multilayer PDMS microvalves for generation of sequences of droplets on demand.

The droplets were drawn from four reservoirs containing different aqueous

solutions. Galas et al. [47] situated the valve on top of the chip at the inlet port

for the liquid to be dispersed. This solution simplifies fabrication of the chip.

Hulme et al. [48] instead of controlling the valve with pressure of gas, constructed

a system in which an electromagnetic actuator was situated directly over the PDMS

membrane. Motion of the actuator opened and closed the microvalve. The main

disadvantage of all these solutions dwells in the use of PDMS which is not

compatible with a wide range of organic substances that induce swelling of this

material [49].

An alternative is to use elastic membranes integrated into systems of channels

fabricated in stiff materials, such as glass or stiff polymers. Grover et al. [2]

described a microvalve that comprised two microstructured plates of glass

separated with a PDMS membrane. The advantage of this design is that the

membrane can be formed of a range of materials. Churski et al. [50] constructed

a pneumatic microvalve in which the elastic (nitrile) membrane was stretched on a

microfabricated chuck that could be simply pressed into microfluidic chip. This

microvalve, positioned on the microchannel that supplied the liquid-to-be-dis-

persed, allowed for formation of droplets on demand both in the T-junction and

flow-focusing systems, at rates up to 30 Hz.

The use of integrated microvalves is elegant but requires complicated

microfabrication. Integrated microvalves are always more expensive (or more

difficult to fabricate) than chips that posses solely the microchannels. Following

the idea of modularity of microfluidic systems, Churski et al. [51] presented the use

of standard electromagnetic valve that is external to the chip to control generation

of droplets in microscale. The valve was modified by insertion of a long steel

capillary at its outlet to minimize the dead volume. This allowed for on-demand

generation of droplets as small as 70 nL in volume. Churski et al. [51] used the

valves to control the flow of both of the immiscible phases. This in turn allowed

them to form droplets on demand within an arbitrarily large range of volumes—a

characteristic that is critical for implementation of the droplet on demand

techniques, for example, screening of compositions of reaction mixtures [51].

The advantages of using external valves for formation of droplets on demand

include (1) low cost of standard, reusable electromagnetic valves, (2) compatibility

of the technique with chips fabricated in virtually any material providing for

compatibility with different chemistries, (3) simple architecture of the chips

providing for their disposability and (4) very small an on-chip footprint of less

than 1 mm2. These features should make the techniques of formation droplets on

demand with the use of external valves particularly suitable for applications.

5 Automated Droplet Microfluidic Chips for Biochemical Assays 121



5.2.2 Preparation of Samples (Aspiration and Splitting)

One of the aims of microfluidic technology is to minimize the use of liquids and

the volume of sample that is required to perform the analyses. In conventional

microfluidics, although the volume of the actual reaction mixtures may be small, the

dead volume of the fluidic connections, syringes, etc., can add up to several milliliters.

Thus techniques for introduction of small volumes of samples onto the chips for their

further manipulation are constantly being developed. One common solution is to use a

tubing to first aspire small volumes of sample into a form of plugs and then to connect

this tubing to the chip and purge the samples through the microchannels. For example,

Adamson et al. [52] presented a system in which each plug of sample was separated

with a bubble to prevent mixing and crosscontamination. Such prepared sequences

of plugs were subsequently split into nL droplets on chip—in a microfluidic tree of

bifurcating microchannels. Splitting at bifurcations [53] can be precisely controlled

with pressure equalizing structures [54], that can be used to enforce either symmetric

[54] or asymmetric [55] splitting. Active methods of controlling the ratio of volumes

of daughter droplets can also be used. For example, Barouad used lasers tomanipulate

droplets at the junction [56]. Trivedi et al. [57] used flow-focusing to split large

droplets from a tubing-cartridge into a large number of microdroplets.

Ideally, aspiration of samples should be automated. Sung et al. [58] presented

an automated system in which the samples were drawn from test tubes. The chip

possessed an open, sharply pointed port that could be inserted (by a robot) into the

eppendorf tubes for aspiration of samples. Clausell-Tormos et al. [59] presented an

automated system to aspire samples from a 96-well plate. The system utilized a

multichannel valve, popular in chromatography. The samples were first aspired into

a tubing and then split into small droplets with the use of geometry proposed by

Adamson et al. [52].

Chen et al. [60] presented a very interesting device called “chemistrode” that

enabled aspiration of liquid from a cell culture directly into micro-droplets.

A modification of this system reported by Liu et al. [61] enables aspiration of

samples from small reservoirs of samples.

Finally, Churski et al. [50] demonstrated a system in which the sample could be

deposited on the chip in the form of small (tens of microliters in volume) droplets in

a prefabricated well. This sample was then aspired directly into the droplet

generating junctions to form droplets on demand.

5.2.3 Merging of Droplets

A very important aspect of droplet microfluidics is the stability of droplets against

coalescence. In some applications (e.g., storing of large libraries of random

mutations in pL droplets [9]) it is important to prevent coalescence. This can be

achieved by an appropriate choice of surfactant added to the emulsion. On the
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other hand, for preparation of reaction mixtures, coalescence (or merging) of

droplets is required to mix solutions from two (or more) different droplets.

There are a number of passive techniques that ensure merging of droplets. For

example Bremond et al. [62] demonstrated a coalescence chamber that syn-

chronizes two droplets and merges them. Similarly, Niu et al. [63] proposed a set

of micropillars to hold a droplet until the next one collides with it. After merging,

the droplet is large enough to be pushed out into a microchannel. Jin et al. [64] used

the difference in speed of translation of droplets of higher and lower viscosity to

synchronize and merge them.

In systems in which surfactant stabilizes droplets against coalescence, merging of

droplets needs to be stimulated by an application of external fields. A common

solution is to utilize the effect of electrocoalescence in alternating electric field [65].

Ahn et al. [66] proposed a system in which small droplets that did not fill the cross

section of the channel flowed slower than large plugs. This effect brought two

different droplets in contact and an application of electric field merged them. Simi-

larly, Churski et al. [51] generated droplets on demand in three parallel T-junctions

and merged them by applying alternating electric field across the chamber.

An alternative to application of oscillating electric field is to use electrophoretic

effects. Link et al. [67] charged droplets positively and negatively already upon

their formation. This approach proved to be efficient in subsequent synchronization

and merging of pairs of positively and negatively charged droplets.

5.2.4 Detection

Automated systems must provide means for detection of the content of the droplets.

Detection of the positions (presence at given spots on the chip) of droplets is also

critical for feedback and synchronization. The simplest method for detection of both

the presence and content (via colorimetry) of droplets is to use a CCD camera [68].

This system can distinguish the presence, size, and color of droplets. Interfacing the

chips with spectrophotometers can yield higher resolution and sensitivity of detec-

tion. Lau et al. [69] used Raman spectroscopy to analyze composition of droplets.

In high-throughput screening high rates of detection are needed. The custom built

detectors of fluorescence can read the signal from droplets at high rates (up to several

kHz) and can provide input to fast sorters of droplets [70]. Although optical detection

is the method of choice in most demonstrations, other approaches are also used, as,

e.g., detection of presence of droplets through a capacitive measurement [71].

5.2.5 Sorting

Sorting of droplets can be done in two conceptually and technically different

frameworks. One (passive) sorts droplets through a physical mechanism that
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distinguishes between varied properties of the droplets. In other words, the

given property (e.g., size) of the droplet is used in a physical mechanism of

sorting. In an alternative approach, sorting is done actively by application of an

external field or mechanical forcing. These active sorters require detection of

the presence and property of the droplets to trigger the state of the sorting

machinery.

Passive sorters fractionate a mixture of droplets of different properties such as

size or dielectrophoretic conductance in a continuous manner, always with the same

criterion. For example, Tan et al. [72] demonstrated a microfluidic chip in which

the geometry of the channel upstream of a bifurcation sorted droplets by size.

Griffits and colleagues [73] also used a clever geometrical design of the channel

that discriminated small droplets that traveled fast through the junction from large

droplets that were slower. Maenaka et al. [74] used a system in which a side channel

delivered additional continuous liquid to the main one. Small droplets flowing in

the main channel followed the streamlines of the continuous liquid and translated

closer to the wall of the main channel (opposite to the additional inlet). Large

droplets, because of their size could not translate across the channel and could be

effectively sorted out from the original mixture.

There are a number of strategies to realize active sorting. One is to use computer-

controlled valves to close or open additional streams of continuous liquid to

manipulate the trajectories of droplets. Shemesh et al. [68] demonstrated a system

in which a CCD camera detected the color of the droplets inflowing into a bifurca-

tion of channels. Using the signal from the camera a computer either opened or

closed an additional inflow of continuous phase into the bifurcation which allowed

the Authors to separate droplets by color into the left and right bifurcation. Another

strategy is to actively change the resistance of one of the channels downstream of a

bifurcation. Abate et al. [75] used a construct similar to the PDMS valve to actively

modify the cross section of the channel at bifurcation and steer the droplets.

Shirasaki et al. [76] used a thermo reversibly gelling polymer (TGP), which gels

in contact with IR light.

Other active methods of sorting include the use of lasers [56, 69, 77],

thermocapillary [78] and electrorheological [79] effects or acoustic waves [80]

but the most efficient droplet sorters are the ones that use externally applied electric

field. There are few different methods to use either electrophoretic or dielectro-

phoretic forces exerted on droplets. Niu et al. [71] proposed to charge the droplets

electrically, and then to sort them at a bifurcation by changing the polarization of

the electric field. Ahn et al. [81] reported a system, in which the electric field across

the bifurcation was constant, but the droplets were on-demand charged either

positively or negatively to be diverted to the desired channel. Baret et al. [82]

used a system in which one of the arms had a smaller hydraulic resistance and

without the application of electric field all droplets flew into this channel. When

desired the application of an alternating electric field pulled the droplets into the

second channel. The strategy that proved most useful in applications is the one

that uses dielectrophoretic force in a symmetrical bifurcation. In such a system

[9, 83] there are two active electrodes positioned on the sides of the bifurcation
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and one, central, ground electrode. Application of alternating current between one

of the side electrodes and the ground electrode sorts the droplets at rates in excess

of 1 kHz.

5.2.6 Incubation

Preparation of thousands of microdroplets each containing a predesigned chemical

content is one thing—another is their storage for incubation. Some reactions or

processes (e.g., growth of crystals) may need prolonged time for incubation.

Similarly, bacteria growing in droplets must be allowed time to grow to make it

possible to observe differences in viability between populations incubated in

different conditions. Thus, one of the problems that need clever solutions is

incubation of large numbers of droplets. In some assays, in which each droplet

contains a different and known chemical environment it is necessary that droplets

are incubated without the loss of information on the identity of each of them.

For very fast reaction [84] the situation is simple—preparation of droplets and

readout can be done within a few seconds of each other, all in situ within the chip.

For longer incubation intervals large numbers of droplets can be stored in delay

lines or wide reservoirs [85]. This solution, however, creates the problem of

dispersion of time of residence in the delay line: droplets in the central part of the

channel move faster than the droplets closer to the side walls of the channel. Frenz

et al. [86] proposed a constriction that reduces the dispersion of incubation time in

delay lines by stochastic redistribution. Another approach is the use of arrays of

thousands of “dropspots,” [87] i.e., chambers or hydrodynamic traps [88] for

droplets. These systems make it possible to observe the droplets in time and to

recover the drops after incubation. Bai et al. used a similar system to trap pairs of

chemically distinct droplets to study the transport of small molecules across

surfactant bilayers [89].

Still, for massive numbers of droplets, such as those used in, e.g., experiments on

directed evolution, the only way to incubate tens of thousands of droplets is to store

them off-chip in a tubing or syringe and to perform subsequent reinjection into chip

for subsequent manipulations [90].

5.3 Applications

The modules for automation of microfluidic handling of droplets are constantly

being developed. Progress on these techniques certainly requires further research.

Currently, only the module for sorting [9, 83] awaited implementation in what

seems a truly useful biochemical assay. Many techniques are promising, as, e.g., the

ability to form droplets of well defined and individually controlled composition

[51], yet many elementary automated protocols are yet to be realized, e.g., cycling
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of large numbers of droplets on chip, dilution of the content of droplets, repetitive

splitting and titrations, etc. We strongly believe that these modules will be devel-

oped in the near future and that they will lead to the development of useful tools for

studies in biochemistry. Below we review the existing demonstrations of working

droplet microfluidic systems and point to the problems that still need to be resolved.

5.3.1 High-Throughput Screening in Biochemistry

One of the first experiments that demonstrated the potential of droplet microfluidics

as a tool for studying biochemistry was done by the Ismagilov group [84]. This

work demonstrated that a droplet microfluidic system can be very useful for

measurements of the kinetics of enzymatic reactions. Advantages such as fast

mixing and lack of dispersion of time of residence of molecules undergoing

reaction provide a possibility for studying the kinetics with millisecond resolution.

The vision of industrial implementation of microfluidic systems into high-

throughput screening of drugs or inhibitors acting on enzymes and cells seemed

to be very close at that time.

Screening performed in microdroplets might be a very attractive alternative to

classical high-throughput screening. For economical reasons primary screens in

microtiter plates are usually performed with only one concentration of each com-

pound. This can cause a significant fraction of false positives and false negatives

[91]. The activity of particular compounds can strongly depend and locally change

of their concentration. Testing multiple concentrations of each compound in

standard microtiter plates is uneconomical even in the largest (1536-well) format.

Another problem that traditional screening experiences is evaporation, especially,

when the volume of individual reactions is decreased to single microliters [92].

Using droplet microfluidics can remedy both of these problems. It is possible to

obtain dose–response profiles that provide reliable information on the activity of the

tested compound. The volume of each reaction can be several orders of magnitude

lower, so one can perform hundreds of repetitions and the overall cost and time will

be still reduced with respect to traditional robotic stations. This point is very

important in assays on cells [26] or proteins that are difficult to obtain.

Still, there are open challenges that need to be addressed in order for droplet

microfluidic techniques to present a reliable and attractive alternative to traditional

robotic high-throughput screening. For example, the conceptually simple task of

interfacing the chip with libraries of chemicals remains an outstanding and difficult

problem. Second challenge is associated with construction of chips capable of

screening broad ranges of concentrations of every compound, e.g., for determina-

tion of characteristic parameters as IC50, EC50 or K. So far only few reports showed

this possibility [26, 59], but speed and simplicity of analysis are still not satisfactory

in comparison to existing screening methods. Possibly, new approaches such as

generating gradients by interfacing the chip with a chromatography column [93]
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and automated systems for screening based on generation of droplets on demand

[51, 94] will lead to new advances in this area.

One alternative to preparation of libraries on chip is to pregenerate stable

(against coalescence) libraries of droplets, with every element of the library

prepared independently. Then all subsets can be mixed together and driven through

the microfluidic system. The limiting step is in the production of droplet libraries

consisting of hundreds or thousands of different compounds. Still, once such

libraries are prepared they can be used in multiple experiments. In an example

reported by Brouzes et al. each type of elements of the library were coded by neutral

fluorescent dies with different excitation/emission spectra. This technique was used

to determine IC50 of drug mitomycin C acting on human cells [95]. In order to rate

the activity of a given compound in toxological screening additional dyes for the

live/dead assaying are needed [25, 95]. In another example Baret et al. [26] used

cell-based reporter gene assay to quantitatively determine dose-dependence rela-

tionship of nuclear receptor agonist—20-hydroxyecdysone, acting on a single

silkworm cell.

Droplet microfluidic systems promise advantages also in protein crystallization

screening. This subject was extensively examined by the Ismagilov group [21–24].

Automated microfluidics can be especially useful here, as in applications large

number of crystallization conditions must be tested: appropriate combination,

concentration of different precipitants, ions, surfactants, and other chemicals are

essential to obtain high-quality crystals.

The droplet microfluidic chips have an important potential also in a different

area that can be relevant industrially: directed evolution of enzymes. In vitro

compartmentalization in aqueous/oil emulsion invented by Tawfik and Griffiths

[96] turned out to be a breakthrough. Compartmentalization of single copies of

enzymes in microdroplets provide a vista for detectable linkage between phenotype

and genotype, similar to other, earlier strategies such as ribosome-, phage- or

yeast-displays. This creates immense possibilities in directed biochemical evolu-

tion. The use of microfluidic techniques for formation of monodisperse droplets

circumvents the problem in classical emulsion compartmentalization that uses

bulk emulsification and polydisperse droplets that bias the results. A range of

biochemical applications of the droplet systems are now possible. Several

researchers reported even in vitro translation in droplets; e.g., of a green fluorescent

protein [97, 98]. Mazutis et al. [90] coupled in vitro translation of an enzyme with

subsequent kinetic analysis. Two-phase microfluidic systems are also excellent

tools for performing retroviral display of enzymes—droplets provide additional

boundaries that confine fluorescent product to enable efficient selection [83]. All

these advances were accumulated in a method proposed by Agresti et al. [9]—

several aspects of this work make it a potential milestone in microfluidic research in

the past few years. Briefly, yeast display, two rounds of error-prone off-chip PCR,

and a very high-performance sorting resulted in a tenfold increase of catalytic

activity of a horseradish peroxidase. The report confirms the potential of

microfluidic techniques to reduce by several orders of magnitude the cost and

time of existing processes. This work exhibits also the current limitations of droplet
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microfluidics (1) significant labor needs to be performed off-chip (e.g., error-prone

PCR and transformation of DNA libraries into the yeast cells), (2) lack of ability to

test new mutant-enzymes in different chemical environments, and (3) sorting based

on fluorescence detection which is limited only to small subpopulation of enzymes.

We expect that in the coming years the automation of chips will progress to the

level that will enable all the steps of in vitro evolution to be performed on chip.

This will greatly speed up the processes and make them more practical.

5.3.2 Cell Assays

Droplet microfluidics opens new tools for quantitative studies of biology of cells

at the single-cell level. Many different types of organism and cells have been shown

to be cultivable in droplets, e.g., bacteria [99–101], yeast [87], mammalian cells

[95, 102], and other types of cells [26]. Cultivation and analysis in different

combinations of carrier fluids and surfactants is possible, but fluorinated oils

seem to be the best existing choice, mostly due to chemical neutrality and high-

oxygen permeability.

Studying single cells in very small volumes provide many advantages apart from

the obvious minimization of consumption of reagents. It is widely known that

response of single cell is often noise-dependent and bimodal (especially in simpler

organisms such as bacteria) [103]. Successful observation of gene expression in

single cells was done in tiny microfluidic chambers [104]. We believe that droplet

technologies will provide further advances in, e.g., attempts to evaluate physiolog-

ical and genetic features of complex and heterogeneous communities such as

cancer tissue or bacterial environmental samples [5]. Confining single cells in

tiny compartments can mimic high-density populations and allows for studies of

quorum sensing and signal processing among bacterial communities [25]. Tight

confinement facilitates also the detection of chemical signals produced by the

organism. This feature can be used, e.g., for faster detection of pathogens [101].

Cultivation of single cells in droplets presents also challenges. For example, the

rudimentary task of encapsulation single cells in every droplet is difficult. Division

of a suspension into droplets results in a Poisson distribution of number of cells in

compartments. Small concentrations of cells result in only a small fraction of

droplets containing single cells. Large concentrations results in many droplets

that contain multiple copies. This limits throughput and lowers the efficiency of

the assay in terms of usage of cells. To increase throughput Chabert and Viovy

[105] proposed to sort droplets and incubate only those containing cells. Edd et al.

proposed a different solution in which the cells were preorganized before encapsu-

lation so they entered the droplet generating junction at exactly the same frequency

at which droplets were formed [106].

Another problem, and one that has not yet been solved, is the control and rapid

screening of conditions of incubation—changing concentration of reagents such

as drug, inhibitors, source of nutrients, ions, hormones, and other stimuli, both
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between droplets, and within every droplet in time. The emerging solutions include,

e.g., the use of varied in time ratio of rates of flow of liquids forming the droplets

[21]. This solution, however, yields a narrow range of concentrations, is limited to

a small number of components that cannot be tuned independently. Introduction

of new techniques that can control composition of droplets is essential. We believe

that further improvements of automated techniques recently developed in our

group [51] may provide solutions to this problem. In a recent example we have

demonstrated [94] rapid screening of compositions of cocktails of antibiotics,

incubation, and readout of the viability of bacterial cells in an automated droplet

microfluidic system.

There are several reports on advanced biochemical assays in single cells

encapsulated in droplets. For example, in a pioneer work He et al. [102]

encapsulated mouse mast cells in droplets and subsequently preformed on chip

photolysis to release enzymes expressed inside the cell. Lysis is unnecessary when

enzyme is expressed in periplasm (space between outer and inner membrane in

bacteria). Huebner et al. [100] demonstrated overexpression of alkaline phospha-

tase in Escherichia coli cells with the enzymatic reaction taking place upon transfer

of the enzyme into periplasm. Shim et al. reported simultaneous measurement of

activity of expressed enzyme and fluorescent protein (mRFP1) serving as an

internal standard [107]. This normalization removed the variance introduced by

Poisson distribution of number of cells, unequal copy numbers of plasmid DNA, or

different global expression levels. Joensson et al. [108] showed an interesting

method for detecting antigens presented at low concentrations on the surface of

cells. After biotin-coupled antibody binding to target biomarker and subsequent

washing, complex of streptavidin conjugated with an enzyme (b-galactosidase) was
added. Next, cells were loaded into droplet and fused with droplets containing

fluorogenic substrate. This allowed for readout of fluorescence and for sorting.

These methods discriminated cells with very low abundance of cell-surface

biomarkers, a feature impossible with standard FACS, due to low fluorescence

intensity of labeled antibodies.

5.3.3 Polymerase Chain Reaction

Several unique features decided that Polymerase Chain Reaction is probably the

most successful application of droplet microfluidics. First, scaling down and com-

partmentalization enable isolation and amplification of single sequences. This has

obvious advantages such as lack of competition or other interactions between

replication processes of different amplicons yielding equal distribution of quantities

of PCR products. Droplet microfluidics seems to be an ideal platform for high-

throughput sequence enrichment for large scale sequencing [109].

Droplet PCR can be easily integrated within microfluidic devices.

For thermocycling the entire chip can be heated and cooled by Peltier plates and

amplification can be monitored in a real time with the use of fluorescent probes
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and an XY stage [110, 111]. The throughput and speed of PCR processes can

be improved by cycling the droplets between two or three sectors of different

temperatures [112, 113]. Besides PCR, other amplification strategies were

performed on a chip—e.g., isothermal amplification [114].

