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1 General introduction and scope of
this thesis

1.1 Introduction to microfluidics

M
icrofluidics: this term has appeared ubiquitously in scientific
literature for the last three decades, making reference to an immense
range of applications in physics, chemistry and biology. But, what is
actually microfluidics, and why has it become so important in such a

short space of time? In the words of George Whitesides, microfluidics is the "science
and technology of systems that process or manipulate small (10-9 to 10-18 liters)
amounts of fluids, using channels with dimensions of tens to hundreds of
micrometers" [1]. This astute combination of fluids and channels dates back to the
early 1990’s, when Andreas Manz first introduced the concept of Miniaturized Total
Analysis Systems (µTAS) as a major revolution in chemical analysis [2]. The main
aim of the µTAS concept was therefore to downscale and integrate the conventional
steps of the analytical process (sample pretreatment, separation and detection) into
miniaturized platforms with minimum footprint [3]. Since then, myriads of new
microfabricated devices, designs and strategies have been developed, as the µTAS
concept was adopted by researchers in a wide range of fields to become
“microfluidics” (the technology underlying small volume solution handling) and
“laboratory on a chip” (applied microfluidics). All these examples are based on the
essence of microfluidics technology, namely, the superbly-controlled manipulation of
small fluid volumes on the microscale. Micro liquid handling enables many significant
advantages that make microfluidic systems unique and very attractive to work
with [4]. Using small fluid volumes greatly reduces the consumption of sample and
reagents, which is ideal for samples obtained in limited quantities and ultimately
results in smaller waste output too. Furthermore, small volumes of fluid can be
handled with high throughput in dense but yet compact networks of microchannels
integrated in a single hand-held device, allowing for multiple processes running in
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Chapter 1. General introduction and scope of this thesis

parallel. From the operative point of view, the small dimensions of these channels
result in high surface-to-volume ratios that ensure exceptional mass and heat transfer,
making them excellent candidates for the transportation of samples susceptible to
thermal degradation [5, 6]. At these dimension scales, the regime of the fluid flow is
typically laminar. This results in adjoining fluid streams mixing slowly and gradually
by molecular diffusion only, offering great control of the entire fluidic system [1,7].

Despite finding its origin in the realm of chemical analysis, microfluidics has
broadened to address a wide range of applications in many other fields, as evidenced
by the emergence of the term “lab on a chip technology” in the mid 1990’s. Clinical
diagnostics, for instance, has registered a fair number of novel microfluidic
contributions over the last decade based on miniaturized PCR for DNA analysis [8, 9]
and immunoassays for the early detection of multiple diseases [10–12]. More recently,
the introduction of point-of-care (POC) devices for rapid and in situ medical testing
has established a milestone in this field. Organic chemistry has also introduced many
microfluidic strategies for chemical synthesis. The development of micro- [16, 17] and
nanoreactors [18] and new reagent delivery mechanisms such as droplet generation
systems [19, 20] has facilitated the high-yield synthesis of organic compounds and
biomolecules in miniaturized platforms. Notwithstanding this, among all the
microfluidic applications reported so far, cell biology has probably enjoyed the most
privileged immersion into lab-on-a-chip technology. Miniaturized cell culture
environments have enabled the study and manipulation of cell systems using an
ample set of approaches, including continuous-flow cell assays [21, 22], encapsulation
and genome amplification [23, 24]. The study of tissues has also been attained in
microfluidic platforms, highlighting the development of organ-on-a-chip models as a
way to better understand aspects and processes of human physiology in vivo [25, 26].

Lastly but not less important, the separation of cells and bioparticles has also been
intensively tackled in this field. This thesis covers this specific area of microfluidics,
focusing on the use of combined hydrodynamic and electrokinetic phenomena in
channels that are less than 300 µm wide and 100 µm deep for the separation of
polymer particles. The characterization of this technique, named flow-induced
electrokinetic trapping (FIET), has been explored and characterized on the basis of
particle size and surface charge, making it promising as a miniaturized
multi-parameter particle separation mechanism.
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1.2 Scaling down fluidic systems

1.2 Scaling down fluidic systems

The miniaturization of any physical system necessarily implies the variation of certain
physical quantities as a result of the induced change on the system size [27]. Scaling
fluid processes is subject to this principle too, seeking not only the downsizing of the
currently existing technology, but also the optimal exploitation of the fluid physics
occurring at the new scale. This alteration of some physical quantities and its actual
impact on the behavior of fluids in the microscale is described by the so called scaling
laws, which evaluate the relation between the quantities themselves and the
dimensions of the system [2]. The practical effects of scaling laws are key to
understanding microfluidic processes and, in our particular case, the flowing fluid
model described in this thesis. One of the most remarkable scaling effects observed in
microchannels is the high surface-to-volume ratio, directly reflected in the relation
between surface and volume forces [28]. Assuming that the channel dimensions scale
as l (keeping constant aspect ratios between the three dimensions), the relation of
these two forces can be expressed as:

Surface forces
Volume forces = l2

l3
= l−1, lim

l→0
l−1 =∞ (1.1)

This means that surface forces become more relevant than volume forces at smaller
dimensions (l→ 0). Two major examples of these forces are inertia and pressure forces
(∝ l2), essential in driving liquids through microfluidic channels, as described below in
the upcoming subsections.

1.2.1 Fluid motion and Navier-Stokes equation

As with analogous systems defined in larger scales, the motion of fluids through
microfluidic channels is formally described by the Navier-Stokes equations [29]. In
general terms, these equations are obtained from the principles of continuity and
conservation of mass, momentum and energy. In the particular case of incompressible
Newtonian fluids, the expression of the Navier-Stokes equation is expressed as follows:

ρ

(
∂u
∂t

+ (u · ∇) u
)

=
∑
i

fi = ρg −∇p+ η∇2u (1.2)

Where ρ, u, and η are the density, average velocity and dynamic viscosity of the fluid.
The equation comprises the sum of the different forces acting on the fluid: gravity (ρg),
pressure (−∇p) and viscous (η∇2u) forces.

3



Chapter 1. General introduction and scope of this thesis

The small dimensions of microfluidic systems lead fluids to flow in the laminar flow
regime, moving in well-defined parallel streams that do not mix with one another
other than through diffusion, a slow process. One of the most desirable consequences
of laminar flow in microfluidic channels is precisely that mixing of adjacent flow
streams only happens by molecular diffusion in a relatively predictable way [1, 7].
This attribute has traditionally facilitated the integration of processes especially
dependent on mass transport in microfluidic platforms, such as those related to
particle sorting, cell analysis and bioassays. The flow regime in microchannels can be
characterized by the dimensionless form of the Navier-Stokes equation (Eq. 1.2),
given by the ratio of inertial forces and viscous forces. This results in the Reynolds
number, Re, a dimensionless parameter given in Eq. 1.3:

Re = Inertial forces
Viscous forces ∝

ρu2L2

ηuL
= ρuL

η
(1.3)

1.2.2 Flow profiles and other electrokinetic effects

1.2.2.1 Pressure-driven flow

Undoubtedly one of the most common ways of handling fluids in microfluidic systems
is by means of so-called pressure-driven flow (PF, also known as Poiseuille flow). PF
is established by application of a pressure difference between the inlet and the outlet
of a channel to dynamically propel fluid through [28]. This class of flow is described
by one of the very few analytical solutions of the Navier-Stokes equation (Eq. 1.2).
For this, it is assumed that the longitudinal dimension (x) of the channel is invariant,
and so the forces acting inside the channel are uniformly dissipated in the other two
dimensions (y, z). The velocity field of the flow is thus defined along the x axis, this
being the only direction in which the motion of the flow is actually defined. Neglecting
the effect of gravitational forces (as we generally deal with incompressible fluids), the
velocity field (above) and the governing equation of the flow (below) can be written as:

u(r)x = ux (y, z) ex
η∇2 [ux (y, z) ex]−∇p = 0

(1.4)

The assumed no-slip boundary conditions at the walls of the cannel leads to a zero
velocity situation in this region

(
∂2
y + ∂2

z

)
ux = 0. For instance, considering the easiest

two-dimension example of a microchannel (Figure 1.1) in which the fluid moves between
two parallel plates (resembling the channel walls) defined in the xz plane and separated
by a distance h, the velocity equation of the flow can be written as:
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1.2 Scaling down fluidic systems

(
∂2
z

)
ux (z) = −∆p

2η , ux (0) = 0, ux (h) = 0 (1.5)

The solution is a parabolic velocity profile centered at the middle-distance point
between the two plates, h/2:

ux (z) = − ∆p
2ηL (h− z) z (1.6)

This parabolic shape of the velocity distribution is the distinctive fingerprint of
pressure-driven flows (Figure 1.1), and applies also to other similar three-dimensional
channel geometries, i.e. square and rectangular cross sections.