Another advantage of droplet microfluidics in conducting PCR is digitalization.

The droplet techniques make it straightforward to compartmentalize the samples

and primers into large numbers of partitions. Single partitions must consist zero

or one molecule of DNA. After amplification, it is sufficient to count the

compartments that contain amplified products to estimate the original concentration

of nucleic acid. This technique—called digital PCR—was first described already in

1992 by Sykes et al. [115] but in spite of many advantages over classical quantita-

tive PCR it awaited technical possibilities for compartmentalization and handling

of large numbers of independent PCR processes. Droplet microfluidics provides

perfect tools for these tasks: it is relatively easy to create very large numbers of

monodisperse droplets at high-throughput and to perform single molecule amplifi-

cation [112]. The only limitation is again associated with the Poisson’s distribution

of molecules of DNA in compartments. In order for the process to yield expected

resolution and sensitivity, the solution of sample needs to be adequately diluted.

Thus several off-chip dilution steps are required. Another challenge is

multiplexing—it can be realized by droplet libraries [109], or by probes labeled

with different fluorophores [116] but less expensive and less labor intensive

methods are definitely needed. We envision that further progress in automation of

droplet microfluidics will make it possible to perform multiplexed assays with all

the necessary steps done on-chip.

5.4 Conclusions

Microfluidic systems promise a revolution in a range of disciplines such as point-of-

care diagnostics and in-field analytics, bench-top apparatus for chemical and

biochemical analyses, new tools for research and high-end high throughput stations

for rapid screening in chemistry and biochemistry. These diverse applications

impose an important classification of the technical requirements. For example,

point-of-care diagnostics and in-field analyses require simplicity, portability,

robustness, and specialization. The most promising vistas in this area comprise

capillary-driven assays and electrokinetic chips. High-end, high-throughput

stations require superior performance that often comes at the cost of specialization

and smaller flexibility. Good examples of these include the commercialized appa-

ratus for sequencing or high-throughput analyses. Bench top microfluidic analyzers

require a combination of flexibility of protocols (programmability) and speed.

At the moment, it seems that it is exactly this niche where the automated droplet

microfluidic system will make the biggest impact in the coming years.

There are two major directions in using droplets as compartments for biochemi-

cal reactions. One takes advantage of compartmentalization itself. The sole ability
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to split the reaction volume into tens of thousands of small and identical

compartments makes it possible to perform polymerase chain reaction on single

copies of target oligonucleotide, as in the diagnostic digital PCR commercialized

by QuantaLife, or with a single pair of primers, as in the microfluidic machine

for high-throughput sequence enrichment commercialized by Raindance Tech-

nologies. Coupling of compartmentalization with efficient sorting enables

experiments on directed evolution.

The second, largely unexplored area of opportunities should take advantage

of handling individual droplets and performing a set of different reactions in a

predesigned manner (not, e.g., a set of reactions on a random library). Development

of efficient microfluidic modules for cycling, splitting, merging, titrations of

droplets, all done automatically on chip should enable construction of platforms

that will be able to compete with the conventional platforms such as microtiter

robotics.
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Chapter 6

The Dropletisation of Bio-Reactions

Ehsan Karimiani, Amelia Markey, and Philip Day

6.1 Molecular Cancer Diagnostics: Future Possibilities

with Current Technologies

Molecular diagnostics is a continually evolving scientific discipline, which is based

on the study of medical symptoms and conditions, and is applied in every aspect of

healthcare delivery [1] and is inextricably linked to prognosis and therapy. Increas-

ingly the output from molecular diagnostics testing is related to specific therapy,

and clinical medicine is being transformed by molecular pathology that will make

predictive and personalised medicine possible. To maximise impact, modern

molecular diagnostics is highly translational, sharing different aspects of clinical

practice with disciplines such as point of care instrumentation developments and

microfluidics, combined with biophysics and computational fluid dynamics [2].

Molecular techniques were developed for application in the clinic and research

settings, and clearly long predate the Human Genome Project. In the current phase

of post-genome research, synergy with molecular pathologic methods is being

applied to explicate the genetic basis of many diseases, and these innovations

have helped to develop the discipline of molecular diagnostics. In the longer

term, medical pathology is expected to increase molecular distinction to provide

high resolution classification of human cancers and the validation of predictive

biomarkers for the personalised susceptibility of patients with dissimilar genetic

clones [3]. Today, molecular diagnostics continues to improve in combination with

medical imaging. The diagnostic sector is beginning to produce new kits, lab-on-a-

chip integrated microfluidics, sensors and logic to provide more rapid genetic

analyses [4]. But does microfluidics only resemble a means of packaging pre-

existing bioassays?
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Clinical testing is moving towards performing point of care and personalised

medicine whilst molecular research endeavours to identify the genetic and pro-

teomic biomarkers of disease. Mutations responsible for cancers are being

discovered and routinely used in molecular diagnostic tests. An important goal of

current miniaturised instruments, certainly in part, is to provide the packaging to

facilitate present day methods so that clinicians have adequate information of the

disease to enable point of care and rapid (multi-parallel) diagnosis of individual

patients. So far, lab-on-a-chip advances have shed light on automated nucleic acid

preparation, real-time polymerase chain reaction (PCR) and DNA sequencing [5].

However, clinical molecular diagnostic centres using miniaturised chips are cur-

rently limited to the more popular tests with a higher clinical utility. This is an

understandably good starting point as investment and samples are available, and

the microfluidic device has a better likelihood of achieving a high impact and

commercial success. The case for developing microfluidics for point of care

testing while packaging diagnostics tests (which for us is often nucleic acid based

through the sensitivity offered by PCR) has been argued, however, there are other

important drivers to improve on current molecular diagnostic analysis. Miniaturi-

sation of bio-assays on the basis of cost saving is an insufficient rationale, and may

indeed be inaccurate as there often exist associated high cost implications. A far

higher impact value attributed to microfluidics is the partitioning of conventional

bioassays to improve the resolution of data generation [6]. While detection of

biomarkers is typically highly developed, the treatment of the raw clinical sample

prior to the bioassay is rarely afforded any close attention. Another feature of

many molecular analyses is their complexity and inability to offer high levels of

inter-assay reproducibility. This paradox (of high molecular characterisation

associated with poor reproducibility) can be addressed through ablating the highly

heterogeneous clinical sample to produce a situation whereby a single cell can

be analysed within a reaction. Such an approach will reveal the true molecular

profile underpinning heterogeneity. As a consequence the minimum number of cells

characterising a population will be revealed. A further and major benefit of this

approach is that the common denominator across all bioassays becomes the cell,

and the variables have units of molecules; numbers of molecules per cell. There-

fore, while the packaging of (diagnostic) bioassays provide critical environments to

perform analyses, a major role for microfluidics relates to the enhancement

of conventional analyses through analysis of populations of single cells. Two-

phase flow to produce aqueous droplets may provide the environment to generate

absolute quantitative data. Figure 6.1 shows the formation of droplets for

performing PCR and the Agilent traces produced to verify the occurrence of

genes specific amplification.

Large scale studies aimed at unravelling the underlying genetic basis of

complex (or network-based) diseases through statistical power gain is placing a

near exponential increment in sample analysis to generate sufficient data to

profile populations. The implementation of droplets has characteristics that are

able to fulfill the criteria required for an analysis system capable of handling

huge numbers of single cells, plus development of appropriate informatics
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tools (see Fig. 6.2). This chapter explores this association and probes if droplets will

also be able to deliver absolute and physiologically meaningful biomarker

quantification.

6.2 Lab-on-a-Chip and Single Cell Analysis

Cell division is a fundamental developmental event; however, studies have shown

that single cells can undergo an asymmetric cell division. Fluctuations in gene

expression at the single cell level could be a key for generating developmental

Fig. 6.1 (a) Shows the production of droplets for PCR. The droplets were produced by employing

an oil flow rate of 2.8 mL/min in conjunction with a water flow rate of 0.7 mL/min. PCR thermo-

cycling conditions comprised 30 s at 60 and 95�C. The volume of the droplet was 91 nL. (b) Shows

the Agilent Bioanalyser 2100 trace signifying the level of amplification seen from the original

91 � 103 molecules per droplet

6 The Dropletisation of Bio-Reactions 139



signals and therapeutic regimens [7]. Cells of a specific cell type can display a

distribution of activities and this relates to their ability to synergise and cooperate

within tissues in response to environmental cues. Current routine quantitative

methodologies analyse the average expression level for a population of cells but

disregard the variation between individual cells; current nucleic acid measurements

are almost entirely bulk analyses. Some published studies report that the level of

mRNA expression amongst individual cells is lognormal rather than symmetrically

distributed. For that reason the average expression in a cell population does not

represent the expression of a transcript in each cell within that population.

The average data will be strongly biased by a minority population of individual

active cells with a high level or indeed absence of a particular transcript [8].

Hence, it may not be valid to estimate values of gene expression studies at the

single-cell level from data derived from a population of cells. This is an important

reason why high-throughput means for single cell analysis are predicted to have a

substantial role in the future of molecular diagnostics. Consequently, there is a

fundamental need to improve molecular diagnostic techniques that can measure

the heterogeneity of single cells in cancers and perhaps microfluidic platforms

can assist. New developments have been made with a view to overcome the

Fig. 6.2 This figure is a flow diagram representation of how a clinical sample can be treated to

release its cellular content and permit analyses of numerous types of biological compounds to help

characterise (by network modelling) the types, activities and inter-relationships of cells. The risk

groups in turn will be associated with their own therapies
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challenges resulting from the analysis of the averages of a big population due to

the inspection of cellular heterogeneity within a population of malignant

cells [9]. In spite of the significant information that current methodologies provide

on large cellular populations, this approach often leads to missing the rare events

such as progenitor stem cells in cancers which can give rise to misleading inter-

pretation in clinical trials and in diagnostics such as minimal residual disease

investigations.

However, the present formulation of diagnostic testing, such as minimal residual

disease in leukaemia, while subject to problems associated with measurement that

compromises absolute sensitivity and quantification have been established and have

gained much credibility following empirical testing. Single cell analyses as permit-

ted by high-throughput droplets offer a distinct means to profiling cell based

populations. However, basing present day diagnostics on single cell molecular

signatures would be enshrined with incompatibilities, and an appropriate database

would need to be established to enable the new point of care diagnostic approach to

be evaluated and related to therapy [10].

Molecular techniques based on lab-on-a-chip know-how are gaining a foothold

as an integral component of research in single cell analysis in cancers and stem cells

[11]. Systems biology and systems bio-medicine are similarly addressing holistic

approaches to understand biological function, with emphasis on the production

and integration of quantitative markers for algorithm and model development, and

biomedical control and function, respectively. The development of single cell

studies at the proteomic and transcriptomic levels are starting to drive the advance

of new risk classifications and related therapies to solid cancers, haematological

malignancies and drug resistance clones.

6.2.1 Sample Handling

When considering all the virtues of microdroplet devices, both the capacity for

seamless extraction and lysis of cells as well as the ability to quantitatively analyse

biomarkers are key. Most other types of microfluidic handling use one of a finite

array of reactor wells, or possess a format not lending themselves to very high

throughput analysis, lack an ability to merge fluids, and chemistries are employed

that require partitioning of waste from analyte.

In recent times the most impact within the world of nucleic acid discovery and

analysis has been the capacity to sequence from single strands of DNA. This

development is highly significant, bringing rapid and routine nucleic acid sequenc-

ing for biomarker analysis. An enabling feature of this sequencing technology

(known as deep sequencing or next generation sequencing) is the fractionation of

a biological sample using the random formation of aqueous droplets in an oil–water

emulsion. While the procedure has been met with huge success, a problem of

the method relates to the indiscriminate sequencing of all nucleic acids,

including informative and uninformative, alike. A growing sector of deep
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sequencing relating to sample enrichment has evolved to tackle this important

issue. Droplet technologies could make an important impact in this sector whereby

droplets are precisely produced to carry pre-selected strands of DNA.

6.3 Role of Microfluidic Devices in Molecular Pathology

The PCR has singularly been the most developed chemical amplifier within the field

of miniaturisation, although a fully integrated micro total analysis system (m-TAS)
is far from in routine use. The PCR is one of the most practical molecular methods

to amplify informative nucleic acid fragments especially from rare samples and

single cells [12]. Stem cell and single cell research are gradually changing the

clinical practice of stem cell therapy and molecular oncology. As our understanding

of the physiological unit (molecules per cell) improves, more developments of

microfluidic technologies capable of routine quantitative measurement of individ-

ual cells from small tissue samples will be necessary for the success of clinical trials

and dynamic classification of patients into groups mostly benefited from

personalised drugs [13].

So far, microfluidic technologies have presented intrinsic achievements in

the detection of minimal samples, single cell analysis and precise control over

sample delivery at nanoscale volumes. Some microscale platforms are capable of

finding new applications for stem cell research, gene expression investigations [14]

and proteomics. Some other studies have proposed single cell analyses; including

the platforms that permit cultured single cells to interact and to initiate signalling

pathways [15]. While deep sequencing offers crucial data on the building

blocks of biological pathways, the technique is limited in terms of how it is applied

to gain insight into the components of single cells and the subsequent stochastic

behaviour that induces cellular heterogeneity. The noise in the quantification

of nucleic acids and proteins at the level of individual cells ranges from

noise induced from amplification signals to diversity of the biological mRNA

expression.

New developments in the study of the response of single cells to

therapeutic reagents, in relation to both cellular variability and the pathways

involved, may support the application of various quantitative techniques. Different

lab-on-a-chip platforms have been developed recently utilising droplet-based

technologies that are potentially capable of analysing the expression level within

single cells [16].

An increasing number of studies have utilised microfluidic platforms in order to

selectively analyse single cells. This reflects the popularity and potential of this

field. In future, modern molecular pathology will benefit from the high-throughput

capability of droplet technology especially when combined with a sensitive detec-

tion technique. The isolation of individual cells will allow the detection of rare cells

in a mixed population.
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6.4 Advantages of Droplet-Based Microfluidics

for Biological Assays

A wide variety of microfluidic design concepts have been implemented for the

treatment and analysis of biological samples. These designs fall into three broad

categories: well-based [17–19], single-phase continuous flow [20–24] and droplet-

based devices [25–30].Droplet-based designs possess several distinct advantages over

other designs for the handling of biological samples, most notably for the case of

single cell analysis (Fig. 6.3a). Both the advantages and disadvantages of each of these

design types, with respect to the handling of bio-reactions, are shown in Table 6.1.

Fig. 6.3 Demonstration of the advantages of integrated sample preparation and analysis.

(a) Demonstrates the conventional method of sample preparation whereby a sample is collected,

prepared and analysed in separate steps. (b) Demonstrates a single phase m-TAS format where

sample loss to the internal walls of the device and the resulting contamination of subsequent

samples still persists. (c) Shows a droplet-based m-TAS format where the sample is contained and

processed within a droplet eliminating sample loss and contamination

Table 6.1 Applicability of microfluidic designs to bioreactions

Device design

Features

High-

throughput

Small

volumes

Potential

sample loss

Potential sample

contamination

Isolate

single cells

Applicable

for mTAS

Well-based X 3 3 3 3 X

Single-phase

continuous

3 3 3 3 X X

Droplet-based 3 3 X X 3 3
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First, the throughput of droplet-based devices is superior to that of well-based

devices. Multiple wells would need to be manufactured in parallel in order to produce

a high-throughput, well-based design. This has implications for the size of the device

and has limited use over conventional 384- and 1536-well plates in terms of the

number of samples processed in a given time. Some commercial manufacturers (such

as Fluidigm) have increased the well density still further. However as both single-

phase and droplet-based systems are continuous flow, as opposed to static wells, a

much higher throughput can be achieved by allowing the sample to travel through the

device, and the assay throughput becomes a function of time (see www.raindance-

technologies.com) as opposed to the number of reactors available.

A limitation of both well-based and single-phase continuous flow designs is

that the sample is in constant contact with the walls of the device [31]. Adsorption

of the sample onto the walls of the device may not only hinder the analysis of

the sample but may also present a potential source of contamination if this device

is to be reused (Fig. 6.3b). Problems such as sample loss and contamination can

be prevented to some extent by treating the internal walls of the device with a

hydrophobic coating [24, 32–34]. However a more reliable prevention against

sample loss and contamination is to encapsulate the sample within an aqueous

droplet suspended in an immiscible oil carrier fluid (Fig. 6.3c). Optimised droplet

generation, along with the use of surfactants, will avoid any interaction between

neighbouring droplets whilst the immiscible oil carrier phase isolates the droplet

contents from interaction with the walls of the device. In this way each droplet

provides an isolated environment for a sub-micron scale bio-reaction.

Another feature of droplet-based microfluidic systems, which is particularly

advantageous to molecular diagnostics, is that the contents of each individual

droplet can be controlled with precise handling of the fluidics. This can be

optimised to allow the isolation of a single cell within each droplet produced on

the device [35, 36]. In this way multiple single cells can be processed and analysed

in a high-throughput, contamination-free environment. The analysis of multiple

single cells in isolation will not only allow the clinician to dissect the bulk cell

population into more meaningful subpopulations of cells but will also heighten the

detection of rare cells within the larger bulk population [21, 37, 38]. This means of

analysis is currently available if cells are isolated from the bulk population by

FACS prior to testing. However such a methodology will be inaccurate, prone to

contamination and will not generate the throughput of analysis required to be

feasibly implemented in a clinical setting.

A final requirement of microfluidics for bio-reactions is that the complete

preparation and analysis of the crude sample can be integrated and carried out on

a single microfluidic device. This m-TAS should be able to prepare the sample from

its crude, raw format to a state sufficient for the required biological assay, perform

the assay without loss or contamination, and finally detect the output of this assay

[39]. Such a goal requires the careful manipulation of both the sample and reagents

on the device.

To achieve operations such as purification of the sample from its crude form,

cell lysis, PCR and detection the sample must be transported through
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multiple environments involving different buffer conditions, reagent additions and

temperatures. For this to be achieved in a well-based or single-phase continuous

flow format the sample would have to be transported between different regions of

the device which would need to be separated with complex partitioning, gating or

microvalve systems [17, 18, 40]. A droplet-based system provides the best format

for true m-TAS as droplets can be manipulated in a number of ways with ease.

Through the use of electrodes the path of droplet travel can be directed allowing for

the splitting [41–43], merging [44–48], sorting [42, 47, 49–51] and storage [52–56]

of droplets on the device. For example, known quantities of reagents can be added

to each sample through the precise merging of reagent-containing and sample-

containing droplets [48].

The integration of all steps of sample preparation and analysis as well as having

a known sample size, i.e. a single cell, are important features of a device required

for the diagnosis of molecular pathologies in clinical samples. However to analyse

each cell on an individual basis one must ensure that the cell is shielded from any

source of contamination, that none of the limited sample is lost throughout the steps

of preparation and analysis and that cells can be analysed in a high-throughput

manner. As previously mentioned, clinical samples have a tertiary architecture and

are often very heterogeneous in nature and as such require assessment of single

cells to comprehend the level of tissue activities, and thus achieve an informative

diagnosis. This is particularly important if the goal is to stratify patients into

discrete risk groups for the basis of personalised medication. This type of targeted

medication for specific risk groups of patients will help to curb the ever increasing

drug attrition rate that has been caused by pursuing the “one-drug-fits-all” approach

to drug development [57].
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Chapter 7

Droplet-Based Microfluidics as a Biomimetic

Principle: From PCR-Based Virus Diagnostics

to a General Concept for Handling

of Biomolecular Information

J. Michael K€ohler

7.1 Introduction

The ability of lithographic fabrication of microchannels for fluid transport on the

one hand and the continuously decreasing critical dimensions during the develop-

ment of microlithography over the last decades generated high expectations on the

progress of automated processing of small amounts of substances. In particular, it

was expected that large numbers of well distinguished chemical entities—atoms,

molecules, nano particles—could become manipulated highly parallel and with

high speed. This hope was fed by the imagination of an analogy between the

electron transport in integrated circuits and the transport of chemical objects inside

microfluidic networks. The experiences of the last both decades had shown that

such ideas of a complete analogy are not realistic. The progress of handling of

substance-coupled information is much slower as the progress of hard ware devel-

opment in the electronic devices. But, beside this general disappointment,

microfluidics is still promising the arise and growth-up of very important new

strategies for organizing chemical systems at the microscale and for supplying

functional interfaces between the complex information inside the world of

molecules and particles on the one hand and electronic systems on the other hand.

Whereas clouds of electrons are manipulated in digital electronic devices, clouds

of molecules are transported through microchannels by a convective flow. But,

the special conditions in microfluidics cause low Reynolds numbers which reflect

the small ratio of channel diameter and volume flow rate to the viscous forces. The

microfluidic conditions cause always a laminary structure of flow with steep flow

velocity gradients and results in to very high fluidic dispersion of concentration

signals if homogeneous fluids are applied. So, the principle high potential of
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microfluidics for handling of molecules and particles can only be exploited if the

objects are processed individually or portions of manipulated objects can be defined

and handled. This demand calls for a subdivision of continuous liquid phases and

is in complete analogy to the microcompartimentation of living organisms by cells

and subcellular structures.

The so-called method of microsegmented flow is a droplet-based microfluidic

technique with a strictly controlled order of microfluidic compartments. The tech-

nique was originally introduced in analytical chemistry for the flow injection analysis

[1–5]. The regular generation of small liquid portions which are transported with

constant velocity was very efficient for this analytical method. In contrast to other

droplet-based methods where more or less ordered emulsion are generated and

processed, the segmented-flow technique works with a fixed temporal and spatial

order of liquid portions and uses this order for keeping substance-related information

through the whole process. The specific advantages of this method were rediscovered

for applications in microfluidics whereby specific features of this technique are

dominating the use in the different applications [6, 7]. Following points are particu-

larly important for the application of micro segmented flow:

– Generation of large numbers of liquid portions with equal or well-controlled size

and equal or well-controlled chemical composition

– Extreme narrow residence time distribution caused by the plug-flow transport

and ensuring an extreme high homogeneity during chemical processes

– Addressability and strict order of generated and processed liquid portions

– Comparatively high concentrations of essential substances at comparatively low

absolute amounts or number of molecules or particles due to small individual

volumes

– Efficient mixing inside the fluidic compartments by the flow-induced circular

convection

– Partial or complete decoupling between process liquid and wall and suppression

of undesired surface processes as adhesion, nucleation, particle deposition, or

biofouling

– Operability of fluid segments by keeping of the spatial or temporal order:

switching, dosing, splitting, fusion, and sequence cloning

The main drawback of the technology is the enhanced complexity in cause of

the required additional phase of the carrier liquid. In addition, pressure drops in

microfluidic systems increase [8–11], so that very high flow rates applied for small

channels cause a high energy loss and demand for powerful fluid actuation. But,

these disadvantages are mostly accepted with respect to the unique advantages of

the segmented-flow technique.