1.2.2.2 Electro-osmotic flow

Another type of flow profile based on the electrokinetic properties of fluids and
microchannels is the electro-osmotic flow (EOF). In microfluidics devices, the EOF is
generated by the motion of ions or charged particles through a microchannel with a
net separation of charge between the channel walls and the bulk solution [28].This ion
motion is driven by a difference of potential applied between either end of the channel
(∆V ), generating an electric field along the channel longitudinal axis. Similarly to
the pressure-driven flow, the EOF velocity can be deduced directly from the
Navier-Stokes equation:

ρ

(
∂u
∂t

+ (u · ∇) u
)

= −∇p+ η∇2u + ρeqelEext (1.7)

Being ρeqel the local density of charge on the channel walls and Eext the external
electric field. In this case, it is assumed that the electric potential existing between
the surface of the channel and the bulk solution (commonly known as zeta potential,
ζ, explained in more detail in Chapter 2) and the electric field applied along the
channel are homogeneous. Furthermore, the flow is assumed to be in steady state
(∇p = 0), and the Debye length of the channel, much shorter than its half-width
(λD � h/2). Keeping into consideration these four conditions, the solution to Eq. 1.7
can be written as:

ux (z) = f (z)uEOF (1.8)

5



Chapter 1. General introduction and scope of this thesis

Being uEOF the electro-osmotic velocity and f(z) a function depending on the Debye
length (λD) and the channel height, h. This function can be approximated to 1 when
the Debye length is significantly shorter than the channel half width, λD � h/2, which
leaves the velocity expressed as:

u(r) ≈ uEOF · ex (1.9)

With the external electrical field being applied in the negative x direction (−ex),
E = −Eex. The modular electro-osmotic velocity, uEOF , is then defined as:

uEOF = µEOF · E (1.10)

Where µEOF is the electroosmotic mobility, and is expressed as:

µEOF = ε0εζw
η

(1.11)

Being ε0 and ε the electric permittivity of vacuum and buffer, respectively and ζw the
zeta potential of the channel wall. Unlike the typical parabolic distribution of the
pressure-driven flow velocity, the EOF velocity reaches its maximum near the Debye
length of the channel walls, λD, which results in a flat profile across the transversal
cross section of the channel (Figure 1.1).

Figure 1.1: Representation of pressure-driven (blue) and electro-osmotic (red) flow
profiles in a two-dimensional model of parallel plates.
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1.3 Introduction to microfabrication techniques employing rigid substrates

1.2.2.3 Electrophoresis

One of the common electrokinetic effects in aqueous solutions is electrophoresis, which
consists of the movement of an electric charge with respect to the fluid itself as a result
of the application of an external electric field [30]. Under these conditions, a charged,
spherical particle dispersed in an electrolyte experiences two opposed forces: an electric
force (oriented in the direction of the electric field) and a Stokes drag force (opposed
to the direction of the electric field), given as:

Fel = qE, Fdrag = −6πaηuep (1.12)

Being q and a the electric charge and radius of the particle and uep its electrophoretic
velocity in the solution. Assuming the cancellation of both forces at the dynamic
equilibrium (Fel + Fdrag = 0), the latter can be written as:

uep = µepE = q

6πaηE (1.13)

Similarly to electro-osmosis, µep is described as the electrophoretic mobility of the
particle. Another way of writing this expression is by integrating the dimensionless
ratio between the radius and the thickness of the electrical double layer of the particle
(defined by the Debye-Hückel parameter, 1/κ):

uep = 2ε0εζp
3η (1.14)

Where ζp is the zeta potential of the particle. For particles whose radius are much
greater than the thickness of the electrical double layer, the parameter f(κa)
approaches the value of 3/2 (Smoluchowski’s equation). The opposite situation
(double layer thickness greater than the particle radius) results in values of f(κa)
close to 1 (Hückel’s equation).

1.3 Introduction to microfabrication techniques
employing rigid substrates

Microfabrication techniques play a fundamental role in the design and application of
microfluidic devices [31]. The conception of any microfluidic approach always requires

7



Chapter 1. General introduction and scope of this thesis

the right microfabrication technique to bring the preliminary design out of the
computer screen, making it tangible and providing it with the right geometry and
physical properties. This thesis focuses on glass-made microfluidic devices, and so,
the two main microfabrication techniques applicable to this material are briefly
introduced below.