These advantages led to a lot of different fields of applications (Fig. 7.1).

They reach from chemical synthesis [12–14] of organic and inorganic molecules

over polymerization [15, 16] and synthesis of dielectric [17, 18], metal and semi-

conductor [19–21], nano and microparticles to a lot of biological applications

including the controlled growth of protein crystals for structure analysis and

biochemical operations [22, 23], the cultivation of bacteria [24, 25], human and
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other mamalian cells [26, 27], and multicellular organisms [28–32] to the study of

cellular interactions, for DNA analysis and for microtoxicological screenings [33].

The embedding of an aqueous phase into a liquid alkane, mineral oil, or liquid

perfluorinated hydrocarbons is well suited for the application of microsegmented

flow for cell cultivation and for biochemical processes. So, it can be applied, for

example, for the implementation of PCR [34–36] and for the detection of virus

transcripts by a RT-PCR [37]. In the following, principles of the handling and

characterization of microfluid segments and the application of the technique for the

detection of infective viruses will be explained and challenges for the future

development of microsegmented flow devices to systems for handling of chemical

and biological information will be discussed.

7.2 Ordered Handling of Fluidic Micro Compartments

by Micro Segmented Flow

7.2.1 Liquid Compartimentation as a Fundamental
Biomimetic Principle

The mobility of ions and molecules is one of the key features of each liquid.

In contrast to solids as solid particles, liquid portions loss their individuality by

Advantages of Microsegmented Flow

Chemical Processes

Cell Technology

Computation and Data Storage
serial generation and processing

3-dimensional storage in “fluidic strings”
segment sequenz pattern

separate data storage in confinements
hierarchical organization of data set handling

narrowest residence times
fast segment-internal mixing

fast thermal activation
new process windows

separation of single cells from complex populations
isolation of rare cells from cultivation volumes

search for unknown organisms

detection of stochastic effects
toxicological screenings
microecological screenings

metabolic studies with single cells
monoclonal cultivation

controlled composition

small separated volumes
strictly reduced evaporation

addressable compartments
ideal plug-flow

no fluidic dispersion
fluidic standard operations

reduction of wall interaction

Fig. 7.1 Advantages and main application of micro-segmented flow
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bringing them together with other liquids by the Brownian motion. The anonymity

of parts of a liquid volume is overcome by spatial subdivision into separated volumes:

The principle of compartimentation defines individuality in the liquid state.

The distinguishing of inner side and outside, the definition of an internal space in

a liquid is the fundamental topological issue of a living cell and, therefore, for the

whole life. All further development of intracellular structures and multi cellular

morphologies, the phylogenetic evolution as well as the embryonic development

are based on the liquid compartimentation. The basic operation in continuing of life

and transferring of specific properties between generations is the topological

operation of spatial liquid separation: one mother cell is splitting into two daughter

cells representing two new individual liquid units.

The assembling of molecules on microspots in biochips as well as the assem-

bling of substances inside small liquid volumes in micro- and nanotiterplates

or arrays of droplets, the dispensing of liquid into flying droplets or the generation

and manipulation of droplets on chip surfaces can be understood as technical

counterparts to the liquid compartimentation by living cells. But, in all these

cases the state of aggregation of the wall or, in general, the environment of the

sample is different from the liquid.

In microfluid segments, the individual liquid portions are operated inside a

carrier fluid. So, the whole system including all fluidic compartments is well

separated but remains the mobility as usual in the liquid phase. The ordered chain

of microfluidic segments inside an inert carrier liquid represents a fascinating

compromise between mobility and operability at the one side and separation and

well-defined individuality on the other side.

7.2.2 Constant Residence Times and Process Conditions

The individuality of liquid compartments is less important if continuous chemical

processes should be implemented. In this case, the use of the microfluid segment

technique is focused on the unique flow behavior, namely, the constant flow rates of

all partial volumes, constant residence times, and fast heat and matter transfer

mediated by the transport-induced segment-internal convection.

Beside chemical synthesis, the aspects of fast and homogeneous heat transfer,

fast mixing, and other changing reaction conditions, are also of interest for bio-

chemical or molecular biological operations and could also become interesting for

future bioscreening processes under changing reaction conditions. The introduction

of reagents or effectors, the thermal activation or inhibition of biomolecular

interactions, or other biochemical processes as well as the control of whole cellular

activity by changing chemical and thermal conditions will probably get increasing

attractivity for automated analytical procedures and screenings in cell technology.

The strict ordered transport, the well reproducible conditions of segment trans-

port and of the segment internal streaming patterns, and the equal conditions for the

interaction of all liquid compartments with the environment contribute to an
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excellent stability of reaction conditions and ensure highest reproducibility in all

processes. In result, processes as well as products will be much more homogeneous

as in use of alternative techniques.

7.2.3 Reproducible Detection Conditions

Both for the control of the formation and operation of the fluid segments itself and

for the characterization of the segment content and ongoing processes, automated

low-invasive or non-invasive monitoring conditions are required. A regular geom-

etry of the conducting microchannel is important for the segment transport as well

as for the characterization of the segments. A constant interface tension between the

both liquid phases and constant conditions of the interaction between the liquid and

the wall support constant conditions for characterization procedures. For analytic

series, combinatorial investigations, and for screening runs with changing compo-

sition it has to be taken into account, that the interactions between the involved

phases could shift and the interface geometries might become different. These

influences are mainly effecting the geometry of the front and the back side of

fluidic segments. Therefore in such cases, the central part of segments should be

used for characterization purposes.

The homogeneity and reproducibility of the segment-internal convection pattern

represents an important advantage of microfluidics and microfluid segments.

In contrast to spatially more extend liquid systems, the convective structures

including the formation of vortices is reproducible and predictable. So, all segments

inside one sequence can be characterized under comparable conditions.

7.2.4 Generation of Fluidic Patterns

The existence of well-separated liquid compartments, the well-defined linear

arrangement, and the constant transport conditions make the microsegmented

flow for a perfect tool for generation and application of pattern. Such linear pattern

can be defined by different features (Fig. 7.2): (1) the distance between segments,

(2) the size of segments, (3) the concentration of one component, (4) composition

types or all combinations of them. Figure 7.3 gives an example for a regular

sequence of segments with constant size, constant distance, and constant composi-

tion. It was characterized by microflow-through photometry, each circle represents

a single optical absorbance measurement. The equal width of peaks stands for

the regular size, the distance of peaks proves the constant segment distance and

the peak height reflects the constant concentration. A simple pattern of droplets

with alternating size and composition is marked by differences in peak width and

absorbance (example of microphotometric characterization in Fig. 7.4). The quality
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Fig. 7.2 Principle pattern types in microfluid segment sequences
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Fig. 7.3 Example of a microphotometric flow-through characterization of a regular sequence of

fluid segments of equal size and content
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Fig. 7.4 Example of a microphotometric flow-through characterization of a regular sequence of

fluid segments of alternating size and content after unification of two segment streams with a total

flow rate of 60 mL/min (internal tube diameter: 0.5 mm)



of droplet pattern is dependent on the fluidic arrangement for generation. Different

pattern types are obtained by a triple-T-arrangement and by a linear double-T-

arrangement of injectors (Fig. 7.5). Beside the segment size and composition,

fluidic sequences of two types of segments can also be distinguished by the ratio

of segment numbers (Fig. 7.6). Size/Distance plots are well suited for the evaluation

of the quality of segment populations. Frequently, the size homogeneity inside the

population of one droplet type is high, but the distance between droplets can be

varied significantly. An example for such a plot for a pattern consisting of two types

of droplets is shown in Fig. 7.7.
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Fig. 7.5 Microphotometric flow-through characterization of a regular sequence of fluid segments

of different size and content after unification of two segment streams with following flow rates:

(1) carrier: 4 mL/min, aqueous solution: 1 mL/min, (2) carrier: 16 mL/min, aqueous solution:

4 mL/min (internal tube diameter: 0.5 mm)
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Fig. 7.6 Regular sequence of fluid segments in the case of higher flow rate ratios after unification

of two segment streams with following flow rates: (1) carrier: 50 mL/min, aqueous solution:

1 mL/min, (2) carrier: 50 mL/min, aqueous solution: 10 mL/min (internal tube diameter: 0.5 mm)
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7.2.5 Operability

The possibility of manipulation of liquid portions is one of the big advantages of

microsegmented flow in comparison with homogeneous liquid systems. This

concerns not only the droplet motion and storage but also topological operations,

namely, the splitting and fusion of droplets.

Figure 7.8 gives an example for a regular splitting of a droplet sequence by

means of a symmetric Y-junction. The up streaming segment sequences were

characterized by microflow-through photometers working in different spectral

channels. So a different height of the absorbance signal was recorded in the both

output channels. The splitting was performed with slug-like segments of about

0.5 mL volume in a 0.5-mm-tube. The input segment sequence was actuated by a

syringe pump with a flow rate of 350 mL/min. Both of the outlet channels were

actuated by sucking with two additional syringe pumps working by a flow rate of

�175 mL/min each. A symmetric splitting resulting in equal size of optical signals

was realized by this procedure.

Topological fluidic operations with unification or splitting of segments can be

regarded as a simple model for topological processes in natural systems. So, they

can be called as “Bioanalogous Fluidic Operations” (Fig. 7.9a). The splitting of

droplets finds its analogy in the cell division, the fusion of droplets is a topological

analogon to the unification of gametes. Segments can be grown by dosing material

into the segment. The coalescence or the incorporation of a smaller droplet in a

larger one finds its biological counterpart in an endocytosis. The asymmetrical

splitting of microfluidic segments corresponds to an exocytosis.

Beside the equal manipulation of all segments in a sequence, the addressing of

single segments is of particular interest for the realization of automated experi-

mental programs. An “Operation on Demand” is challenged, therefore (Fig. 7.9b).

The set of operation types includes the simple droplet generation on demand, the
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Fig. 7.7 Size-distance diagram for a sequence of two types of microfluid segments with same

frequency but different size (total flow rate: 60 mL/min)
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switching between two up streaming channels, the splitting or fusion of segments

on demand, the shifting of segment volume, physical or chemical conversion

of the segment content, the addressed initiation of biological processes as well

the selection of single segments for storage and archivation.

7.3 Decoupling of Specific Molecular Processes

and Contact-Free Information Transfer

in Micro Segmented Flow Technique

7.3.1 Direct Electrical or Optical Read-Out

The read-out of information from microfluid segments can be realized by different

transduction and signal transfer channels. Non-invasive and automatically working

procedures are preferred. Therefore, the information transfer by electrical or elec-

tromagnetic fields is well suited.
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Fig. 7.8 Symmetrical splitting; (a): experimental arrangement, (b): photometric signal in both the

outlet channels; the differences in the signal heights (absorbance) is due to different spectral

sensitivity of the applied microphotometers
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The whole fluid segments can easily be distinguished from the carrier liquid

by drastic differences in the electrical and optical properties. The large differences

in the refractive index or in the electrical field constant make the detection of

segments by an optical or electrical sensor simply.

"cell division"

"segmento-
endocytosis"

"fluidic sex"

GENERATION ON DEMAND

a

b

SWITCHING ON DEMAND

ENLARGING AND
SHRINKING ON DEMAND

BIOPROCESSES ON DEMAND

ARCHIVATION ON DEMAND

CHEMICAL ACTIVATION ON DEMAND

PHYSICAL CONVERSION ON DEMAND

SPLITTING AND
FUSION ON DEMAND

dosing, enlargement of segment

uptake of a small segment by a large one

single segment procedures
(automated individual processing)

"cell growth"

segment splitter
(M. Kielpinski, T.Henkel
et at. 2008)

segment fusionator
(M. Kielpinski, T.Henkel
et at. 2008)

Fig. 7.9 Segment operations: (a) analogy to topological effects in cell biological processes,

(b) challenges for individual segment switching and segment on demand techniques
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Cells, particles and their motion inside microfluid segments can be detected by

direct optical imaging, in principle. But, in many cases, the natural contrast given

by observed objects is too small for a direct observation. In these cases, a labeling

might be required. In other cases, the intensity of light scattering can be used for the

measurement of cell or particle densities.

Concentrations of chemical species can easily be read-out if the substances

can be measured by their own optical absorption or fluorescence. But, this strategy

fails frequently due to low concentrations, low optical extinction coefficients, or

high backgrounds for optical transmissive or fluorescence measurements.

Species without a significant own absorption or fluorescence can be detected if a

indicator dye is used to mediate the information between the searched substances

and the physical read-out system. Indicator dyes fulfill this demand and can be

optically reported over shifts in their absorption of fluorescence.

The application of indicator dyes is not recommended if they disturb the

biological processes inside microfluid segments which might be the target of

screening. The molecular disperse distribution of dissolved indicator dyes supports

a direct interaction with cells, can cause toxic effect and can be connected with a

change in optical activities by metabolization.

7.3.2 Application of Sensor Particles

Microsensor particles are a very promising alternative to molecular disperse dyes.

The chemical coupling of indicator dyes to the particle surface reduces the risk of

direct toxic effects of the indicator dyes on cells and the risk of metabolization

drastically.

So, pH-sensitive particles can be realized by coupling pH-indicator dyes with the

polymer matrix, oxygen-sensitive fluorescence particles are made by coupling of

fluorescence dyes with high sensitivity against fluorescence quenching by the triplet

oxygen molecule [38, 39].

Sensor beads with a hydrophilic surface can be dispersed easily inside microfluid

segments for cell cultivation. They can report about the changing pH or oxygen

content by shifting or changing fluorescence which is caused by the physiological

activity of cells [40]. This principle can be used for the monitoring of cell growth

inside microfluid compartments as well as for the detection of toxicological

responses of cell cultures in microfluid segments. The combination of different

sensor beads can be used for the introduction of toxicological screenings with

miniaturized multi-endpoint detection.
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7.4 Micro Reverse Transcription PCR for Virus

Diagnostics in Micro Tubes and Chip Devices

7.4.1 PCR in Micro Fluid Segments

The development of microdevices for the Polymerase Chain Reaction (PCR) started

in the early 1990s [41–44]. The reduction of PCR volume and the use of highly heat

conducting materials as silicon allowed to reduce the times for thermocycling

considerably [45]. In addition, miniaturization opened the possibility of continuous

flow PCR [46–49] and of realizing highly parallelized thermocycling processes.

Meanwhile, a lot of different strategies reaching from micro- and nanotiterplates

over chip arrays to emulsions and gel droplets is used for microscaled PCR in

highly parallelized systems [50–52].

The PCR thermocycling represents a multi-step reaction which periodically

changed thermal conditions. The chain of reaction steps can either be realized in

a batch reactor by the periodic variation of temperature or it can be a continuous-

flow process in which the process liquid passes periodically three different

temperature zones. Such continuous working flow thermocyclers are realized in

microreaction technology. In these devices, the PCR mix is conducted through a

microchannel passing the different temperature zones.

The application of the PCR mix as homogeneous solution for flow-PCR suffers

from the specific conditions of microfluidics. The low Reynolds number cause a

laminar flow with strong velocity gradients. This effect causes a large residence

time distribution. In result, single volume elements of the process liquid have

different flow histories and, therefore, different conditions for heat transfer. So,

the conditions for DNA denaturation, selective annealing and fast prolongation are

not optimal. In addition, a fast serial processing of larger series of template is not

possible due to cross-talk between the samples in cause of the fluidic dispersion.

These problems were overcome by the application of microsegmented flow for

PCR. The transport of PCR mix in microfluid segments results in very narrow

residence time distribution and very homogeneous process conditions over the

whole thermocycling process. The flow-induced segment-internal convection

supports a fast heat exchange between the channel walls and the process liquid.

A cross-talk between samples in a sequence of droplets can be suppressed.

7.4.2 An Asymmetric Helical Tube Reactor for Virus Diagnostics

The development of chip devices for microflow-PCR was based firstly on a

meandering microchannel passing three temperature zones. Such a three-zone

reactor demanded always for back-flow channel sections. This disadvantage

could be avoided by spiral-like arrangements [53]. An asymmetrical helical tube

reactor was developed in order to realize optimal conditions of thermocycling with

sufficient time for efficient elongation and a minimal thermal stress for the PCRmix
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during the denaturation phases [37]. The helical coiled microtube follows the

periphery of a cylindric core and forms 42 loops of equal total length and constant

length of the three temperature sections in each loop (Fig. 7.10a). The heating

cylinder consists of three copper sections which are equipped with electrical heaters

Fig. 7.10 Experimental arrangement for investigation of virus gene expression by a continuous-

flow PCR using an asymmetrical helical tube reactor: (a) thermocycling module, (b) arrangement

with integrated heated helical reactor for reverse transcription and helical flow-through

thermocycler, (c) arrangement for in-tube fluorimetric monitoring [37]
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and resistive temperature sensors for precise temperature control. The three

sections can be heated individually in order to realize up to three different

temperatures as required for denaturation, annealing, and primer extension. The

size of the three segments is adapted to the required time ratio of the three process

steps in the thermocycling. This is the reason for the asymmetric construction.

The section for primer annealing is the largest one, the denaturation zone (highest

temperature) forms the smallest section, and the annealing zone represents the

section of mediate size.

The whole thermo stating cylinder has a diameter of 70 mm and a height of

80 mm. A tube for the realization of 42 temperature cycles has a length of 924 cm.

An additional tube of a length of 15 cm was applied for the first denaturation step.

For a simple PCR process, the PCR mix was injected by a syringe pump into a

carrier stream of a perfluorinated hydrocarbon (PP9). The formed droplets were

in the volume range of about 60 nL–0.1 mL (Fig. 7.10a, left). So, between 150 and

250 droplets were formed by 25 mL of the PCR solution. The PCR product was

collected and characterized by gel electrophoresis.

A microcontinuous-flow expression analysis was performed by the integration

of an additional tube reactor for the reverse-transcription process and a hot start

tube. Therefore, a second columnar reactor (RT reactor) was applied in front of

the amplification reactor (Fig. 7.10b). This reactor was also formed by a heated

copper core and a helically coil tube. At first the microfluid segments of PCR mix

containing hot start polymerase were formed at first. In a second step, these fluid

segments were conducted through the RT-reactor. The fluid exit of this reactor was

connected with a hot start region (94�C, 5 min residence time) and the fluid inlet

port of the PCR-reactor. The RT reactor worked at a temperature of 50�C (for HPV

viruses) and 60�C for the measles viruses.

Finally, a microflow-through fluorimetric arrangement (Fig. 7.10c) was used

for the process monitoring and for the in situ determination of the concentration

of amplificate. Therefore, the light of a UV-LED (Hero Electronics Limited, GB,

370 nm) was coupled into the center of the PCR outlet tube. The fluorescence light

was collected by a optical fiber in a 90� arrangement and conducted to a compact

spectrophotometer (Avantes, RB Eerbeck, Netherlands).

7.4.3 Micro Continuous RT-PCR for Detection
of HPV 16 and Measles Viruses

The operation of PCR reactor was tested by the amplification of a sequence from

lamda DNA (Fig. 7.11a). The complete microcontinuous-flow RT-PCR arrange-

ment was applied for the detection of virus gene expression [37].

The application of micro-RT-PCR for the detection of transcripts of the human

papilloma virus was investigated by use of SiHa cells (HTB-35). Each of the

hosting cells contains two copies of the HPV16 genome which is integrated into
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the human chromatin. The amplification follows a protocol for rapid micro-PCR

[54] for a so-called one step RT PCR (Invitrogen kit, Karlsruhe, Germany; Hot Start

Taq polymerase, Genaxxon). SYBR Green was added for the microfluorimetric in

situ detection of the formed double strand DNA.

The SiH cells were pretreated with paraformaldehyde for permeabilisation and

fixation. The whole continuous-flow process consisted on the reverse transcription

(30 min), the hot start (5 min), and the amplification (42 cycles of 2 min each).

A residence time of 15 s was applied in the denaturation zone (94�C), of 22 s in the
annealing zone (58�C), and of 38 s in the elongation zone (68�C). Additional 45 s

was required for the intermediate time intervals between the three reaction zones.

The successful amplification of the template (95 bp) could be proved by gel

electrophoresis (Fig. 7.11b). It was possible to detect the HPV activity down to a

concentration of ten cells per microliter corresponding to about 250 cells in the

whole experimental run or of an approximate average of one cell per fluid segment.

The transcription and amplification of a sequence from measles viruses was

chosen as a second example of a medically relevant investigation with the

microcontinuous-flow PCR system. Therefore, persistently infected human glia

cells (C6/SSPE) were applied [55]. The protocol was adapted from a rapid PCR

process performed with a Light Cycler. A one-step RT-PCR kit (Qiagen, Hilden,

Germany), Super Hot Start Taq polymerase (Genaxxon), and SYBR Green in a

higher dilution were applied.

The expression activity of measles viruses in infected human cells was checked

by the transcription and amplification of a 127 bp sequence. The cells were also

treated with paraformaldehyde for permeabilisation and fixation. The whole

continuous-flow process consisted on the reverse transcription (30 min at 60�C),
the hot start (5 min at 94�C), and the amplification (32 cycles of 2 min each).

A residence time of 15 s was applied in the denaturation zone (94�C), of 22 s in the

Fig. 7.11 (a) Evaluation of flow thermocycling: low rate dependence of PCR efficiency tested by

a 292-bp DNA sequence of the lambda phage; PCR product could be found up to a flow rate of

50 mL/min (b) result of reverse transcription and amplification of viral transcripts in the RT-PCR

process: HPV16 sequences: detection down to five cells/segment is possible [37]
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annealing zone (60�C), and of 38 s in the elongation zone (72�C). Additional 45 s

was required for the intermediate time intervals between the three reaction zones.

The successful amplification of the template (95 bp) could also be shown by gel

electrophoresis. But, a much higher cell concentration (104 cells/mL) as in the case

of HPV-infected cells was required.

Both of the examples described above illustrate the applicability of micro-

segmented flow for the identification of pathogenic viruses and their activity by

read-out of molecular information from the transcription process. So, this type of

microfluidic processes supports the transfer of genotype and phenotype data from

living cells into a technical information storage systems. As typical for analytical

procedures, the process involves an analytical chain from the pretreatment of cells

over a series of biomolecular processes up to the optical in situ measurement and

conversion into electronic signals.

7.5 Tasks and Visions

7.5.1 Read-Out Tasks Beyond PCR

The Reverse Transcription PCR has meanwhile to be regarded as a classical process

for read-out of biomolecular information on the physiological activity of cells. It is

also promising for application as a biomolecular endpoint in miniaturized toxico-

logical screenings (Fig. 7.12). But, the PCR process is connected with a destruction

micro fluid segment sequence with different effector eoncentration

initiation of different
gene expression

addition of
RT-PCR mix

amplification of gene
products of interest

quantitative characterization
by in-situ fluorescence

cell lysis

Fig. 7.12 Principle of application of serial PCR as end point in micro toxicological screenings

164 J.M. K€ohler



of the investigated cell. So, it is a nonreversible analytical procedure. The extraction

of a certain biomolecular information from the cell by PCR must be paid by the loss

of the investigated object as whole. So, it is not suited for a molecular monitoring.

In addition, beside DNA and RNA, a lot of other molecules carries information of

interest and the read-out is much more complicated because the available molecular

instruments for this read-out are not so convenient as in the case of the nucleic acid

processing. So, there is the unsatisfied desire for a nondestructive instrument for

transmitting information coded in sequence molecules.

Whereas the amplification and sequencing of nucleic acids is far developed and

different microfluidic techniques are used for automation and parallelization, some

principle challenges remain for the future development:

– Genotyping of living cells: read-out of DNA-sequence information without

destruction of the cell

– Gene expression monitoring: read-out of m-RNA sequences without destruction

of the cell

– Monitoring of the physiological state of a cell: read-out of a complete molecular

set standing for certain types and intensities of physiological activities

– Monitoring of intercellular communication: read-out of transmitted molecular

information

A read-out of information without any effect on the investigated object is

principally impossible. But, the above formulated tasks demand for a minimization

of interference between the information transfer process and the investigated

cell. For this purpose, the whole process of information conversion and trans-

mission should be decoupled from the normal cellular activity as far as possible.

The ultimate primary transduction process would be a nano machine scanning the

molecule of interest and convert the sequence information into a physical signal

readable by an outer receiver system (Fig. 7.13). An alternative could be given by a

Fig. 7.13 Vision of a nano sequence reading and optical transduction from microfluid segments

into an electronic system
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transcription of the desired biomolecular information by a molecular-sized machine

into a molecule which is nearly no interfering with cellular activities and not

metabolized in the process time of the information transfer. The further information

transfer can either proceed by a direct physical readout by the transfer of the

information-carrying transcript from the cell to the environment. It seems to be

clear that the main challenge of this vision is directed to the development of

synthetic molecular systems for transcription and transmission of biomolecular

information.

The conversion of information by transcription, translation, and physical trans-

mission is always connected with a consumption of energy and with the need of

entropy export. The required energy and entropy flow must either be organized

from outside or by use of the cell-internal energy supply and entropy export systems

(Fig. 7.14). The coupling between the information conversion and cellular pro-

cesses is unavoidable from the fundamental laws of thermodynamics. But the

energetic interference should be kept as minimal as possible if a monitoring of

life processes is intended. The consumption of cellular ATP for the information

transfer is a principle possibility, but means a considerable molecular inter-

action between the monitoring process and the monitored living object. The intro-

duction of micro- or nano-sized communication systems with an own energy

reservoir into cells or small cell ensembles is a special variant of an outside

energy supply. Such reporter systems act like a energy-autonomous microspion.

The consumption of the energy in the reservoir is defining the life time of such a

monitoring element. A prolongation of the life and action time of microspions is

thinkable if energy reservoir can be fed by an energy transfer process from outside,

for example, by physical fields or radiation which are not directly interacting with

the biological system.

How could such information transfer systems work? A passive read-out could

proceed by the conversion of a chemical information into a change in the interaction

of a transducer with a field or radiation coming from outside. This principle is

Fig. 7.14 Energy supply possibilities for autonomous nano sequence reading: pumping by

radiation, feeding from an internal energy store, supply from a chemical energizer in the

microenvironment
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realized, for example, in fluorescence detection. In these cases, the communication

energy as well as the signal triggering are given from outside. An active signal

generation could be based on a reservoir of chemoluminescent reagents. Their light

signal is only formed if a certain event inside the monitored system takes place.

So, the energy supply as well as the triggering of signal formation is controlled

directly by the ongoing internal processes. Such systems could report, for example,

about the concentration of substances of interest or the intensity of a monitored

process. This active signal generation could also be applied for submitting of

sequence information. The vision is a nano machine scanning a sequence molecule

and generating a sequence of photons which report on the order of molecular units

in the sequence molecule. The coding could be realized by the time pattern or an

energy pattern (frequency) of emitted photons. The vision of such a machine is not

far from the utopia of autonomous acting nano robots (Fig. 7.15).

The strategy for information transfer, signal transduction principles, and the

final form of transmitted information must be adapted to the purpose of the

information transfer. A conversion into electronically readable data sets is required,

if the information has to be brought into an outside computer or into an other

conventional technical system. But, it is imaginable, that this conversion of the

biomolecular information is not required in many cases, because it can be feed

directly into other molecules, biochemical, or cellular processes. For this purpose, a

complete transduction chain from chemical to digital electronic information can be

avoided and the technical task consists in an information management based on

molecular translations, logic operations, and data processing alone.

The main demand for the realization of such molecular-based information

processing systems is the control of single molecule interactions and synthesis by

other molecular structures by nano scaled instruments. The objects of processing as

well as the tools are completely under the restrictions of molecular dynamics

involving Brownian motion, and therefore diffusion, internal oscillations, rotations,

coiling, and entanglements. Well-defined spatial restrictions are necessary for

motion

substrates

heat release
transmission

of signals

energy uptake

release of
metabolic
products

receive
of signals

Fig. 7.15 Basic functions of an autonomous nano system for transduction of molecular

information from fluidic microcompartments
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controlling these motions. The formation of two- and three-dimensional molecular

net works, switchable gel-like states, formation of membranes, compartimentation

and the organization of a hierarchy of spatial structures, and mobility are basic

principles for the realization of the required spatial restrictions in the living nature.

Probably, the same fundamental principles have to be used in nano scaled technical

information processing systems based on chemical interactions.

7.5.2 Encapsulation, Droplet on Demand Techniques
and Fluidic Hierarchies

The serial generation of fluidic compartments allows the automated separation of

molecular or cellular components. So, the products of a stepwise decomposition

of cells or macromolecules or the fractions of an analytical separation process can

be fixed separately in small fluidic units [56]. Further treatments and characteriza-

tion steps can occur individually after the aliquotation and encapsulation. The

formation of small vesicles or capsules is supported by a microfluid segment

approach [57–59].

The automated processing of larger series of droplets, segments, vesicles, or

capsules [60] demand for reliable fluidic operations with single fluidic units.

Switching [61, 62] and fusion [63, 64] are essential steps beside generation [65]

and transport of the microliquid compartments.

Fluidic hierarchies include two principle aspects: one is the spatial structure,

namely, the topological organization of objects at nested groups of objects with

different linear scale. They are forming the structural hierarchies in fluidic systems.

It is obvious that the organization levels can reach from the elementary particles

and atoms over different nano and microlevels up to the level of macroscopic scale.

The other is the hierarchy of mobility. Each object on a certain structural level is

marked not only by its size, shape, and composition but is also marked by a specific

mobility inside the whole system.

It is one of the most fascinating aspects of the nano cosmos that mobility can be

very different and can be switched by changes in the molecular structures. In the

upper and middle micrometer range, active transport is needed, but mechanisms

of active transport are also available for smaller objects down to the molecular

level. The liquid state—isotropic liquid, colloidal liquids, gel-like states, different

types of liquid crystalline states—can be controlled and switched by physical and

chemical meanings and can effect the transport behavior for larger and smaller

objects. This controllability reaches down to electrons and excitons, which can be

either strictly localized or movable over long ranges depending on the properties of

the matrix.

These properties of matter give us the possibility to design hierarchically

structured fluidic networks. These fluidic architectures must not be restricted to a

planar arrangement but have to exploit the topological advantages of the
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three-dimensional space. The most important aspect for spatial organization in

three dimensions is the possibility of realization of different coherent net works,

which are reaching through the same outer space but can be completely separated

by phases. The superposition of different networks is not only of interest for

the static spatial structure of hierarchic systems but also can be used at same

time for the realization of different webs of trajectories of directed motions or

transport tracks.

Microfluidics is challenged for the realization of these net works and fluidic

hierarchies. The droplet-based systems are the first step into the direction of

complex spatially organized liquids. They are realizing the general principle of

compartimentation, but not more. The requirements of biomolecular and bio-

analogous information processing demand for much more complex and intelligent

liquid organization. This includes the keeping of spatial order, the controlled

motion, and possible topological conversions beside the simple subdivision

of space.

A rational information handling with a whole population of microfluidic

compartments demands for a strategy of keeping the included information. Droplets

have to be regarded as individual, which can be distinguished from each other by

their properties as composition, size, or position inside a droplet arrangement.

A release of droplets from a capillary or a tube into a larger volume with free

mobility of droplets would destroy the spatial order and means a loss of informa-

tion. Therefore, a guided transport, storage in well-defined arrangements and

addressability are required. By these measures the knowledge about individual

objects and their features can be kept.

The individual droplets can be recognized either by a characteristic label, which

can be read-out by an interacting object or by their position inside a regular

arrangement. The first has the advantage of a possible addressing without a

conserved spatial order. But, the price of this independence of spatial order is the

need of an individual labeling and recognition system. The second has the advan-

tage of avoiding the need of labeling but demands for conservative handling

strategies always keeping the droplets in a well-defined order. Labeling of phases

and coding by position—these are complementary strategies of information storage

inside liquid multiphase systems.

In case of labeling, the most promising solution would be a class of labels which

are directly connected with a mechanism of micro- or nano-scaled hand-shaking

(Fig. 7.16). This would allow an identification of individual compartments not only

by an outside sensor system but also the identification by micro- or nano-scaled

interaction partners. Hand-shaking labels would support the formation of perma-

nent or temporal super-structures by self-organization.

Hierarchically structured liquid multiphase systems must be stabilized by rigid

walls or at least molecular membranes. It was shown that double emulsions and

multiple-phase systems can be regularly generated and transported by the applica-

tion of suited surfactants [66, 67]. In contrast to a simple sequence of microfluid

segments in a microchannel or tube, a packaging of segments is unavoidable if the

segments should be moved in larger liquid volumes.
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Probably, guided sequences of liquid droplets will normally form the highest level

of hierarchical organization. At this level, the spatial order can easily be kept constant,

droplet motion, other liquid operations and the interaction with outside systems were

comparatively convenient to organize. With decreasing level in the hierarchical

organization the mobility increases, the position of a single liquid object becomes

less and the recognition by hand-shaking becomes more and more important.

A set of basic operations can be defined for the generation and manipulation of

fluidic hierarchies. This set can be subdivided into four classes of operations:

1. External topological operations (creation, replication, and recombination of

phases)

– Segment/droplet formation

– Deformation/spatial transformation

– Spatial relaxation

– Splitting

– Fusion (coalescence)

– Binding with other objects without fusion

2. Communication (information exchange)

– Display label for interaction partners at surface

– Recognize displayed information of interaction partners

– Release of transmitter substances

– Uptake or recognition of transmitter substances released by other objects

– Conversion of signals

Fig. 7.16 Recognition of liquid compartments by molecular handshaking units incorporated in to

a molecular interface layer
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3. Internal conversion (“metabolisms”)

– Changes in internal fluidic topology

– Changes in chemical composition by internal conversion

4. Volume changes (growth and shrinking)

– Input of substances/objects

– Output of substances/objects

7.5.3 Multiphase Architectures

The problem of information transfer from cellular and biomolecular objects into

technical systems joins the problem of construction of micro- and nano-sized

technical systems with cell-analogous meets properties and functions. Multiphase

architectures have in this sense several different multiplicity aspects:

– From the microfluidic point of view: the multiplicity of separated phases

– From the material point of view: a multiplicity of physical phase types

– From the point of view of mechanical actuation: a multiplicity of mobility

– From a thermodynamic point of view: a multiplicity of energy forms and

transport pathes

– From an information processing view: a multiplicity of information storage

principles and communication channels

– From the point of view of construction: a multiplicity of arrangement types

Consequently, the goal of multiphase is no longer restricted to the separation

of reaction spaces. As in biology, the compartimentation is accompanied with a

differentiation in function, in stability, and dynamics including aspects of elastic

and inelastic responses in mechanical as well as in a chemical sense. That is why

future multiphase systems have not only to include droplets and surfactants. They

have to be constructed under exploitation of the whole spectrum of available

material states reaching from rigid solids over gels and liquid crystalline states,

membranes, microemulsions, and colloidal solutions to microbubbles and foams.

The intelligent exploitation of this multiplicity of phase types promises the realiza-

tion of the required multiplicities of mobility, of energy and signal transport and

conversion. In addition, it enables the different microobjects to become functional

elements in a complex technical network. So, complex three dimensional

hierarchies of ordered nested phases could be formed (Fig. 7.17).

The development and application of multi scale sensor particles for an optical

read-out of cellular information gives a first example of a step into the direction of

such systems. Rigid nano particles act as the primary transducers. Fluorescing nano

particles—organic dyes or inorganic quantum dots—can work either by enhance-

ment or reduction of fluorescence intensity or by shifting the fluorescence maxi-

mum, if certain surface interactions take place. Surface reactions and changes in the
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charge density of metal nano particles cause also a shift of the plasmon absorption

band of these particles which also can be used for sensing purposes. Both in case of

fluorescence and plasmonic transduction the signal shift after a molecular interac-

tion will be as larger as higher the surface-to-volume ratio of the involved nano

particles is. So, small nano particles are desired from the point of view of primary

signal formation. But, the total optical signal coming from one particle will increase

with increasing particle size, and the probability and effect of undesired interactions

of the transducing nano particles with the biological or chemical environment will

also decrease with increasing particle size. This dilemma can be solved by multi

scale particles consisting at least on a gel-like matrix and embedded nano particles.

So, it becomes possible to bundle a lot of optically active nano particles in a small

volume and to enhance the total of optical signal without reduction of the response

of the single particle on a molecular interaction. In addition, the gel-like matrix

support a partial decoupling of the nano particles from the monitored liquid because

only molecules—between them the analyte species—can diffuse through the pores

of the gel, but larger objects as cells, cell organelles, or viruses cannot interact

directly with the chemically and optically active nano particles. It is thinkable that

an additional level of hierarchical construction can be introduced into the gel-like

sensor particles by combining several different sensor functions inside one larger

sensor particle. The application of several label elements forming a label pattern is

known from the microbar-codes. In analogy to this, labels sensor elements can also

be arranged together in order to report on several parameters simultaneously.

A coding of signal channel by color is needed if the different sensor particles

are arranged randomly in an assembling multi sensor super particle. In case of a

fluid segment

sequence of segments

segments of sequencesegments of stacked
sequence segments

fluid segments of 
sequence of stacked
sequence segments

Fig. 7.17 Vision of systematic hierarchical stacking of liquid compartments by nested

multiphases
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bar-code-like particle arrangement the position of the single sensor functions can

be used for the coding of the signal channels.

The formation or the reconfiguration of such micro- and nano-structured systems

will neither be completely realized by outside-control nor by completely self-

organizing mechanisms. It will be a form of controlled self organization with a

partial autonomy for each entity and at each level of the hierarchic organization.

The ability of recognition of special binding sites and other microcompartments

or particles and specific interactions are an essential precondition for the self-

organization of micro- and nano-phases and will become the most important

challenge for the development of self-organized hierarchical architectures.

In analogy to specifically functionalized nano particles, liquid nano phases must

be equipped with recognition structures and molecular coupling functions at

their surface. The interface between the nano phase and its environment must be

stabilized by a membrane-like molecular layer or an interface film containing nano

particles. The recognition and coupling functions must be anchored in the interface,

either directly inside a molecular membrane or mediated by macromolecules or

particles which are incorporated inside the membrane.

The self-organization concept for the formation of hierarchical liquid nano-

structures asks for a system of interaction and specific bonding of liquid micro-

and nano-phases. The synthesis and incorporation of sets of the required

surface function elements represents a key issue for the realization of the concept.

Therefore, the single liquid phases or nano particles need more than two

surface functions. For construction of three-dimensional architectures at least

three functions must be present in order to construct branched structures, cover

areas, and fill complete spaces. Three or more specific recognition and binding sites

are required for an addressing during the formation of liquid architectures.

7.5.4 From Information Read-out to Internal Processing:
Short Feed-Back Loops and “Micro Techno Chimera”

The ability of construction of architectures from liquid nano- and micro-phases is

only the first step into the direction of functional liquid multiphase systems. The

goal of the nano architectures is the realization of new functions. Recently, all

manipulations and analytical procedures with liquid micro- and nano-phases pro-

ceed by the control using outside measurement and control systems. That means

that the microscopic objects are localized, characterized, and manipulated by a

outside macroscopic machine. The microscope with an optical tweezer for cell

manipulation or the manipulation of particles by a AFM probe are typical examples

for this situation. The feed-back loop for the control of the system is always

spanned over the macroscopic system.

A new quality of systemic organization would be achieved if the feed-back loops

could be scaled down to micro- or even nanometer dimensions. This would allow to
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construct autonomous working nano machines. It is to assume that a liquid

multiphase approach with an internal hierarchical organization could take over

the complete spectrum of functions for autonomous energy supply, motility, and

chemical activity. Such a system would be a microorganism-analogue artificial

nano system.

The formation of whole series of such micro- or nano-sized systems would give

the opportunity of systematic variation of properties. This autonomous acting

multiphase system could be handled like microorganisms. They can be brought

into microfluidic screening systems in order to evaluate their properties and to

optimize their functions and behavior. The small liquid multiphase system can be

thought as able to form populations. It is imaginable that beside sheer technical

functions also elements of natural molecular systems could be integrated in this

artificial micro- or nano-systems. So, hybrid systems can be generated which

unify technical and biological components. This could involve, for example, the

local information processing with nucleic acids as well as with other technical data

storage and processing systems. The variability of microorganisms can contribute

significantly to the spectrum of artificial micromachines and can be applied for

complete new microsystems with different numbers of biological and technical

component which could be formed at the microscale and can be made available for

evaluation and exploitation of new powerful devices. Finally, microecological

systems including natural microorganisms, technical microsystems constructed by

artificial liquid multi phases and chimeric individual consisting on biological and

technical components (“techno chimera”) could be evolved.

7.6 Conclusions

Microfluid segments can be reproducibly generated and processed in microtubes

and microfluidic devices. The fluidic operations as well as the content of the

segments can be controlled and characterized by fast working optical

measurements. The specific labeling or the incorporation of microfluidic droplets

in a well-defined sequence gives them an individuality which can be used for the

read-out of biomolecular information and for other procedures in larger series of

separated samples. The identification of genetic transcripts from pathogenic viruses

is an example for such a bioanalytical application.

Whereas the application of droplet-base microfluidics in DNA-diagnostics and

sequencing is already introduced, the further application of this microfluidic tech-

nique in other read-out procedures of molecular-encoded information or for the

construction of nano molecular architectures is a desideratum of research. Beside

the challenges for the biomolecular processes, an advanced liquid handling is

challenged which allows the formation, monitoring, and automated handling of

hierarchies of nested phases.
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Chapter 8

Droplet Microreactors for Materials Synthesis

Nick J. Carroll, Suk Tai Chang, Dimiter N. Petsev, and Orlin D. Velev

8.1 Introduction

8.1.1 Microfluidics for Droplet Generation

The miniaturization of fluid flow and analytical systems has created exciting

avenues of scientific and engineering research in materials synthesis. The conven-

tional microfluidic devices have channels with widths in the tens of micrometer

range. Fluidic behavior at the microscale may differ from that at larger scales in that

interfacial tension, viscous effects, and energy dissipation can dominate the system.

Microfluidics has received much attention in the scientific community and has been

the topic of many excellent reviews [89, 100]. In some applications slow or minimal

mixing is required, and the laminar flows obtained in microchannels become highly

desirable. The conventional microfluidic channels can also process liquid in the

form of microscopic droplets. Water-in-oil emulsions can be formed in microfluidic

devices to form a steady stream of monodisperse aqueous droplets with volumes as

small as picoliters [4]. The drops can be loaded with reactants to perform chemical

reactions of interest [83, 85, 86].
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8.1.2 Scope of This Review

In this chapter we present an overview of the transport of fluids in microchannels

with a focus on the formation and manipulation of emulsion droplets. We briefly

present below the methods for fabrication of the devices used in similar work.

The next section deals with defining the terminology and describing the physics of

fluid flow in small channels. We briefly summarize approaches that are used to

drive the fluid flow in the microchannels and dispersion of immiscible phases

(oil and water) to create well-defined droplets. We then focus on material synthesis

applications for droplet-based microfluidics. In particular, we review mesoporous

microparticle formation in droplet reactors. Section 8.4 presents more unconven-

tional dielectric liquid–liquid chip systems in which electric field manipulations of

droplets have been utilized for material synthesis.

8.1.3 Fabrication of Microfluidic Devices

Various methods have been utilized to fabricate microfluidic devices. The most

widely used research devices presently are those made from poly(dimethylsiloxane)

(PDMS) elastomers [4, 102]. The materials for these devices are inexpensive and

can be fabricated with facile soft lithography processes. This technique also has the

potential to form channels with complicated and intricate flow patterns. The soft

lithography process is robust and reproducible, which allows replicating flows in

different devices that have the same design.

The first step in soft lithography is the production of a master mold, which is

typically an Si wafer with epoxy structures. The epoxy structures are created with a

high-resolution transparent printout as a photomask for generation of the master by

photolithography. A negative photoresist is a type of epoxy in which the portion of

the photoresist that is exposed to light becomes nearly insoluble to the photoresist

developer. The unexposed portion of the photoresist is dissolved by the photoresist

developer, leaving behind the desired channel features. Liquid PDMS precursor base

along with a curing agent is then poured over the master mold. The liquid PDMS

precursor conforms to the shape of themastermold, replicating the designed features.