1.3.1 Wet etching

The technique employs etchant solutions to transfer a pattern by selectively subtracting
material from well-defined areas on the surface of the substrate. The depth profile of the
etched structures is ultimately determined by the solution employed and the agitation
conditions. The use of mineral acids (HF, HNO3) or mixtures of these with weak
organic acids (HNO3, HF and CH3CO2H) are typically used to achieve isotropic etching
conditions. This means that the etching process has no defined orientation, resulting
in a uniform removal of the substrate from the surface of the material downwards.
Solutions of strong bases such as NaOH or KOH, on the other hand, display faster
etching rates on certain crystallographic faces of the substrate, leading to anisotropic
structures. This means that the removal of material is directional, and thus, the size
and shape of the etched features vary considerably depending on which dimension one
is looking at. Lastly, the etching process is strongly affected by eventual agitation of
the employed solution. Agitation ensures a constant transport of fresh solution to the
areas of the substrate where the material is being removed, enhancing this way the
overall etching rate.

1.3.2 Dry etching

Instead of using aqueous solutions, dry etching employs plasma of highly reactive gases,
such as O2, F2, Cl2, CH4, BCl3, SF6 (typically employed for glass substrates) or NF3

to remove material from the surface. The etching process takes place at relatively low
pressure and temperature conditions by simple impact on the plasma ions (physical
dry etching), chemical reactions with the substrate surface (chemical dry etching) or a
combination of both. Similarly to wet etching, the continuous bombardment of plasma
ions provokes the isotropic removal of material, leading to structures that, although
precisely patterned, are equally etched in all directions.
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1.4 Scope of this thesis

The aim of this thesis was to further develop the technique known as flow-induced
electrokinetic trapping (FIET) in order to perform multi-parameter separations of
polymer microparticles in a microfluidic platform. The characterization of particle
behavior under bidirectional flow conditions based on hydrodynamic size and surface
charge was pursued so as to establish the basis of a robust microfluidic methodology
for particle sorting.

Chapter 1 introduces the concept of lab-on-a-chip technology and its most important
applications nowadays. A brief induction to the fluid flow models and microfabrication
techniques employed in this thesis is also provided to better understand the following
chapters.

The most recent separation strategies of particle and cell systems employing external
electric fields are extensively reviewed in Chapter 2. An in-depth description of
the most important electrokinetic phenomena (electrophoresis and dielectrophoresis)
is herewith provided along with its applicability for particle separations in microfluidics.

The characterization of particle trapping under bidirectional flow conditions is
provided in Chapter 3. Here, a Gaussian distribution model based on particle
velocity is introduced to describe the motion of particles trapped in non-uniform
channel geometries, understood as the driving mechanism for eventual particle
separations.

In Chapter 4, the separation of binary particle mixtures with different size and
surface charge is investigated using the Gaussian distribution model introduced in the
previous chapter. The effect of these two intrinsic physical properties on particle
velocity acquired inside the channel will be taken into account to predict the optimal
separation conditions for different types of beads.

In Chapter 5, a time-based variation of the Gaussian velocity distribution model
used in the previous chapters is provided to describe the separation of ternary particle
mixtures on the basis of particle size and charge simultaneously (orthogonally). The
advantages and limitations of this strategy will be discussed and compared to other
techniques meant for the same purpose.

Chapter 6 rounds off this manuscript with a brief discussion, conclusions and future
perspectives of the presented methodology.
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2 Electrokinetic strategies for particle
sorting and separation in
microfluidics

I
n this paper we review the latest developments with
respect to electrokinetic strategies for particle and cell separation
in microfluidics. We focus on electrophoresis and dielectrophoresis
as the two most important and widely used electrokinetic phenomena

applied in microchannel devices. Techniques based on this phenomena have
experienced swift progress in recent years. Electrophoretic strategies have also
recently started to include hydrodynamic flows to achieve better performance.
Regarding dielectrophoresis, many new practical studies have been reported using
both alternating current (AC) and direct current (DC) modes. The combination of
these two operational modes (AC/DC), contactless configurations (cDEP) and the
implementation of field-flow fractionation (FFF) and traveling-wave systems (Tw) in
microchannels are other examples of the sustained separation improvement achieved
by exploiting electrokinetic particle properties in applied electric fields. A detailed
overview of both electrophoretic and dielectrophoretic approaches is provided here,
covering examples of special relevance in the realm of electrokinetic separations of
particles and cells at the microscale.