Vinyl groups present in the base react with silicon hydride groups in the curing agent

to form a clear, cross-linked, elastomeric solid. The PDMS is then peeled away from

the master mold; the master mold is not destroyed during the removal process,

allowing it to be used again for subsequent devices. The PDMS channels are then

sealed to a glass slide by exposing both the PDMS device and the glass slide to

oxygen plasma and soon thereafter pressing both together to seal the bond.

The disadvantages are that PDMS devices typically can only handle low

pressure drops before catastrophic rupture, and untreated PDMS can become

swollen or chemically react with some solvents, thus limiting compatible fluids.

Recent reports suggest that the walls of such channels can be coated with material

that can improve the flow properties [51].
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Other popular fabrication methods involve etching glass, silicon or plastic

substrates. The benefits of such devices are that these materials can be chemically

inert and amenable to cleaning thereby making them reusable. Another advantage is

that these substrates with etched channels can subsequently be well bonded to a

working platform and allow for high pressure drops. Another microfluidic design

that has shown promising applications utilizes very small diameter, commercially

available, glass capillaries [45, 95]. The advantages for this system are that the

geometry of the capillaries can be reconfigured with established glass molding

techniques, and the inner glass walls can be chemically modified. Moreover, such

concentric glass capillaries can be used to generate droplets composed of double

emulsions [45]. However, there is limited complexity of flow patterns and the

capillary pulling methods used to fabricate these devices may be hard to reproduce.

A method that combines the excellent wetting and surface property control of

glass with the simplicity of PDMS-based photolithography fabrication was recently

demonstrated [1]. This method involves the use of sol–gel chemistry to coat the

channels of lithography-formed PDMS microfluidic devices with a glass layer

(Fig. 8.1). The glass layer provides a chemical barrier to the PDMS walls, which

are permeable to many liquids and gases. Additionally, the glass surface chemistry

can be controlled allowing for manipulation of the hydrophilicity and wetting

properties of the microchannels.

8.2 Transport in Microchannels

8.2.1 Pressure-Driven Flows

Microfluidic flow typically occurs at low Reynolds numbers (Re < 1). This results

in laminar flow in which viscous forces dominate over inertial forces.

Fig. 8.1 Scanning electron micrographs of cross-sections of (a) uncoated and (b) coated PDMS

channels. Rectangular PDMS channel dimensions are 50 � 35 mm. This fabrication method

combines the ease of soft lithography processing with the benefits of a glass surface (reprinted

with permission from Abate et al. [1])
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Simple tasks such as pumping and mixing become a challenge. Mixing is an

important consideration when using the microfluidic channel as a chemical reactor

or when dispersing two liquid phases into each other. Another practical consider-

ation is the pressure drop across such channels. The pressure drop is inversely

proportional to the square of the equivalent diameter, and small decreases

of channel dimension scan result in large increases in pressure drops [5, 9, 88].

An alternative way to move fluids in microfluidic devices is through electroosmosis

using externally applied electric fields [27, 38].

The equations of motion for an incompressible Newtonian fluid are [48]

r
@v

@t
þ vrv

� �
¼ �rpþ �r2vþ force terms; r � v ¼ 0 (8.1)

where v is the velocity field, r is the fluid density, p is the pressure, and � is the

dynamic viscosity. The momentum balance may also include other body force

terms that are due to gravity and electric or magnetic fields (for charged or magnetic

fluids). The relative importance of the acceleration and viscous terms is expressed

by the Reynolds number: Re ¼ rUl/� where U and l are some characteristic

velocity and length-scale for the problem. Scaling analysis of (8.1) leads to [48]

Re
@~v

@~t
þ ~v ~r~v

� �
¼ �r~pþr2~v; r � ~v ¼ 0

~v ¼ v=U; ~t ¼ tU=l; ~p ¼ pl=�U; ~r ¼ lr (8.2)

For viscous-dominated low Re fluid flow the equations are [34, 48]

�r2v�rp ¼ 0; r � v ¼ 0 (8.3)

For slit-shaped channels the momentum balance for fluid flow in z-direction is

�
@2vx
@y2

¼ @p

@x
(8.4)

while for a circular capillary it is given by

�
1

r

@

@r
r
@vz
@r

� �
¼ @p

@z
(8.5)

Integrating (8.5) leads to the well-known Hagen–Poiseuille expression for the

flow velocity in cylindrical symmetry

vz ¼ 1

4�

dp

dz
ðr2 � R2Þ ¼ 1

4�

pin � pout
L

ðR2 � r2Þ (8.6)
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where pin and pout are the inlet and outlet pressures, L is the channel length, and R is

the capillary radius. Similar expression exists for a slit-shaped channel where

the flow profile also has a parabolic shape [48]. Equation (8.6) can be averaged

over the circular cross-sectional area to give the mean fluid velocity

hvzi ¼ pin � pout
L

R2

8�
(8.7)

8.2.2 Capillary Flows

Capillary flows are ones driven by surface tension in, e.g., parallel slit or cylindrical

channels. The flow regime is viscous dominated (see above) with a possible

exception at the very beginning of the flow [50]. The scaling length-scale is

associated with the channel width or radius. Capillary flows are very convenient

for initial loading of micro- and nanofluidic devices. The fluid must wet the surface

forming a curved air/solution interface at the flow front (Fig. 8.2). The pressure

drop in a perfectly wetted circular capillary with radius R is [76]

pin � pout ¼ 2g
R

� rgL (8.8)

with g being the interfacial tension. The second term accounts for the hydrostatic

pressure due to gravity (see Fig. 8.2a). Inserting (8.8) into (8.7) leads to

hvzi ¼ gR
4�L

� rgR2

8�
(8.9)

Fig. 8.2 Scheme of the fluid penetration in a vertical (a) and horizontal (b) capillaries
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For a horizontal capillary (Fig. 8.2b), the second term on the left hand side of

(8.9) is zero. This equation also allows for tracing the position of the meniscus in

time. Introducing hvzi ¼ dL=dt in (8.9) and integrating over time (in absence of

gravitational effects) one obtains

L ¼
ffiffiffiffiffiffiffiffi
gR
2�

t

s
(8.10)

The boundary initial condition is L ¼ 0 for t ¼ 0. Equation (8.10) is known as

Washburn equation. The time change in the average fluid velocity can be obtained

by differentiating (8.10) with respect to time, which gives

hvzðtÞi ¼ 1

2

ffiffiffiffiffiffiffi
gR
2�t

s
(8.11)

Equations (8.9), (8.10), and (8.11) describe the interfacial tension-driven flow in

narrow capillaries. They are also often used to describe flow in porous media, where

all geometrical quantities such as capillary radii and lengths have the meaning of

statistical averages that represent the actual structure.

8.2.3 Electrokinetic Transport in Microchannels

Electrokinetic phenomena present a powerful tool to control fluid and solute

transport in microchannels. In most cases of practical importance the electric

double layer (EDL) (Fig. 8.3) forms at the wall has much smaller thickness

than the channel width. The electrokinetic motion of fluid, relative to a solid, was

first analyzed by von Smoluchowski [82]. He used the similarity between the

fluid velocity and electrostatic potential field in a thin EDL to obtain (see also

[27, 38])

veo ¼ � ee0zw
�

E; vep ¼
ee0zp
�

E: (8.12)

In (8.12) e0 ¼ 8.854 � 10�12 J�1 C2 m�1 is the dielectric constant in vacuum,

e is the relative dielectric permittivity of the solvent (e ¼ 78.5 for water at room

temperature 298�K), zw and zp are the electrokinetic zeta potential defined at

the shear plane (see Fig. 8.3), � is the dynamic viscosity of the solvent (� ¼ 8.91 �
10�3 kg m�1 s�1 for water at room temperature 298�K), and E is the externally

applied electric field. The first (8.12) represents the fluid motion in a stationary

channel under the action of an externally applied electric field. The motion is

called electroosmosis and the velocity is veo. The second (8.12) gives the velocity
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vep of filed-driven motion of charged suspended colloidal particle (or a dissolved

molecule) driven by the same electric field. This motion is called electrophoresis.

The EDL thickness of 1/k depends on the concentration of background electrolyte

[21, 27, 32, 38]

k ¼ e2

ee0kT

X
i

z2i n
0
i

 !
(8.13)

where e is the elementary charge, kT is the thermal energy, zi is the charge of the i-th
ionic species, and n0

i is its number concentration. Hence, the thickness of the EDL

depends on the background electrolyte concentration. Aqueous solutions of monova-

lent electrolyte at room temperature with concentrations ranging between 0.1 and

10�6 M will lead to an EDL thickness from 1 to 300 nm. Microfluidic channels often

have cross-sectional dimensions in the range of tens or even hundreds of

micrometers; therefore, the EDL can be considered to be much thinner. The thin

EDL approximation, used by von Smoluchowski [82], implies that the electric field

effect on the fluid in a microchannel can be accounted for by means of boundary

conditions at the wall instead of a body force term in the momentum balance, (8.1).

These boundary conditions correspond to the electroosmotic velocity given by (8.12).

Fig. 8.3 Electric double layer (EDL) in the vicinity of solid wall (electroosmosis) or particle

(electrophoresis). The electrokinetic z-potential is defined at the shear plane where the relative

fluid velocity is zero. The EDL thickness is given by 1/k and depends on the concentration of

background electrolyte. The electrostatic potential decays with the distance from the wall into the

fluid. At the same time the velocity increases until it reaches a constant value outside the EDL.

For channels that are much wider than 1/k the detailed velocity distribution in the EDL can be

ignored and the velocity can be assumed to be constant and given by (8.12)
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Electroosmosis can be used conveniently for pumping in microfluidic devices.

The applied external electric field with magnitude E translates into a pressure

gradient which for circular capillary with radius R is equal to [38]

dp

dx
¼ 8ee0zwE

R2
(8.14)

A number of different pump designs have been suggested [19, 57, 63–65, 69, 105]

to achieve higher pressures and/or better flow rates.

8.2.4 Dielectrophoretic Particle and Droplet Transport

When a polarizable particle is subjected to an inhomogeneous electric field, a dipole

is induced in the particle. The particle experiences attraction or repulsion from

the high electric field region, depending on its polarizability compared with the

surrounding medium as shown in Fig. 8.4. This electric field-driven motion of

particles suspended in a medium under the nonuniform field is termed dielectro-

phoresis (DEP) [66]. In AC electric field, the DEP force leads to net particle

displacement due to its nonzero time average [14, 41, 59, 71]. The usage of AC

field in DEP, in particular, allows the use of high field strengths without electro-

osmotic flows and electrolysis [6, 97, 98]. The time average DEP force, FDEP, is

given by [66, 98, 101]

FDEP ¼ 2pemr3RejKðoÞjrE2 (8.15)

where r is the radius of the particle, em is the dielectric permittivity of the medium,

E is the electric field intensity, and K(o) is the Clausius–Mossotti factor, i.e., the

particle’s effective polarizability in media. The direction of the force on the particle

depends on the real part of K(o),

Planar
electrode

K < 0

K > 0

∇E
FDEP

Fig. 8.4 Dielectrophoretic force moves the particle along the gradient of the electric field, rE.
The particle is either attracted to or repelled from the high-field intensity region based on the sign

of the relative polarizability, K
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RejKðoÞj ¼ ep � em
ep þ 2em

þ 3ðemsp � epsmÞ
tMWðsp þ 2smÞ2ð1þ o2t2MWÞ (8.16)

where sm is the conductivity of the medium, ep and sp are the dielectric permittivity

and the conductivity of the particle, o is the applied field frequency, and tMW is the

Maxwell–Wagner charge relaxation time, tMW ¼ ðep þ emÞ=ðsp þ 2smÞ. Therefore,
the direction in which the particle moves is not only determined by the properties

of the particle and the medium but also the frequency of the applied field.

For dielectric particles, the sign of the real part of K(o) is changed at a cross-

over frequency of oc ¼ ðtMWÞ�1
[6, 41, 101]. When RejKðoÞj>0, the particle is

attracted toward the electric field maxima (positive DEP). Otherwise, the force

on the particle is toward the lower field region (negative DEP). This particle

control using DEP has been used in many fields of application such as assembly

of microwires from metallic nanoparticle suspensions [6, 37, 98, 101], formation of

colloidal crystals [55, 56], and separation of dielectric particles [18, 28, 47, 75].

Droplets flowing in a microchannel or floating on the surface of an immiscible

liquid can be transported by DEP as explained further in the chapter. Microfluidic

mixer was also developed using DEP actuation, which induced chaotic trajectories

of suspended particles [24].

8.2.5 Droplet Formation in Microchannels

Emulsions are dispersions of droplets in immiscible liquid medium, which are

extensively used in food, cosmetic, and pharmaceutical industries, just to name a

few. The droplets are referred to as the dispersed or discontinuous phase, while the

surrounding fluid is the continuous phase. The emulsions are thermodynamically

unstable but the addition of surfactants or particles can provide significant kinetic

stability. At constant volume and temperature, the Gibb’s free energy for emulsifi-

cation of two immiscible fluids is the difference in free energy between the mixed

(or emulsified) state (Gm) and the unmixed state (Gu)

DGform ¼ Gm � Gu ¼ gDA� TDSm (8.17)

where g is the interfacial tension, DA is the change in interfacial area, T is tempera-

ture, andDSm is the positive change in entropy gained upon mixing (emulsification).

The first term on the right hand side corresponds to the free energy, which is the work

required to expand the interfacial area (DW ¼ gDA). Immiscible fluids in contact

can have a large interfacial tension; therefore, the interfacial energy is generally

much larger than the favorable entropic contribution, and the emulsification

process is not spontaneous (positive free energy term). Because of the thermody-

namic penalty, emulsion formation requires an energy input. In bulk systems

this can be most easily achieved by vigorous stirring or shaking of the whole
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oil/water/surfactant system. This approach leads to an emulsion with broad droplet

size distribution. Microfluidics allows for the minimization of polydispersity and

the creation of droplets that are virtually identical in size.

Given enough time, emulsified liquids would phase separate to lower the stored

interfacial energy (by decreasing the interfacial area), with the less dense liquid

making up the top layer because of gravity. However, when amphiphilic molecules,

i.e., surfactants, are added to the mixture, the droplets might become meta-stable

making the emulsion last for a much longer amount of time. Equation (8.17) makes

clear that one reason for that effect is the lowering of the interfacial energy via

surfactant adsorption at the interface.

Rupturing of a single spherical droplet is governed by the balance between

interfacial (capillary) and shear forces. The proper conditions can be estimated

from the dimensionless “capillary” number (Ca), which is the ratio of viscous stress

over the restorative Laplace pressure (due to the interfacial tension, see (8.8))

Ca ¼ Rdtij
2g

� �Ud

g
(8.18)

where Rd is the droplet radius, � is the continuous phase viscosity, tij is the relevant
component of the viscous stress tensor, and Ud is the characteristic velocity.

At Ca � 1, the energy input is sufficient enough to rupture a droplet. The necessary

viscous stress can be generated by applying pressure or electrically driven flow

(see Sects. 8.2.1, 8.2.2 and 8.2.3 above).

Droplet-based microfluidic system is governed by the characteristics of the

multiphase flow, interfacial tension, as well as the channel wall wetting and

physical properties of the liquids. At different channel scales and fluid velocities,

the system can be influenced by balancing inertial, viscous, or gravitational forces

against the interfacial forces. In these cases other dimensionless numbers are

relevant. For example the ratio of interfacial and gravitational force is given by

the Bond number (Bo),

Bo ¼ Drgd2h
g

(8.19)

where Dr is the density difference between the two liquid phases, and dh is the

characteristic channel dimension. At the dimensions of most droplet forming

microfluidic devices, interfacial tension typically dominates over the influence of

gravity (Bo � 1).

In the special cases when rapid acceleration (entrance effects, etc.) or inertia is

present the important physics is given by the Weber number

We ¼ rU2
ddh
g

(8.20)
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By controlling fluid pressures, flow regimes, fluid viscosities, wetting properties,

channel dimensions, and interfacial properties (i.e., surfactant concentration) it is

possible to induce and control periodic break up of a liquid stream to produce

microfluidic-generated emulsion drops.

The controlled formation of water-in-oil emulsion droplet stream in a T-junction

microfluidic system was first demonstrated by Thorsen et al. [94]. Since then, there

has been a plethora of articles published in this area. The analysis of the mechanism

for droplet formation in a T-junction device was proposed by Garstecki et al. [31].

At low capillary numbers, it was demonstrated that breakup of drops or bubbles in a

microfluidic T-junction is due to the pressure drop across the emerging bubble or

drop and not dependent on shear stress. A few literature review articles discuss how

these microfluidic systems can be exploited to study flow characteristics and for use

as picoliter-sized chemical reactors [33, 81, 83, 85, 86, 93].

The design of a cross-junction microfluidic flow-focusing device (MFFD), with

typical operation in the capillary regime where viscous forces are dominant, is

shown in Fig. 8.5. A pressure gradient along the long axis of the device forces

two immiscible liquids through the orifice. The continuous phase is infused from two

sides. The liquid stream comprising the dispersed phase is supplied from the central

channel. The continuous phase focuses the inner, immiscible, liquid so that the inner

thread becomes unstable and breaks in the narrow orifice in a periodic manner.

In some flow regimes the drop size is effectively established by the size of the orifice.

In other cases the flow-focusing geometry produces threads that break into

drops substantially smaller than the orifice. Droplet formation within the orifice is

referred to as the dripping regimewhile droplet formation of the liquid thread further

downstream of the orifice is known as jetting. In general, a liquid thread in the jetting

Fig. 8.5 Flow-focusing cross-junction configuration for droplet formation. The center fluid

(liquid A) is hydrodynamically focused by the continuous phase (liquid B) within the small orifice.

Viscous forces overcome interfacial tension with thread instability in the enclosed orifice produc-

ing monodisperse droplets as rapidly as kilohertz frequencies
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regime experiences unbound flow capillary instabilities, and thus will typically

produce less monodisperse drops than those formed in the dripping regime.

Another configuration shown in Fig. 8.6 combines flow-focusing cross-junction

droplet formation with nozzle shape channel geometry [91, 92]. The droplet

breakup occurs at a fixed point due to the focused velocity gradient created by

the nozzle shape geometry. As illustrated in Fig. 8.6, the normal force balance on

the surface of the liquid thread includes pressure and shear stresses differences

against interfacial tension,

ðpw þ �wGÞ � ðpo þ �oGÞ ¼
g
Rt

(8.21)

where G is the shear rate, po, �o, pw, and �w are the pressures and viscosities of the

continuous and dispersed phase, respectively, and Rt is the radius of the liquid

thread. In the expanding nozzle geometry, the droplet always breaks at the orifice

due to a designed focused shear gradient. The fluid flow accelerates before entering

the nozzle and reaches the maximum velocity at the orifice before decreasing as it

exits thus creating a focused velocity gradient (and therefore shear). Monodisperse

submicron satellite drops were also observed with this system.

Link et al. [52] further modified cross-junction flow-focusing devices to incor-

porate forces that result from capacitance-like charging of the discontinuous

aqueous phase in an applied electric field. This method produced smaller droplets

at higher frequencies with more precise control over individual timing than in

pressure gradient-driven systems which rely only on viscous forces to overcome

surface tension. A voltage was applied to indium tin oxide electrodes incorporated

Fig. 8.6 Nozzle shape channel geometry. Droplet breakup occurs at a fixed point due to the

focused velocity gradient created by the nozzle shape geometry. The radius of the liquid thread

decreases due to the perturbation caused by the extension of the thread. Initial balance of the

pressure and shear forces at the interface of the thread determines the initial radius of the thread.

The device also produces monodisperse submicron satellite drops (reprinted with permission from

Tan et al. [92])
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into the device. The aqueous stream acts as a conductor whereas the oil acts as an

insulator. Electrochemical reactions charge the fluid interface like a capacitor; thus

the charge of the interface remains on the droplet. At high electric field strengths,

there is an additional force F on the growing drop given by

F ¼ qE (8.22)

where q is the charge on the droplet and E is the electric field magnitude. Also the

capacitance C is directly related to the applied voltage

C ¼ q=F (8.23)

Therefore the charge on the droplet is dependent on the applied voltage F
(see (8.22)). The additional force applied to the growing drop thus shows a depen-

dence onF2. The size and frequency of the droplets are determined by a simple mass

(or volume) balance

Qd ¼ fVd (8.24)

where Qd is dispersed phase flow rate, f is the frequency of droplet formation, and

Vd is the droplet volume. The droplet size decreases with the field strength (Fig. 8.7)

thereby increasing droplet formation frequency. Additionally, the authors

demonstrated selective splitting, coalescence, and sorting using charged droplet-

electric field manipulation.
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Fig. 8.7 Droplet size as a function of voltage. The crossover between flow-dominated and

field-dominated droplet formation for three different flow rates (Qc) of the continuous phase oil

(Qc increases from top to bottom: Qc ¼ 80 nL/s; 110 nL/s; and 140 nL/s) (reprinted with

permission from Link et al. [52])
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8.2.6 Prospects for Droplet-Based Labs-on-a-Chip

Over the past decade there has been a broad effort in the scientific community to

miniaturize chemical systems via microfluidic platforms. The concept is to

construct compact devices with integrated modular functionalities [20]. These

micrometer-sized modules can perform functions which are analogous to bench-

scale laboratory processes, hence the name, “lab-on-a-chip.” A droplet-based

lab-on-a-chip microfluidic device could be envisioned to have the following

modules: a built-in filter, a junction where the streams of immiscible fluids meet

and where droplets are consequently formed, a tortuous channel where the contents

within the droplets can be well mixed by the method of chaotic advection [84],

a very long section of channel to allow time for chemical reactions to occur within

the drops, and finally a detection/analytical feature to discriminate the resulting

content inside the droplets. Such devices are overviewed in detail in other chapters

of this book. Another emerging application for the droplet-based chips is materials

synthesis inside the droplets, which offer both confined reaction or assembly space

and the opportunity to move, manipulate, and collect the formed complex particles

and structures. Two specific applications of such devices for materials synthesis and

microbioassays developed by the authors are presented in the next two sections.

8.3 Droplet Microfluidics for Mesoporous Particle Synthesis

8.3.1 Overview of Materials Synthesis in Droplets

Microfluidic flow-focusing devices can be used as a means to synthesize solid

particles. As mentioned earlier, by simply tuning flow rates or other system

parameters, the morphology of the “drops” can be tuned to be spheres, spheroids,

discs, or long rods. Not surprisingly, if a liquid-to-solid chemical reaction proceeds

to completion within these drops, then the resultant solid particles could possess

such shapes. Serra et al. performed a parametric study to demonstrate how various

operating parameters of a microfluidic system affected the size of the synthesized

polymer particles [79]. Production of particles with various shapes and

morphologies via microfluidic reactors was reported by several research groups

[22, 60, 103]. Moreover, by using clever double emulsion microfluidic schemes,

Kim et al. formed spherical, hollow microparticles [45]. Further, Zhang et al.

exploited this concept to make solid particles with multiple separate hollow

compartments [106]. Another appealing feature to engineer into the particles is

porosity, which allows encapsulating a material of interest within the pores.

Such solute-loaded particles could be used for drug delivery: monodisperse

particles with known porosity make possible strict control of the amount of drugs

being delivered to a patient. Also, it has been envisioned that biological cells can be

kept alive within the pores, and by tuning the porosity, one could control the
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transport of nutrients and cell byproducts in and out of the particles and therefore

optimize the cell’s viability [16]. Finally, microfluidics has also been shown to be

viable for making nanoparticles [80].

8.3.2 Microfluidic Synthesis of Mesoporous Silica Microspheres

Some of us have recently reported on the fabrication of monodisperse,

nanostructured silica microspheres utilizing droplet-based microfluidics [11].

In this process, equally sized emulsion droplets with controlled diameter were

produced at a frequency of ~100 Hz. The droplets contained the silica precursor/

surfactant solution and were dispersed in hexadecane as the continuous oil phase.

The solvent was then expelled from the droplets leading to concentration and

micellization of the surfactant. At the same time the silica solidified around the

surfactant self-assemblies forming equally sized mesoporous particles. The proce-

dure could be tuned to produce individual particles or alternatively particles that are

chemically bonded together allowing for the creation of 3-dimensional structures

with hierarchical porosity.

The synthesis of mesoporous silicate solids using surfactant templating was

developed over a decade ago [46]. An extension of that procedure, referred to as

evaporation-induced self-assembly (EISA), involves confining all silica precursor

and templating surfactant species within aerosol drops. The solvent progressively

evaporates, which leads to an increase of the concentration of templating surfactant,

which, upon surpassing the critical micelle concentration, assembles into spherical,

cylindrical, or lamellar structures [8, 54]. After a certain reaction time, the silica

solidifies around the surfactant self-assembled structures. This is followed by

surfactant removal through high temperature calcination, resulting in the formation

of well-ordered mesoporous silica. EISA has been successfully utilized to fabricate

mesoporous silica thin films [8] and particles with diameters ~1 mm [8, 54] using a

wide range of surfactants and block copolymers. However, such mesoporous silica

particles obtained via aerosol spray EISA usually have substantial polydispersity.

Andersson et al. [3] recently demonstrated the synthesis of spherical,

mesoporous silica particles using an approach which combines emulsion-based

precipitation methods [39, 77] with the EISA process. This synthetic route, termed

the emulsion and solvent evaporation method (ESE), produced well-ordered 2D

hexagonal mesoporous silica microspheres. However, because the emulsions were

prepared in bulk using vigorous stirring, the droplets, and therefore the resulting

particles, were produced with a broad particle size distribution.

The production of monodisperse silica spheres containing highly ordered

nanometer-scale pores (mesopores) of controllable size is of practical interest

[70]. They can be used for drug delivery, biomolecular [53] and cellular [16]

encapsulation. Monodisperse particles have been ordered into 2-dimensional

ordered arrays [23, 26], which allows for the fabrication of catalytic structures
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with controlled pore hierarchy. Mesoporous particles also have the potential for

being used as chemical and biochemical sensors [10].

MFFDs provide a robust approach to form monodisperse emulsion drops [4].

Microfluidic-generated drops can function as both morphological templates and

chemical reactors for the synthesis of monodisperse polymer [40, 79, 103] and

biomolecular [106] microparticles. Below, we exemplify such processes by recent

results from novel procedure for fabrication of well-defined monodisperse,

mesoporous silica particles. It is based on MFFD emulsification of an aqueous-

based sol [7] with subsequent EISA processing utilizing the aforementioned ESE

method [3].

The details of the materials and methods are provided in the paper by Carroll

et al. [11]. Briefly, the silica precursor solution was prepared by hydrolyzing

tetraethyl orthosilicate (TEOS) in ethanol and hydrochloric acid under vigorous

stirring at room temperature for 30 min. The amphiphilic, triblock copolymer

templating agent (Pluronic P104) was dissolved in deionized water and then

mixed with the hydrolyzed TEOS solution to complete the preparation of the

aqueous sol. This allowed for the use of Pluronic surfactant as a templating reagent

in the presence of a much lower concentration of ethanol than was used earlier [3].

Emulsification of the aqueous siliceous precursor was achieved by supplying the

aqueous (sol–gel solution) phase and oil phase to the microfluidic device using two

syringe pumps. The continuous phase was prepared by dissolving ABIL EM 90

surfactant in hexadecane which served as the emulsifier. The SU-8 photoresist-

templated PDMS microfluidic device was fabricated using the soft-lithography

method [102] described in the first section. The design of the microfluidic devices

is shown in Fig. 8.8.

Fig. 8.8 Optical microscopy

image of aqueous droplets

formed at a cross-junction in a

microfluidic device. The

channel dimensions of the

orifice are 25 mm (width) by

30 mm (height). The scale bar

is 100 mm (reprinted with

permission from Carroll et al.

[11])
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The droplets, after being produced through the MFFD, were transferred to a

flask, and heated to 80�C at reduced pressure for 2 h. To prevent droplet coales-

cence before the silica solidification was complete, the emulsion was mildly stirred.

The particles were then separated from the oil phase followed by calcination at

500�C for 5 h to remove the surfactant template.

Silica particles obtained from droplets formed in a bulk shaken emulsion and

the MFFD are shown in Fig. 8.9a, b respectively. The low ambient pressure

allowed for the solvent (water and ethanol) to be transported out of the droplets

and through the hexadecane phase, which led to micellization of the surfactant and

subsequent gelation of the silica precursor. Due to loss of solvent, the solid

particles are approximately half the size of the original liquid droplets. The

particles obtained in a bulk shaken emulsion are spherical but very polydisperse.

As mentioned earlier, it is difficult and impractical to narrow the size distribution

because shaken emulsions, in general, produce polydisperse droplets, which result

in a broad particle size distribution. Increasing the stirring intensity during the

emulsion formation might reduce the average particle size and narrow the size
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Fig. 8.9 (a) Polydisperse silica microspheres templated from shaken bulk emulsion. Scale bar is

20 mm. (b) Silica microspheres templated by monodisperse microfluidic device-generated

droplets. Scale bar is 100 mm. (c) Scanning electron microscopy image and (d) optical photograph

(scale bar is 40 mm) of particles that have fused together in a hexagonal array. The particles are

connected by “bridges” which form when the particles come into contact before the completion of

the gelation process (reprinted with permission from Carroll et al. [11])

8 Droplet Microreactors for Materials Synthesis 195



distribution but cannot produce monodisperse droplets. Using the microfluidic

device we formed monodisperse droplets, which is the necessary step to form

monodisperse particles. The size of the droplets can depend on the dimensions of

the droplet forming region, the flow rates of the oil and aqueous phases, the

viscosity of the fluids (water/ethanol and oil) and the stabilizing surfactant.

Hence a single device can produce monodisperse droplets (and particles) of

different sizes by varying the relative magnitude of the viscous and interfacial

forces that are involved [4].

The particles might stick together during the final stages of solvent evaporation

unless some preventative operations are taken. The particles can become connected

by silica “bridges,” which form when the droplets come into contact before the

completion of the gelation chemistry. This agglomeration could be exploited to

obtain arrays of interconnected particles. Such bonding can result in robust layers

of monodisperse mesoporous particles, which could then be deposited on other

substrates to use in applications such as catalysis and sensing. Such multiparticle

monolayers are shown in Fig. 8.9c, d. Figure 8.10 depicts a TEM image which

clearly shows the presence of the nanostructured pores of diameter ~5–6 nm within

the microparticles.

Varying the composition of the oil/water surfactant mixture leads for different

morphologies of the obtained porous structure. A biporous structure formed in

droplet microreactors using specific combination of surfactants is exemplified in

Fig. 8.11 [12, 13]. The frame in Fig. 8.11a illustrates the results of a dynamic light-

scattering characterization of the aqueous phase that forms the droplets. Two types

Fig. 8.10 Transmission electron image of silica microspheres containing well-ordered

mesostructures templated by P104 surfactant. Scale bar is 100 nm (reprinted with permission

from Carroll et al. [11])
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of species are present. We hypothesized that these are micelles (smaller) and

microemulsion droplets (larger), which then are templated to give pore in the

nanometer and tens of nanometers range (as in Fig. 8.11b, c). Figure 8.12a–c

demonstrates the effect of addition of salt in the aqueous phase. The effect is very

strong, which is because one of the surfactants use dis cationic—cetyl trimethy-

lamonium bromide (CTAB). The particle depicted in Fig. 8.12c is of particular

interest. The large pores are uniformly monodisperse, but the smaller ones essen-

tially collapsed. The surface is much smoother in comparison with a salt-free

particle as the one in Fig. 8.12a. The effect of the oil to water relative ratio is

shown in Fig. 8.12d, while the effect of the CTAB concentration is demonstrated

in Fig. 8.12e, f. The latter suggest that increasing the concentration of the ionic

CTAB increases the number of smaller pores while the larger ones disappear.

As mentioned above, there is great interest in encapsulating cells into porous

monodisperse solid particles, thus turning them into biological microreactors

of a kind [16]. Biopolymer capsules with diameters in the tens of microns with

controlled morphology have been fabricated [106]. It has been demonstrated that

droplet-based microfluidics can indeed be used to encapsulate single cells [29, 35].
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Fig. 8.11 Biporous silica particles obtained from oil/aqueous phase/surfactants. (a) DLS

measurements of the aqueous phase indicate the presence of micelles (�6 nm) and microemulsion

droplets (tens of nm). (b) SEM image of silica particle surface with cavities (diameter �40 nm)

arranged as honeycomb. (c) TEM images of silica particle showing open access to internal porous

network. (d) SEM of broken particles showing the internal structure

8 Droplet Microreactors for Materials Synthesis 197



Tan et al. formed lipid vesicles within microfluidic channels with the aim of

encapsulating and keeping cells viable [91, 92]. DNA amplification is another

application that is well suited for such droplet microfluidics because of the require-

ment of small volumes, compartmentalization of chemical processes, and the

capability of continuous ongoing in situ detection [25, 44].

8.4 Droplet Microreactors Manipulated by Electric Fields

8.4.1 Microfluidic Chips with Droplet Transport
by Electrowetting

The droplets in the microfluidic chips described above are moved all together by

the flow of the carrier fluid in the microchannels. An alternative approach is to

apply electric fields in configurations that allow exerting forces and repositioning

the droplets individually. In planar surface-based systems, discrete droplets are

manipulated on two-dimensional (2D) arrays of electrodes. The electrodes can be

designed and configured for the use of electrowetting on dielectric (EWOD) or DEP

as the driving forces of the droplet motion. Such types of droplet-based microfluidic

chips have the advantages of being compact and simple, while eliminating external

pumps and channels. They allow for independent control of the position and

Fig. 8.12 Pore morphologies and particle surface areas created by varying microemulsion

mixture components. Particles formed by: (a) standard microemulsion mixture, BET surface

area 1,000 m2/g. (b) Adding 0.075 M NaCl, BET surface area 650 m2/g. (c) Adding 0.15 M

NaCl, BET surface area 850 m2/g. (d) 2:1 oil to water ratio, BET surface area 1,038 m2/g.

(e) Reducing mass of Abil EM90 surfactant by 25%, BET surface area 975 m2/g. (f) Increasing

mass of CTAB surfactant by 25%, BET surface area 1,250 m2/g (reprinted with permission from

Carroll et al. [13])
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trajectories of many droplets, and easy automation under software-driven electronic

control. Droplet control using electrowetting is typically based on a configuration,

where the water droplets are sandwiched between two planes and surrounded by

dielectric oil phase [30, 68]. The bottom layer contains addressable electrode array

and the top electrode is connected to ground. Insulating dielectric layers are covered

on top of both electrodes to separate the droplets from the electrodes. The appli-

cation of an electric field changes the interfacial energy between the liquid and the

insulating layer. The contact angle of droplet at the energized electrode is lowered,

causing the droplet to move along the activated electrodes. A wide variety of

on-chip droplet operations, such as dispensing, merging, and fission, have been

demonstrated using programmable electrowetting microdevices (Fig. 8.13a, c)

([17, 67, 68, 104]). Droplet mixing on the electrowetting-based microdevice has

been accomplished by oscillating the droplet placed between two electrodes

(Fig. 8.13b) [61, 62]. Such EWOD systems are very convenient for rapid chemical

and biomedical analysis; however, the contact of the droplet with the solid surface

limits their application in materials synthesis. An alternative configuration involv-

ing freely suspended droplets is described in the next section.

Fig. 8.13 Manipulation of droplets on planer surface-based systems. Droplets placed between

two electrodes are controlled by means of electrowetting phenomenon. (a) Dispensing of

uniform microdroplets from on-chip liquid reservoir (reprinted with permission from Pollack

et al. [68]). (b) Time-lapsed images of mixing in oscillating droplets on two electrodes at 8 Hz

of frequency (reprinted with permission from Paik et al. [61]). (c) Sequential images of transpor-

tation, breakup, and merging of droplets through surface electrodes (reprinted with permission

from Yi and Kim [104])
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8.4.2 On-Chip Dielectrophoretic Manipulation
of Droplet Microreactors

DEP is another electrically induced force that can be used for on-chip droplet

manipulation. Jones et al. demonstrated uniform aqueous droplet dispensing in an

open structure consisting of parallel, coplanar electrodes coated dielectric layer

[2, 42, 99]. The DEP liquid actuation can be achieved without a second contact

electrode as in the electrowetting-based devices, potentially completely avoiding

the contact with solid surfaces. The surface contamination is reduced or eliminated.

Velev et al. developed a new type of DEP-based lab-on-a-chip system for

manipulating freely suspended droplets on the surface of dense perfluorinated

hydrocarbon oil (F-oil) without any contact with solid surface [96]. Water or

hydrocarbon droplets partially floating on the surface of dense fluorinated oil

phase were captured and transported by AC fields originating from arrays of

electrodes below the layer of F-oil (Fig. 8.14a). Because of the higher dielectric

permittivity of the water droplet (e � 80) rather than that of the F-oil (e � 2) the

floating droplets are always attracted to the area of higher field intensities as shown

in the Fig. 8.14b. The dielectrophoretically trapped microdroplets move along

computer-programmed paths synchronously in parallel or can be merged for rapid

mixing by applying AC electric field consecutively through electrode arrays.

Within the partially floating droplets on the F-oil, microparticle separation and

internal liquid circulation occurred as a result of a series of processes driven by

mass and heat transfer due to the water evaporation from the droplet surface

(Fig. 8.15). The process has been investigated and interpreted in detail by Chang

and Velev [15]. During the evaporation from the droplet top protruding from the

surface of the fluorinated oil, a surface tension gradient emerges by a nonuniform

temperature distribution within the floating droplet on a chip. This interfacial

gradient generates a Marangoni flow inside the evaporating droplet. The fluid inside

the droplet eventually begins moving in a large vortex, rotating in an arbitrary

direction (Fig. 8.15b). The process can be modeled well by numerical solution of

the combined equations for heat and fluid transport. Partially as a result of the

internal fluid rotation, the suspended particles moved by the flow are collected at

the top of the droplets by the hydrodynamic flux compensating for the evaporation.

This DEP-driven droplet mixing and microseparation technique has potential in

various on-chip materials synthesis processes involving particle assembly inside the

shrinking droplets. When the droplets contain mixtures of microparticles and

nanoparticles, the drying leads not only to the assembly of “supraballs” from

aggregated ordered microspheres, but to separation of the nanoparticles in their

own domain on the surface, as they can travel through the interstices of the structure

formed by the larger particles [58] (Fig. 8.16a). The collection and assembly of the

particles in layered domains can also result from sedimentation of magnetic field-

driven separations. Overall, the microdroplets can serve as assembly sites and

microreactors for the fabrication of “Janus,” binary and ternary supraparticles,

polymer capsules, and semiconducting microbeads (Fig. 8.16). Another application
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of this platform has been the design of immuno-agglutination microbioassays,

based on particle separation inside the droplets containing antibody-functionalized

nanoparticles, microparticles, and molecules of interest [15, 72]. Overall, the

DEP-driven droplet method can be potentially applicable in lab-on-a-chip devices

for microsynthesis, microassays, high-throughput drug or toxin screening, manipu-

lation and analysis of single cells, and other biotechnological processes on the

microscale. A schematic illustration of some of the processes made possible by

such “on-chip droplet engineering” is presented in Fig. 8.17. Recently, the authors

have shown that the droplets used as microcontainers for complex particle assembly

can be suspended on top of super hydrophobic surfaces, eliminating the need for

perfluorinated oil as substrate and greatly simplifying the collection of the products

[73, 74]. A variety of new configurations and automated materials synthesis

platforms may be developed in the future.

Fluorinated oil

Electrodes

Suspended microdroplet

Timed switching ground ground ground

GroundGround

a

b

Ground
Field
intensityAC

grounda.c. a.c.

Fig. 8.14 On-chip manipulation of floating microdroplets using dielectrophoresis. (a) Schematic

of the dielectrophoretic liquid–liquid microfluidic system with freely suspended droplets

(reprinted with permission from Velev et al. [96]). AC electric field is applied by arrays of

electrodes below the F-oil phase. (b) Simulation of the electric field intensity distribution in the

vertical plane at the droplet equilibrium position in the DEP-based chip (reprinted with permission

from Millman et al. [58])
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8.5 Summary and Outlook

Droplet-based microfluidics has high potential for implementation in a variety of

new technologies and applications. Researchers have successfully designed a variety

of droplet-based microfluidic systems for the precise control of droplet formation,

selective coalescence, sorting, and mixing to enable the manipulation of femto- to

nanoliter droplet reactors. Particle synthesis inmicrofluidic-generated droplet reactors

has the advantage of producing samples with high monodispersity. This brings

another level of structural control in addition to well-defined internal mesostructures.

Thus, opportunities are created for the design of new and better catalysts, drug delivery

vehicles, coatings with fine-tuned optical, mechanical, and chemical properties.

Fig. 8.15 Particle microseparation within the evaporating droplet floating on the DEP-based chip.

(a) Multiple droplets of 1 mL containing polystyrene microspheres are trapped by DEP above

electrode matrix in the F-oil layer (left) (reprinted with permission fromMillman et al. [58]). Typical

micrographs of particle separation on the top surface of an evaporating droplet (right) (reprinted with
permission fromChang andVelev [15]). (b) Typical experimental images of the internal circular flow

in the evaporating water droplets viewed from side (left) (reprinted with permission from Chang and

Velev [15]). The tracers are microrod particles and the camera exposure time was 2 s. Scale

bar ¼ 200 mm. Simulation for the temperature distribution and velocity profile in the drying droplet

using COMSOLmultiphysics (right) (reprinted with permission fromChang and Velev [15]). Colors

show the temperature and the velocity vector magnitudes are represented by the lengths of the arrows
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The utilization of droplet microfluidics is not limited to the synthesis of

microparticles. The novel and unique opportunities for processing minute solution

samples within micron-sized droplets offer engineers, chemists, and biologists an

innovative platform for molecular and biomolecular synthesis in addition to high-

throughput analysis. Integration of heating elements into droplet-based microfluidic

devices will make it possible to carry out in vitro single-molecule DNA amplifica-

tion, protein expression, and a host of other biomolecular reactions. Another

advantage of droplet-based fluidic systems over continuous flow ones is the

sequestering of reagents into isolated droplet compartments surrounded by an

immiscible oil phase. Thus each droplet presents a tiny test tube which allows for

large-scale experiments using small amounts of reactants.

Fig. 8.16 Various applications of the floating droplets as microreactors. (a) Anisotropic

supraparticle assembly by the evaporation of droplets from binary suspension of gold nanoparticles

(top layer) and polystyrene latex above the energized electrode after a few hours drying (reprinted

with permission fromMillman et al. [58]). (b) Formation of multilayer particles by the evaporation

of droplets from ternary particle mixtures of gold nanoparticles (top layer), fluorescent red latex

beads (middle), and silica microspheres (bottom) (reprinted with permission from Millman et al.

[58]). Negative control droplet after 30 min of drying (c) and test droplet where antibody (rabbit-

IgG) is added after 30 min of drying (d) for the immuno-microbioassay on the basis of particle

separation inside evaporating droplets on a chip (reprinted with permission from Chang and Velev

[15]). Both droplets contain a binary suspension of 3 wt% 1 mm anti-rabbit IgG-coated latex

particles and 0.02 wt% 40 nm anti-rabbit IgG-coated gold nanoparticles. Scale bars ¼ 200 mm
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Droplet-based microfluidics has also been employed for a number of unique

chemical processes on a chip involving multiphase phenomena and crystallization

including precipitation reactions [78, 87], synthesis of cobalt [83, 85, 86] and titania

[90], titration of formic acid [36] and anticoagulants [83, 85, 86], and crystal growth

[43]. Lau et al. examined 40 different conditions within a single device to crystallize

catalase, glucose isomerase, thaumatin, and ferritin [49]. Such high-value multi-

phase processes, together with the materials aspects outlined in this chapter, hold

promise that the present lab-on-a-chip systems will in the future be supplemented by

“factory-on-a-chip” devices for making of high-value products and materials.

We believe that many or even the majority of these future microfabrication tools

will operate on the basis of droplet confinement and manipulation. A better under-

standing of droplet microfluidic processes and the underlying physical laws is

crucial for the further advancement of the research and development of the area.