2.1 Introduction

Since the establishment of the µTAS concept in the early 1990’s, the use of electric
fields has been closely associated with the design and development of new and diverse
microfluidic platforms [1]. Electro-osmotic pumping of fluids through small channels
was a landmark in the development of these technologies, resulting in the first examples
of miniaturized electrophoretic separations [2–11]. From that moment forward, the
number of new applications in lab-on-a-chip (LOC) devices involving electric fields,
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especially those based on electrophoresis, has grown impressively, standing out as a
topic of great interest in microfluidics [12]. One of the applications, that has benefited
a great deal from these developments, has been the microfluidic manipulation and
separation of cells and particles. Microfluidics, particles and electric fields have been
closely connected during the last two decades, due to particles (both biological and
inorganic) having intrinsic electric charge when suspended in aqueous solution. This
has resulted in the development of multiple approaches intended to get a better handle
on these fascinating systems by working with them on the microscale [13].

What has fostered the steady development of strategies for electrokinetic manipulation
of particles? There are a few aspects that make these strategies especially convenient
to work with. First, they are contactless, meaning that no physical features such as
constrictions, pillars or chambers are employed to capture and separate particles within
certain channel sections [14, 15]. In addition to requiring longer and more complex
microfabrication procedures, devices incorporating these features inherently suffer from
clogging and other similar undesirable effects when operating under continuous-flow
conditions. Second, the ease of implementation and integration of electrical connections
in microfluidic platforms [16] has the potential of making electrokinetic approaches
highly competitive with other contactless techniques employing optical [17,18], acoustic
[19,20] or magnetic [21,22] external fields.

Nowadays, electrokinetic approaches are being extensively used for handling particles
and cells in a wide variety of ways, such as trapping and enrichment [23, 24], sorting
and separation [25] and even implementation of microchip electrophoresis-based
assays in microfluidic devices [26, 27]. Electrophoresis allows for particle separation
according to the charge-to-size ratio of the beads themselves, based on the resulting
differential migration rates acquired in the applied electric field. Particles of different
sizes, shapes and electric charge can be confined and separated by means of
dielectrophoresis (DEP), which is based on the particle polarization acquired when
interacting with non-uniform electric fields. Other strategies simultaneously leverage
the hydrodynamic and electrokinetic properties of particles to perform on-chip
enrichment and separation based on multiple physicochemical properties (e.g. size,
charge, among others.). The objective of this review paper is to provide the reader
with a summary of the latest advancements in electrokinetic separations of particles
and cells in microfluidic systems, focusing extensively on electrophoresis and
dielectrophoresis as the two main groups of electrokinetic techniques.
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2.2 Electrokinetic techniques based on electrophoretic
and electro-osmotic phenomena

2.2.1 General principles

Particles and cells possess unique electrical properties that make them susceptible to
electric fields. When dispersed in an electrolyte medium, polymer microparticles
(which themselves are charged) exhibit dipole-dipole and electrostatic interaction
with surrounding solvent molecules and ions. As a result, solvent molecules and ions
adjacent to the particle surface are distributed and organized into the so-called
electrical double layer (EDL) [28]. The first layer (Stern layer) consists of ions having
a charge opposite to that of the particle; these remain strongly fixed to the particle
surface by means of electrostatic forces. The second layer (diffuse layer) contains
freely-moving ions; this layer separates the Stern layer from the bulk medium. The
electric potential at the interface between the bulk fluid and the last stationary layer
of fluid attached to the particle (slipping plane) is defined as zeta potential, ζ. In the
presence of an external electric field parallel to the walls of a microfluidic channel
(E = E · ex), the zeta potential of the particle suspended in the medium causes the
migration of the particle in the direction of the applied field. This phenomenon is
called electrophoresis. The velocity that the particle acquires in this process
(electrophoretic velocity) is proportional to the magnitude of the electric field [29],
and is generally expressed as:

uep = µepE (2.1)

where µep is particle electrophoretic mobility. This term is ultimately dependent on
the thickness of the electric double layer (λD) of the particle with respect to its
hydrodynamic size (a). When the thickness of the double layer is significantly smaller
than particle diameter (λD � a), the expression of the electrophoretic mobility is
given by the Helmholtz–Smoluchowski equation [29]:

µep = ε0εζp
η

(2.2)

where η is the dynamic viscosity of the bulk medium in which the particles are
suspended, ε0 and ε are the electric permittivity of vacuum and the medium,
respectively, and ζp is the zeta potential of the particle. On the other hand, systems
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whose double layer thickness is significantly larger than the particle diameter
(λD � a) are described using the Hückel expression for electrophoretic mobility [29]:

µep = 2ε0εζp
3η (2.3)

These analytical expressions are obtained assuming three essential conditions: (1)
particles are suspended in a relatively large amount of medium, (2) particle zeta
potential is relatively low compared to the zeta potential of the medium and (3) the
EDL is in equilibrium.