The fundamental challenges presented by these systems are fascinating and the

potential afforded by multiphase droplet microfluidics for engineering, chemical,

and biological applications is enormous.
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Fig. 8.17 Schematic of some of the processes that can be realized with the confines of freely

suspended microdroplet reactors on a chip. The lack of contact with solid surfaces makes this

system particularly suitable for the synthesis of complex anisotropic particles
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Chapter 9

Single-Cell Analysis in Microdroplets

Michele Zagnoni and Jonathan M. Cooper

9.1 Introduction

The development of microfluidics has steadily increased in the past 20 years and

has yielded integrated high-throughput analytical techniques at the microscale,

providing novel lab-on-a-chip (LOC) systems to be used for biological and chemi-

cal applications [1–5].

Droplet microfluidics constitute a subset of microscale techniques also known as

micro-emulsions, multiphase systems or segmented flow. These are characterised

by using two or more immiscible fluids (e.g. oil and water), where each of the

phases is considered to have a separately defined volume fraction and a distinct

velocity field.

Microfluidic multiphase systems have been used to develop two technologies,

known as “digital microfluidics” (DMF) and “droplet microfluidics” [6, 7]. DMF

concerns the formation and transport of discrete liquid droplets (i.e. water-in-air

droplets [W/A]) across the surface of an array of electrodes, where drops can be

controlled individually by means of electromechanical actions exerted on the drops

using electric fields. Differently, droplet microfluidics (DM) concerns the formation

and transport of micro- and nano-sized emulsions, which are mainly obtained by

hydrodynamic formation within microchannels. An emulsion is a mixture of two

immiscible fluids, consisting of a liquid core (dispersed phase) suspended in a

second immiscible liquid (continuous phase), as water-in-oil droplets (W/O) or in

oil-in-water droplets (O/W). Both approaches have been widely used to address
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cell-based applications, exploiting the ability to generate, transport, mix and

analyse sub-mL droplet volumes.

Differently from DMF approaches, DM systems can produce highly monodis-

perse emulsions in the nanometre to micrometre diameter range. As an example,

whilst DMF enables droplets to be formed and individually manipulated in the

1–10 Hz range, DM is characterised by a frequency of droplet formation that varies

between 1 Hz and 10 kHz. To emphasise the capability of these systems, if one

considers the productivity of W/O drops having a diameter of 50 mm, each of which

constitutes a reactor, approximately 40,000 reactions can be simultaneously

performed within a microchannel having an area of 1 cm2 and a depth of 50 mm.

DM technology has been successfully used for the wealth of microfluidic

applications. As example, for the formation of janus particles, colloidosomes,

microcapsules and sol–gel beads. DM has also been used for enzymatic reactions,

polymerase chain reaction (PCR) and cell screening, biomolecule synthesis, drug

delivery and diagnostic testing [6, 8].

In this chapter, we focus solely onto analytical cell-based applications addressed

using DM techniques. During the past decade, single-cell analysis has been increas-

ingly investigated using microfluidic approaches. In this context, DM offers novel

tools for the study of intracellular investigation, gene and protein content and

expression, PCR, differentiation, lysis, cytotoxicity and fluorescence screening

[9], providing powerful, analytical, droplet-based architectures to be developed.

We first describe the essential characteristics that these systems must fulfil to

address single-cell applications, including droplet stabilisation, encapsulation

techniques and droplet biocompatibility. After giving an account about DM analyt-

ical techniques, we present in more detail relevant protocols used in cell-based

analytical applications. Finally, we discuss advantages and limitations of current

DM examples, considering perspectives and advances that may provide novel

future applications and capabilities of this technology. Throughout the chapter,

the reader will be referred to the most relevant papers and classic reviews on droplet

microfluidic methodologies.

9.2 Droplet Microfluidics Requirements for Cell-Based

Applications

Cells can be considered as the basic units of life. Despite the different functions

carried out by diverse cell types, similar features are shared. A mammalian single

cell has a size that typically varies from 5 to 20 mm, weigh in the order of a few ng

and have a volume of ca. 1–10 pL. They necessarily contain proteins, DNA and

RNAs, which are the building blocks of life [10].

DM enables single cells to be addressed in large numbers using droplet

volumes that are larger but comparable to those of cells, thus providing diffusion-

limited mass transfer over the same length such as might be found in natural

environments (Fig. 9.1). However, these DM systems need to satisfy some critical
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requirements to address cell-based applications. These include emulsion stability

during drop storage and handling, droplet biocompatibility and particle encapsula-

tion methods.

In microfluidic environments, the high surface area to volume ratio enhances the

interfacial effects between the phases, which typically become dominant over

inertial and viscous effects. Importantly, surface tension phenomena (both between

the phases and between each phase and a solid surface) strongly influence the

behaviour of the liquids in the microfluidic channels and also determine the stability

of the emulsions during their transport and their storage. To form an emulsion, the

inner phase must be completely surrounded by the outer phase. The implication is

that the outer phase must have higher affinity to wet the solid surface of the channel

wall than the inner phase. Also, the presence of surfactant molecules lowers the

interfacial tension between the phases. Therefore, the hydrophobic and hydrophilic

nature of a surface and the type of surfactants used are fundamental to determine

the orientation and the stability of the emulsions. Emulsion stability in bulk and

in microfluidic devices have been extensively reviewed elsewhere [11–18].

The materials used in the fabrication of microfluidic devices present different

surface wettabilities. These include mouldable elastomeric polymers (i.e. poly

(dimethyl)siloxane [PDMS]), hard polymers (i.e. poly(methylmethacrylate)

[PMMA]), photocurable polymers, glass and silicon [19], with water static contact

angles varying in a range 1–110�. Depending upon the application, emulsion

stability and manipulation in LOC devices can be improved using surface

treatments (such as silanisation, oxygen plasma treatment and film coating).

These are used either to change the hydrophobic/hydrophilic properties of the

overall channel surface or to create specific hydrophobic/hydrophilic patterns

within the microfluidic devices [20–27].

T-junction and cross-flowing junctions are predominantly used in LOC devices.

The phases are injected in the device either using syringe pumps (thus obtaining

constant flow rates and variable hydrodynamic pressure in the microchannels) or by

setting a constant pressure at the inlets (thus obtaining a constant pressure source

and variable flow rates in the microchannels). Reviews of the current understanding

of the drop formation mechanisms in microfluidic geometries can be found in the

literature [12, 13].

Fig. 9.1 Images showing single-cell encapsulated in on-chip W/O microdroplets. White arrows
indicate single cells encapsulated within the surfactant-stabilised microdroplets
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A further feature offered by DM technology is that each drop serves as a

microreactor. This characteristic, combined with droplet size, parallel analysis

and biocompatibility, is highly valuable for biological particle encapsulation

in droplets. In the next section, examples of microfluidic, high-throughput

applications for the detection and analysis of biological particles are reported.

Usually, particle encapsulation in droplets is obtained by diluting a suspension

of particles (i.e. cells, bacteria and other single-cell organisms) into the dispersed

phase, resulting in an encapsulation process that follows a Poisson statistics. The

Poisson distribution for particle insertion into droplets is given by

pðM; nÞ ¼ Mne�M

n!
; (9.1)

where n is the number of particles in a drop and M is the average number of cells

per drop, whereM is usually adjusted by controlling the cell suspension concentra-

tion. Therefore, if single-cell encapsulation is required, the methods are inefficient,

leading to a large number of empty drops with a much smaller number of drops

containing a single cell [28, 29]. This has led to the development of new

microfluidic techniques to improve the efficiency of particle encapsulation in

micro-emulsions [30–33]. In fact, to guarantee high throughput, inertial ordering

has been proposed as an efficient particle encapsulation method [33]. As shown in

Fig. 9.2, under appropriate flow conditions and channel geometries, regular spacing

between flowing particles is achieved prior to encapsulation.

By matching the periodicity of the drop generation with that obtained for the

particles, encapsulation efficiency as high as 80% has been achieved. By producing

closely packed particles, two advantages can be gained over Poisson statistics:

(1) increased encapsulation efficiency and (2) the particle periodicity can be

controlled independently from drop formation, enabling controlled, multiple parti-

cle encapsulation [32]. Nonetheless, a disadvantage of inertial ordering is that of

particle clogging in microchannel constrictions. A further disadvantage is also

that of higher flow velocities, which require non-deformable microchannel walls

due to build-up of high hydrodynamic pressures. Finally, as inertial ordering is

obtained for higher Reynolds (Re > 20) [34] numbers than in conventional

experiments, higher shear stresses will be generated during droplet formation,

potentially resulting in damaged encapsulated cells.

Apart from the surface tension properties of the channel walls and hydrodynamic

conditions, other important requirements must also be considered to guarantee

that encapsulated cells and organisms are stored in a biocompatible environment.

Some biological applications require, in fact, that droplets must be stored either

on- or off-chip for long period of times (i.e. from hours to days) and retaining their

initial character. Typically, due to the nature of the experiments when using cells and

other living organisms, W/O droplets are used, and two factors play an important role

in determining the above mentioned conditions: the choice of surfactant molecules

and the gas permeability of the bulk material surrounding the microchannels.

Surface active agents or surfactants are amphiphilic molecules which contain

both water-soluble and oil-soluble components. Their function is to lower the
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interfacial tension between two immiscible phases by self-orienting at the phases’

interface due to energy minimisation effects [35, 36]. The choice of surfactants

depends upon the nature of the continuous phase (i.e. hydrocarbon or fluorocarbon

oil) and upon the experimental requirements.

Notwithstanding the use of surfactants both to improve the stability of the

emulsions and the resistance to emulsion coalescence, an important feature is the

regulation of the amount of small molecules that can diffuse through the surfactant

layer between the inner and outer phase [37]. This property depends on the

intermolecular forces between the surfactants molecules and the phases and is

paramount in defining the droplet environmental conditions and their effects upon

encapsulated cells. The nature of the hydrophilic head of the surfactant molecule

has, in fact, an effect on the viability of encapsulated cells and on the rate of

absorption of encapsulated molecules at the interface of the emulsion. Concerning

these issues, it has been reported that the choice of surfactants is essential for

prolonged emulsion stability, biocompatibility, for guaranteeing cell viability and

also for handling emulsions off- and on-chip [29, 38]. More information on

surfactant characteristics and their effects on emulsions in microfluidic devices

can be found in the literature [8, 39–45].

Fig. 9.2 An example of cross-flowing junction in a microfluidic device used for ordered cell and

particle encapsulation in droplets. (a) Schematic representation of hydrodynamic interactions that

cause particles to self-organise along one side of the microchannel or into a diagonal/alternating

pattern; (b) comparison between particle encapsulation results obtained from inertial ordering and

stochastic Poisson loading; (c) ordered encapsulation of particles generates more single-particle

drops (circles) and fewer empty (not marked) or multiple-particle drops (boxes) than stochastic

Poisson loading; (d) examples of self-organisation during particle (top) and cell (bottom) encap-
sulation in droplets. Scale bars are 100 mm (reproduced by permission of The Royal Society of

Chemistry [33])
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As a final requirement, gas permeability (i.e. precise oxygen and carbon dioxide

concentration within microchannels) constitutes another important parameter for

maintaining encapsulated cells or other organisms alive within emulsions. For this,

both the continuous phase and the material with which the microfluidic device is

fabricated are important, as they must allow for the desired gas exchange between the

inside and the outside of the device channels [46–48]. As examples, fluorocarbon oils

improve gas permeability compared to hydrocarbon oils, whilst PDMS allows gas

permeation through its porous structure relative to glass and other polymers.

9.3 Detection Techniques and Methodologies

In recent years, a library of microfluidic, droplet-based operations have been

demonstrated for use in chemical and biological assays (Fig. 9.3) [49]. These include

formation [12, 13, 25, 50–62], storage [28, 29, 48, 63–65], splitting [66, 67],

Fig. 9.3 Schematic representation and experimental results of droplet-based libraries implemented

in microfluidic devices. Droplets can be produced and extracted from the microfluidic device for

further processing and subsequently reinjected into the device. By combining droplet electrocoa-

lescence with fluorescence spectroscopy, biological and chemical assays can be performed on a

chip. Scale bars are 100 mm. Reprinted with permission from Mazutis et al. [49]. Copyright 2009

American Chemical Society
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sorting [30, 68–70], passive [71–76] and active drop coalescence [66, 77–82],

trapping and strategic emulsion positioning [37, 72, 83–85].

One important outcome obtained from microfluidic functionalities is to gain

control over the transport of drops and particles in a passive manner, such as the

residence time and velocity of a droplet inside a channel, as well as their packing

and position. These parameters can be controlled by accurate design of the

microfluidic channel geometries and also by the choice of the physical parameters

of the phases. Alternatively, active components can be integrated within the

microfluidic architectures to further improve functionality. To this extent, micro-

heaters have been used to control the temperature of the phases [86]; electric fields

have been employed either to coalesce droplets or to sort them in bifurcating

channels [68]; surface acoustic waves [87, 88], magnetic fields [89], lasers

[90, 91] and optical tweezers [31, 92, 93] have been used to manipulate droplets.

These are all examples of the options available from a library of droplet-based

operations that, when combined together, can offer enhanced means to perform

analysis of cells in microdroplets, where emulsion compartmentalisation serves

either as a carrier to transport cells or as a micro-chamber to perform a reaction.

The ability to integrate these functionalities in miniaturised systems renders droplet

microfluidics a powerful tool for biological and chemical research.

In the simplest case, because the species to be detected can be encapsulated

within the emulsion, droplets can be stored on a chip, performing analysis in static

conditions. For instance, microfluidic platforms suitable to store thousands of

individual micron-sized droplets encapsulating single cells have been reported to

monitor b-galactosidase activity [63]. Also, a detection procedure similar to fluo-

rescent activated sorting systems (FACS) has been carried out using droplet

microfluidics, exploiting the full potential of high-throughput analysis offered by

the technology. Electric fields have also been used to demonstrate sorting of

droplets based on the fluorescent readout due to enzymatic reactions from

encapsulated bacteria in drops [70].

In other cases, emulsions have been stably extracted from the device for off-chip

analytical steps. For instance, by destabilising emulsions containing cells or

precipitates by inline fusion of droplets with a phase streams or using detergents,

previously encapsulated cells in drops have been extracted from the emulsions and

re-cultured to build experiments providing single-cell statistics [28]. Also, particle

extraction has been shown by combining fluorescence intensity detection with

selective emulsion fusion into a continuous aqueous stream using electric fields [94].

In conventional microbiology, cell-based fluorescence techniques have been

successfully utilised to analyse the content of a droplet. However, when translating

this into a DM system, a trade-off in sensitivity arises due to the transient time of a

drop under the excitation beam and the exposure time required for detection. Due to

this, fluorescence microscopy has been mostly used with DM systems for

generating statistics and analysis for cell population studies in static conditions

[48, 63, 95] or when detecting processes characterised by slow kinetics [96, 97].

Alternatively, laser-induced fluorescence spectroscopy has been used to enable

high-throughput screening to be achieved using DM, providing higher sensitivity
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and shorter detection times. Examples have been reported for cell-based assays [98]

in microdroplets either using fluorescence lifetime imaging (FLIM) [99–101] or

fluorescence resonance energy transfer (FRET) [102], resolving events at kHz

frequencies.

9.4 High-Throughput Single-Cell Analysis

The encapsulation properties and the characteristic monodispersity of the generated

emulsions are the main advantages offered by DM for cell analysis. Combined with

classic microfluidic techniques, also the amount of substances enclosed within the

droplets can be controlled with a high degree of accuracy, providing reagent

delivery with femtolitre precision, providing excellent capabilities for single-cell

studies. In addition, it is also possible to adjust the concentration of substances

within droplets after encapsulation by fusing two or more droplets together.

Aqueous micro-compartments have been recently used as miniaturised vessels

within which one can perform cell-based applications, developing biological assays

using bacteria [103–105], yeast cells [106, 107], mammalian cells [29, 108] and

vermiform organisms, such as Caenorhabditis elegans [29, 84], examples of which

are shown in Fig. 9.4.

These examples offer a clear indication of the biocompatible nature of on-chip

emulsions, allowing maintenance of encapsulated cells and multicellular organisms

viable within the drops for several days. Other than cell growth and high-throughput

viability tests of single-cells in drops [29, 63], analytical assays have also been

developed, including the rapid laser photolysis of single cells in droplets [31]. This

procedure enabled lysis of a single cell and confining of the lysate within the droplet

volume, providing an analytical tool for detecting enzymatic activity at the single-

cell level. Approximately 105 different proteins have been estimated to be

contained in a cell [10] and the ability to selectively analyse single-cell contents

is of great importance in biology to study signalling cell pathways, cell disease and

protein expression.

Cell-based enzymatic assays are often used in cell biology for drug screening.

Droplet compartmentalisation augments these techniques, enabling reliable

measurements of low substance concentrations to be performed avoiding diffusion

of the product outside of the discrete drop volume and using reduced number of

cells [109].

Other enzymatic assays and particle analysis have been reported, including the

investigation of phosphatise activity produced by Escherichia coli cells and

providing time resolved kinetic measurements of wild type and mutant enzymes

in picolitre droplets [110] and the detection and analysis of human cell surface

protein biomarkers using enzymatic amplification inside microdroplets [111]. The

latter method successfully demonstrated parallel analysis of a number of cell

samples by encapsulating optical labels (i.e. quantum dots) within droplets, achiev-

ing higher optical sensitivity than standard FACS-like techniques together with
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high-throughput, droplet-based capabilities. In addition, microfluidic enzymatic

assay, using bacteria encapsulated in droplets, has been developed in static

conditions by simultaneously measuring the fluorescent readout obtained by time-

dependent protein expression and cellular enzymatic activity [112].

Cell electroporation has also been demonstrated using droplet microfluidics

[107, 113]. Electroporation or electropermeabilization is a technique which

makes use of electric fields to control the level of permeability of cell membranes

and is typically used in molecular biology to deliver molecules inside the cell. The

method has been implemented in DM systems by flowing W/O droplets containing

cells through a pair of microelectrodes to which a constant voltage was applied.

By adjusting the drop velocity, encapsulated cells in droplets were exposed to the

electric field for periods of a few ms whilst flowing past the electrodes (obtained

by setting opportune volumetric flow rates). Cell electroporation has been

demonstrated by delivering enhanced green fluorescent protein (EGFP) plasmid

into Chinese hamster ovary (CHO) cells, obtaining cell viability levels up to 80%

0
0 200 400 600 800 1000

time (min)

1
2
3
4
5
6
7
8
9

10

t = 0

a

1a b

c

2 3 4 5 6 7 8

drug trials

spacer plug

carrier
fluid

b7
b8
c7

500 µm

250 µmI

II

III

IV

LVF OXA

viability
indicator bacterial

solution

VCM trials AMP trials

spacer separates
different drug trials

b

c

d

e

t = 240 min t = 480 min t = 720 min

nu
m

be
r 

of
 c

el
ls

Fig. 9.4 Examples of single-cell and single-organisms encapsulated in W/O droplets.

(a) Microdroplets containing yeast cells are stored in an array of chambers in a microfluidic device

to monitor growth rates of single cells. Graph at the bottom shows the number of cells grown in

individual drops over 15-h incubation period. Scale bar is 40 mm (reproduced by permission of The

Royal Society of Chemistry [63]); (b) schematic drawing illustrating the formation of oblong

droplets containing bacteria, viability indicator, and antibiotic from a pre-formed array of drops

of different antibiotics (reproduced by permission of The Royal Society of Chemistry [104]);

(c) image showing a 24-array device where Caenorhabditis elegans was mechanically trapped

within the emulsion in the microchannels. The white arrows indicate the positions of the worms

(reproduced by permission of The Royal Society of Chemistry [84])
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after electroporation. However, this technique has not been extensively used in

microfluidics and retains great potential for implementation into DM architectures

for high-throughput functional genomics studies.

As previously stated, the characteristic small volumes of microdroplets, ranging

from femtolitres to hundreds of picolitres, provide straightforward means of reduc-

ing the diffusion lengths within the volume. When mass transfer is limited by

diffusion, then the time taken for reactions to come into equilibrium becomes

greatly reduced.

By combining this feature with particle encapsulation, analytical processes that

depend on volumetric particle concentration can be easily addressed. Examples of

these have been given by a number of authors [103, 104, 114], including those

investigating the response to antibiotics from bacteria in human blood plasma.

By confining single cells into microdroplets of nanolitre volumes, the detection

time is dramatically reduced with respect to standard laboratory procedures. Con-

finement also increases cell density and allows released molecules to accumulate

around the cell in shorter times, eliminating pre-incubation steps. These results

outline the potential of droplet microfluidics to develop new and faster functional

assays for the detection of contaminated food or water, in clinical diagnostics and in

monitoring industrial bioprocesses.

Cell experiments using DM have been carried out using both adherent and non-

adherent cells within droplets, maintaining cells viability for up to 9 days and

offering the option of recovering cells from drops for subsequent cell culture.

However, open questions remain and further investigation is required to clarify

particular biological issues. One of these not yet convincingly demonstrated

concerns the response obtained from adherent cells within a droplet environment.

This is in fact a non-adherent environment and far from representative of natural

conditions.

While the advantages of single organisms or blood cells studies in drops

obtained from the high-throughput characteristics of DM technology are evident,

cell studies using microdroplets that target applications other than for detection and

sorting (i.e. FACS-like applications) still have to be further improved to extract

biologically relevant information. An important aspect to consider when develop-

ing cell-based procedures within droplets is to reproduce the complex cell-to-cell

interactions and environmental stimuli, so as to mimic the “real” biological

environment. These constitute important issues that necessitate attention in the

immediate future.

A different approach to cell encapsulation in droplets that has been reported

provides a possible solution to the non-adherent nature of liquid emulsions. By

forming biocompatible, hydrogel particles or capsules through on-chip gelation

[115, 116], cell adherence conditions can be improved. This microfluidic procedure

has been used for the generation of monodisperse spherical alginate beads (either

using photocurable or chemically curable gels). Gel micro-beads form a solid

matrix that acts as a support for the encapsulated cell, also providing an environ-

ment for growth and diffusion of fuels and metabolites. In addition, the gelation

process facilitates the extraction of the beads from the oil phase, for instance by
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immersing the gellified drops in aqueous solutions. Several examples of such

microfluidic techniques have been shown using embryonic carcinoma cells [117],

yeast cells [106] and Jurkat cells in hydrogel alginate beads [118, 119].

Finally, notwithstanding the number of new biological assays that have been

reported in recent years, droplet microfluidics also offers outstanding possibilities

for emulsion-based PCR [120], where single or few copies of DNA molecules are

amplified, able to generate millions to billions of desired DNA sequences.

Performing this technique within LOC miniaturised emulsions enables fast and

high-throughput results to be obtained, preventing inactivation of polymerase

and cross-contamination between samples. As examples, this technique has been

used in DM systems for quantification of rare events using encapsulated beads in

droplets to capture the amplified DNA sequence, screening for mutated cancer cells

[121] and transcription factor targets [122].

9.5 Discussion

Since the publication of what may be considered the first paper on droplet

microfluidics in 2001 [123], this area of research has grown at a very fast pace,

adding considerable value to emulsion-based science in terms of reproducibility

and reliability. This progress has been driven by the constant development of new

microfluidic techniques, including the fabrication of new platforms, improvement

of surface treatments and synthesis of new surfactants.

Droplet microfluidics has great potential to develop highly sensitive LOC tools

to be used for laboratory-based analysis and diagnostics. However, as for other

microfluidic approaches, to date droplet microfluidics has not been demonstrated to

be suitable for point-of-care applications and for use in the associated industry.

Other challenges to be faced, which are common to many areas of microfluidics,

concern the multidisciplinary approach needed to address biological problems from

a technological point of view. To solve these issues, more effort must be dedicated

towards the development of LOC devices and procedures that use real biological

samples, without requiring trained personal to interpret tissue architecture

and without introducing artificial environments that do not represent the natural

cellular conditions. The highly interdisciplinary approach required in biological

applications when using droplet microfluidics (involving fluidic phenomena, elec-

tronic detection/control, chemistry/biochemistry and biology) has appeal, but also

highlights the challenging nature of the field.

Because of the features of compartmentalisation within DM, the technique is

also expected to be used to develop unconventional tools to mimic artificial cell

environments. Protein transcription and translation processes can be performed

in vitro within microdroplets, offering new means for evolutionary experiments.

For instance, droplet microfluidics has been recently used for in vitro high-

throughput expression of green fluorescent protein (GFP) [124] and for expression

and detection of enzymes [38]. Future challenges will include developing
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high-throughput systems based on microdroplet technology for in vitro expression

of transmembrane proteins, using the emulsions as cellular frameworks. These

characteristics will potentially lead to high-throughput analysis of membrane-

based processes, assisting the realisation of artificial cell environments for drug

screening.

Finally, specific problems related to droplet microfluidics concern automatic

control and positioning of droplets maintaining high-throughput outcomes

[37, 85, 125].

9.6 Conclusions

In the past 10 years, droplet microfluidics has steadily attracted the attention of

diverse groups of researchers due to the range of multidisciplinary applications that

can be addressed, from engineering to physics, biochemistry, chemistry and biol-

ogy. Retaining all the well-known advantages offered by microfluidic techniques

(including reduced sample volumes and faster analysis times), droplet microfluidics

provides novel and attractive procedures that can be used to perform thousands

of reactions in parallel for high-throughput, single-cell analysis. This allows a

broad range of cell-based and biological applications to be addressed using this

technology. Droplet microfluidics has great potential to develop microsystems

characterised by improved robustness and reproducibility, enabling new

applications in biology and at the single-cell level, creating a valuable interface

between biomedicine and engineering.
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Chapter 10

Trends and Perspectives

Pavel Neuz̆il, Ying Xu, and Andreas Manz

10.1 Summary of Chapters

Throughout the book chapters, researchers have highlighted the recent advancement

in microfluidic areas, particularly those involving microdroplets.

Simon and Lee focused on microfluidics droplet manipulations and applications,

including droplet fusion, droplet fission, mixing in droplets, and droplet sorting. By

combining these operations, they have shown promising applications in executing

chemical reactions and biological assays at the microscale.

Day and Karimiani discussed dropletisation of bio-reactions.

Zhang and Liu elaborated the physics involved in multiphase flows and

microdroplets dynamics. They emphasized the important dimensionless parameters

relating to droplet dynamics with droplet generation process as an example.

Barber and Emerson discussed the fundamental droplet handling operations

and the recent advances in electrowetting microdroplet technologies. They also

provided an overview of droplet-based electrowetting technologies in biological

and chemical applications.
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Droplet-based microfluidics as a biomimetic principle in diagnostic and bio-

molecular information handling were highlighted by K€ohler addressing potential of
applying segmented fluid technique to answer to the challenges of information

extraction from cellular and biomolecular systems.

Using the flow rates, applied pressures, and flow rate ratios in a closed feedback

system, the active control of droplet size during formation process in microfluidics

was achieved by Nguyen and Tan.

Velev, Petsev, and Chang discussed droplet microreactors for materials syn-

thesis. They briefly described microfluidics for droplet generation as well as

fabrication technology. They provided detail study of transport in microchannels

and droplet microfluidics for mesoporous particle synthesis.

Kaminski, Churski, and Garstecki reviewed the recent advances in building

modules for automation of handling of droplets in microfluidic channels, including

the modules for generation of droplets on demand, aspiration of samples onto

chips, splitting and merging of droplets, incubation of the content of the drops,

and sorting.

Zagnoni and Cooper have demonstrated the use of on-chip biocompatible

microdroplets both as a carrier to transport encapsulated particles and cells, and

as microreactors to perform parallel single-cell analysis in tens of milliseconds.

10.2 General Situation

Here we try to explore the technology development cycle and market trend for

microfluidics devices. Microfluidic systems were first pioneered by Stanford’s

research introducing a chromatography chip about 30 years ago [1]. It was

probably too ahead of time, yet only 15 years later, an avalanche of microfluidics

developments was triggered by Manz’s group [2] introduction of on-chip capillary

electrophoresis (CE). This technology went through a Gartner hype cycle as

illustrated in Fig. 10.1. Manz’s CE chip resulted in a technology trigger to lead to

inflated expectations in the late nineties for microfluidics, mirroring the Silicon

Valley Technology bubble hype. Since then, there have been thousands of

researchers developing microfluidic systems for various applications and with

different goals. [3] Some were interested in basic research, some in commercial

applications. However, very few of them were commercially successful in finding

the ground-breaking applications. Microfluidics failed to deliver the initial

promises to provide a revolutionary technology platform for life sciences and

hence disappointed investors. So far, the most successful droplet microfluidics

device is the inkjet printer; the commercialization of other miniaturization technol-

ogy remains highly attenuated even though some areas have made good progress,

such as Caliper’s LabChip. Why is it that with such tremendous effort there is so

little outcome? Let’s analyze the reasons for the slow adoption of this promising

enabling platform technology. We will further discuss if this technology is close to

finding the “holy-grail” of analytics despite the past disappointing track record.
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10.3 Scientific and Technology Origin

The chosen approach to demonstrate the value of microfludic applications contrary

most likely is the major problem. Microfluidic systems have not been developed

based on industrial or applications demand. These systems are mostly based on

“leftover” manufacturing equipments and tools from the semiconductor industry.

Using a push-pull analogy, microfluidics systems are “pushed” by manufacturers

rather than “pulled” from market demand. The semiconductor industry follows the

well known Moore’s law, increasing wafer size, and shrinking device dimensions.

The industry constantly needs to invest huge amounts of capital equipment with a

short technology advancement cycle. In order not to obsolete the costly equipment,

device manufacturers found microelectromechanical systems (MEMS) attractive. It

is economical to convert the outdated integrated circuits (IC) production lines to

produce MEMS devices such as pressure sensors, accelerometers etc. Meanwhile,

integrated MEMS devices are also following Moore’s law, although somewhat

delayed in comparison to the ICs. Therefore, further converting such production

lines to make microfluidic devices becomes the next natural option. The critical

dimensions of these devices are well within the capability of existing semiconductor

equipment and they are relatively simple to make. They need only a few fabrication

Fig. 10.1 Gartner Hype Cycle for Microfluidic Technology. The development of the capillary

electrophoretic (CE) chip initially triggered the technology development. An example of a device

produced during the peak expectation phase is exemplified by the micro polymerase chain reaction

(PCR) system. After multiple disappointments currently the technology has now entered the slope

of enlightenment
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steps, with contact printing for lithography often proving to perfectly suffice.

The only special tool usually required is the wafer bonder, as well as the availability

of etching method for glass. Next comes the basic question: who wants these devices

and why? One of the fundamental problems of microfluidic devices not being

commercially successful is rooted in the simple fact that they were NOT developed

based on market demand, but quite contrarily. Such a starting point was risky as

microfluidics development was often used to justify longer lifetime of leftover and

aged IC facilities. Then the problem became how to find the applications and market

demand for those devices. “Retrofitting” is well documented to rarely work.

Fortunately, there are now researchers who adopted the right approach. A new

age of microfluidics devices for heat exchanging, mixing, and subsequent high

performance liquid chromatographic (HPLC) separations are offered for example

by Agilent based on the application demand for the device with specific perfor-

mance in the market place, not to just redeplying old fabrication production line.

These microfluidic devices are made of six layers of stainless steel cut by laser and

glued together (see Fig. 10.2a). The devices are cheap, reliable, and able to

withstand high pressure. To make them more user-friendly, the device extensions

for connection can be bent to different angles based on application demand. Also

previously a version of the HPLC chip that incorporated sample preparation was

made from polyimide using printed circuit board (PCB) technology (see

Fig. 10.2b). It enabled integration of heaters to locally control temperature.

Other fabrication techniques for microfluidics started to emerge, such as

polymer-based microfluidics using polydimethylsiloxane (PDMS). The PDMS

process is simple and it does not even require a well equipped cleanroom. Never-

theless the material itself is permeable to certain molecules which brings other

problems making PDMS devices less competitive. Injection molding and hot

embossing (imprinting) are other examples of different approaches compared to

employing the silicon wafer processing facilities.

Are there any other problems with microfluidics? Firstly there is a scaling law

which predicts problems for quantitative molecular detection limits at the nano-

meter scale. Every technique has a detection limit requiring a certain number of

Fig. 10.2 Agilent chip device for (a) mixer from 6 layers of stainless steel and (b) LC-MS from

Polyimide. Both devices are used in commercial products for proteomic mass spectrometry and for

ultra high pressure liquid chromatography, respectively
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molecules to be presented. This limit is not altered with the sample size, i.e., very

small samples have to be highly concentrated to be exceed the limit of detection.

This makes theses samples too concentrated to be of any interest. A restriction to

pure compounds, or at the percentage level, seems to be interesting for more

academic research only. Optimal fluidic dimensions for practical analytical chem-

istry look like to be from about 5–50 mm. That is a problem but still does not explain

why the microfluidics devices are not flooding the market and why they have not

“wiped out” conventional systems.

10.4 Example: PCR on Chip

Perhaps we can now analyze one popular microfluidics device as an example:

miniaturized polymerase chain reaction system (microPCR). This process was first

demonstrated by Northrup in 1993 and since then, hundreds of research groups have

been designing their own systems in highly innovative approaches. However, none of

them has been commercially introduced. The initial incentive seems very simple: the

microPCR needs to be small so that it only requires the use of very small amount of

reagents making the PCR economical. Surprisingly, in reality that is not always an

advantage even though some researchers like to claim so. PCR is so sensitive that it can

detect only a few molecules of DNA or RNA. Smaller amount of reagents indeed

brings the cost down but the negative effect is that it decreases the risk of detection

reliability through lowering the sample volume. Typically, a sample with volume from

5mL to 10mLcan beused to detect onemolecule ofDNA.Using 10mL for comparison,

if the sample is split into 100 units with 100 nL each, then on the average the DNA

concentration has to be increased 200 times to have a single DNA molecule in each

sample. In reality that means that we are losing sensitivity by lowering sample volume

making it unsuitable for direct diagnoses of infectious diseases. There are two

exceptions, one is digital PCR [4] and the other one is PCR with sample pre-

concentration [5]. Digital PCR divides one sample into into hundreds or thousands of

tiny wells. It is based on exploiting use of sample dilution so extreme that a significant

number of wells will intentionally receive no DNA while others gain a single DNA

template to seed the PCR. The count of amplifiedwells determines the absolute number

of DNA molecules in the original sample, making this PCR system intrinsically

quantitative. That is an excellent approach and one that is specifically enabling through

miniaturization. The only drawback is that for many applications quantitative PCR is

not always required, and therefore the digital PCR is often overkill. However

should quantitative PCR prove to be necessary, digital PCR could provide the answer.

A second case where the sample can be small is shown in Pipper’s work as they

run a pre-concentration step prior to PCR itself. His starting volume was only 40 mL
compared to conventional Qiagen protocol requiring volume of 140 mL. Neverthe-
less he was able to run real-time RT-PCR with only a 100 nL sample volume while

achieving two cycles smaller critical threshold, demonstrating that a small volume

of PCR sample can be used for diagnostics without sacrificing the limit of detection.
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This brings us to another problem which is working with clinical samples. These

assays typically require binding of active component such as protein or DNA/RNA

to achieve immobilization, washing off most of unwanted substances, and eventu-

ally release of the active component for further processing. A typical 140 mL
volume of clinical sample as mentioned before is far too large to fit inside a

micromachined microfluidic system. Also some reagents have to be stored sepa-

rately from each other as well as outside the microfabricated device. If the sample

as well as the reagents have to be stored separately (most likely in plastic

devices), is there any justification of using the microfabricated device itself?

Some researchers believe that the whole system can be produced by injection

molding, such as GenExpert from Cepheid [6] which is one of the very few

commercially available systems performing fully automated sample preparation

followed by real-time PCR. A different approach was taken by Veredus

Laboratories. They followed a previously described path of using outdated semi-

conductor process from ST Microelectronics to make advanced PCR systems with

in situ hybridization [7]. The system is more labor intensive than sample-to-answer

system such as GenExpert, but it is capable of identifying numerous genes simulta-

neously, offering advantage when screening for a few closely related pathogenic

strains or detection of pathogens for homeland security applications.

10.5 Economical

From a technology development cycle perspective, there are other reasons why

adoption of microfluidics technology is so slow.

Reason number one is the lack of economy-of-scale. In order for any technology

to take off, it has to reach the tipping point in the market place to inflame the “viral

effect” that triggers a high volume need; in economic terms, the economy-of-scale

has to be in place. Without high volume it is hard to reduce manufacturing cost, and

without an affordable price, it is hard for the new technology to be widely adopted.

It is known as the “chasm” in the technology adoption cycle [8]. It becomes a

“chicken-and-egg” dilemma. So what are the potential high volume markets? Over

the years we have seen increasing rate of adoption of biological research helped

by droplet microfluidic devices as tools. Examples of such significant progress are

HPLC [9], “fluidic transistors” by Cytonix [10], and high throughput screening of

biological reactions [11]. Digital microfluidics using “fluidic transistors” has poten-

tially wide applications in diagnostic, chemical detection, bio-sequencing and

synthesis as well as tissue engineering. The strong growing demand for fast,

reliable, repeatable, and cost-effective biological analysis and diagnostic systems

has driven the development of such systems. Microfluidic systems have been

proven to be an enabling technology platform, benefitting through extensive

research performed over years of exploration. However, currently, the devices

were individually researched and prototyped by many academic research groups

or small commercial groups. Each device has individual fabrication steps and

choice of materials. It is lack of a “standard” manufacturing process which prevents
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large scale repeatable production, therefore lack of the momentum of building

critical mass towards the tipping point. High capital investment and low return on

capital becomes the barrier. In our opinion, the commercialization community of

microfluidic systems needs to converge on to adopting “standard” materials and

manufacturing techniques. Interestingly with digital microfluidics we start to see

the genesis of such a trend. Digital microfluidics has become a flexible platform for

various bioprocessing and bioanalytical applications.

Reason number two is the co-development of supporting and companion

technologies such as detection systems. Often, microfluidic devices are not stand

alone as ready-to-use systems, they need to be integrated with other devices to form

the complete system for given applications. If a technology platform is too ahead of

its prime time, it will lack the associated supporting infrastructure, thus it would be

suppressed until the companion technologies catch up. For example, in the case of

microfluidic diagnostic devices such as micro real-time PCR, there is need for

miniature reliable optical sensing devices and signal processing. In the past 10

years, CCD imaging and digital signal processing have made tremendous progress

to make fast, reliable, and cost-effective diagnostic system possible.

Reason number three is the socio-economic environment. In the past 20 years, the

bioscience community focused efforts on finding drugs for treating diseases. Now

there is a political-social-economical shift towards early disease diagnoses and

prevention to reduce the rapid increase in healthcare burden due to expensive

treatment. Microfluidic systems have proven to be critical building blocks for

bioanalysis and diagnostic instrumentation, and some of the devices have shown

potential to be the consumer product for environmental monitoring and pandemic

prevention diagnostic tools [5]. Also, for any technology platform, during the early

development stage, there is need for enthusiasm from visionaries and investors. In the

past 10 years, the venture capital community shifted investment strategy towards

emerging markets, which reduced the early stage technology platform survival rate in
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developed countries due to lack of funding to turn the corner on the s-curve of

innovation life cycle (see Fig. 10.3). Nowadays, the situation starts to turn around.

Successful introduction of droplet microfluidics into the market requires sce-

nario analysis in the early stage of the product development cycle, as would be

expected for any other product development. The purpose is to identify the key

drivers in the application market place and uncertainties, then to come up with

several scenarios and corresponding technology trends so that the likelihood for

commercial success can be more precisely recommended. Here the key drivers are

cost effectiveness, high sensitivity, reliability, high-speed, and portability to per-

form bioanalysis. Cost effectiveness requires small sample volume and here the

microfluidics has its place. The key uncertainties of the product development are

convergence of repeatable large scale manufacturing techniques, macro-economic

condition, and the emerging and development of competing technologies. As an

example we can look at severe acute respiratory syndrome (SARS) [12] pandemic

diagnostic market in 2003. At the time of the SARS pandemic the diagnoses was

performed at specialized well equipped clinics and hospitals, e.g., in Singapore with

its 4.5 million population all SARS testing was conducted only at Tan Tock Seng

Hospital using laboratory-sized PCR systems. Luckily the early symptom of SARS

is the onset of fever which could be detected by ultra fast infrared (IR) cameras.

This mass testing practically eliminated the SARS virus spreading. This pandemic

serves as a wakeup call. What would happen if technology such as offered by the IR

camera is not effective for future pandemic? It is the perfect opportunity for

microfludic technology to be implemented into a product that can penetrate con-

sumer market. From this example we can see the importance of scenario analysis to

spot the trend ahead of the market need and the necessary layout corresponding

strategy for technology commercialization.

10.6 Outlook

Our previous discussion and overview may look pessimistic, but in fact we are just

trying to identify the reasons why, in spite of a lot of efforts, the results are still

evasive. So now comes the question: what kind of future awaits microfluidics? There

are many examples of new technologies which looked so promising but soon were

forgotten.Will microfluidics follow such a path?We believe that most likely this will

not be happening. There are areas where microfluidics will eventually be the domi-

nant if not the only technology. Obvious prime applications are anything with

volume or weight limitations, for example, in space program applications [13]

where weight limit is the dominate factor that filters out the conventional approaches.

We can envision remotely controlled system for Moon or Mars exploration, that in

microfluidics-based technology will be top candidate for any diagnostic and analyti-

cal tool due to its small volume and corresponding light weight. Besides these rather

exotic systems, where else could microfluidics prevail? We have already

mentioned digital PCR and surface-based virtual reaction chambers (VCRs). Their
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advantages are obvious: digital PCR can be used to determine absolute number of

DNA copies in the original sample and VCR-based systems cost only a few cents.

What else? Of course, capillary electrophoreses is an example, liquid and gas

chromatography and heat exchanger/mixers are also available and successfully

marketed by Agilent. We can expect further development in these fields.

Further, we envision three major streams of future development apart from

currently existing commercially successful devices.

A first stream could be massively parallel systems for drug or patient screening

that are capable of competing with fully automated robotic systems used by big

centralized hospital laboratories. Here the cost of the microfluidics is not critical

because it is orders of magnitude cheaper than the current robotic approaches.

An example of this approach is Steve Quake’s massively parallel system [14].

Also Affymetrix’s DNA chip [15] probably fits into this category.

A second stream could be simple microfluidic devices for point-of-care

applications, where the cost of both capital investment and cost per test are of utmost

importance. Here the microfluidics technology will compete with injection molding

which naturally brings up a question, if there is even a chance that microfluidics can

to win this contest. Injection molded parts are so cheap that their disposability is more

economical than any attempt of cleaning the parts and reuse them. From a practical

point of view, when it comes to clinical diagnostics, the doctors firmly insist on

disposable devices to maintain an absolute sterile environment for the assay,

and reduce ambiguity of determining results. This poses serious cost issue to

microfluidics because currently they are just too expensive. Even channel free

systems such as surface-based microfluidics relying on electrowetting is too costly.

They are actually very interesting examples of versatile microfluidics systems due to

the fact that they can be easily reprogrammed so that the layout of the microfluidics

channel can be quickly changed. However, the reality is that for routine testing/

diagnoses we do not need to change the microfluidics layout because there are simple

techniques to achieve it so the versatility is not always needed. In this case, the

technology can be considered overkill.

There are other competing techniques such as droplet-based PCR [16] which is

based on single step lithography and simple heater. It can be probably further

simplified to either use stamping (as shown schematically in Fig. 10.4) or eliminate

requirement for lithography.

Another example is emulsion PCR [17]. Here the PCR is performed on beads

each containing only single template molecule. Each bead is enclosed in a tiny

sample droplet with PCR master mix and the thermal cycling is performed inside

the droplet. The advantage of this system is that typically there is only a single DNA

molecule and single bead within each droplet thus eliminating interference with

other DNAs. Once the PCR is completed the emulsion is spread over a picowell

plate reader. The size of each well is only 40 mm and beads 28 mm forming a system

where there is only a single bead residing within each well which is enabling of

single molecule sequencing.

A third stream of microfluidic devices is used for cell biology and tissue

engineering research support [18]. Here the high cost of the microfluidic systems
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for research is tolerated as long as really novel effects or information can be

achieved. So far cell biology is supported by microfluidics in areas of protein

crystallization, stem cell sorting and differentiation, embryo handling [19]

structured tissue engineering as well as regenerative medicine. One typical example

is seeding stem cells on a scaffolding to form a bioartificial microreactor, such as

kidney [20] or liver. Also potential patients would clearly benefit from bioartificial

organs such as kidney which would eliminate their frequent visits of dialysis centers

improving quality of their lives.

There will always be niche areas where microfluidics could play an important

role, such as digital PCR for quantitative molecular testing for routine medical

diagnostic.

Overall there is definitely light at the end of the tunnel but it will take some time

to get there.
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