In a microfluidic channel having a net surface charge, the solvent molecules and ions
in the medium will distribute themselves accordingly in another EDL parallel to the
channel wall. Particles experience an additional velocity component due to the excess
of counterions moving along the EDL towards the oppositely-charged pole, inducing
fluid motion in the same direction [29]. This phenomenon is called electro-osmosis, and
the velocity of the resulting electro-osmotic flow (EOF) can be written as:

uEOF = µEOFE = ε0εζw
η

E (2.4)

where ζw is the zeta potential of the channel walls. Assuming zero pressure conditions,
the total particle velocity (up) is thus given by both the electrophoretic (uEP ) and
electro-osmotic (uEOF ) velocity components:

up = uEOF ± uep (2.5)

It is worth emphasizing the sign of each term in Eq. 2.5. In electro-osmosis, the surface
charge of the channel wall is stationary whilst the fluid moves due to the applied electric
field. The direction of fluid flow is dictated by the surface charge of the channel (value
of ζw). In electrophoresis, in contrast, we consider the motion of a charged particle in
an applied electric field through a fluid which is assumed stationary. The direction of
the electrophoretic motion will be ultimately given by the zeta potential of the particle
itself.
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2.2.2 Particle separations based on combined electrophoresis and
electro-osmosis

The motivation for sorting and separating particles in microchannels employing electric
fields probably finds its origin in the first examples of free-flow electrophoresis (FFE)
introduced by Manz et al. [30]. The approach aimed at the separation and fractionation
of different macromolecules in a wide, shallow separation chamber integrated into a
microdevice (Figure 2.1(A)). This chamber was flanked along both sides by arrays
of very small channels which connected the central separation chamber to two side
chambers (Figure 2.1 (B)). The system was originally designed in such a way that
a curtain of buffer was pumped through the separation chamber, with sample being
introduced along the top as a thin stream into the buffer stream. An electric field was
applied perpendicular to the hydrodynamic flow by inserting a thin wire electrode into
each of the side chambers. In doing so, charged molecules experienced simultaneously
the effect of the hydrodynamic flow along the length of the separation chamber and
electrophoretic deflection perpendicular to this flow due to the applied electric field.
This resulted in the actual separation of the different analytes into individual streams.
The degree to which a stream was deflected depended on the µep of the analyte in
question.

Figure 2.1: (A) Illustration of the free-flow electrophoresis (FFE) separation concept
for a mixture of a neutral (N), a monoanion (−1) and a dianion (−2). (B) Top-view
of silicon-made FFE device.

Although this approach has been widely used for separation of molecules ever since
in different ways [31] (i.e. free-flow zone electrophoresis [32, 33], isoelectric focusing
[34–36] and isotachophoresis [37, 38]), it has not been used for particle sorting and
separation as such. Capillary electrophoresis in fused silica capillaries has also been
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used to separate charged particles and cells [39–41]. Following the essence of this
example, electrophoretic techniques introduced thereafter have usually been employed
in combination with other passive approaches, harnessing the simultaneous interaction
of particles with both the electric and hydrodynamic flow fields [25]. These approaches
will be addressed in further detail in the following sections.

Figure 2.2: Particle separation with pressure-driven flow only (A) and electro-osmotic
flow (B). The separation in (A) is not complete as a result of misdistribution of the
flow. Color code: light grey corresponds to flow carrying particles from the inlet,
dark grey corresponds to a bare flow without particles [42].

One of the first examples of particle separation using plain electro-osmosis in
microchannels was reported by Kawamata et al. [42], inspired by the concept of
pinched-flow fractionation (PFF) introduced by Yamada et al. a few years earlier [43].
The device consisted of two identical channels that converged in a narrower pinched
segment, which in turn diverged into a star-shaped set of channels for particle
collection, as shown in Figure 2.2. Liquids with and without particles were
introduced from both inlets into the channel with electro-osmotic flow, generated
between the inlets themselves and the different outlets. The EOF from the lower inlet
was larger than from the upper inlet. As a result, particles were pushed towards the
upper sidewall once inside the pinched section, and aligned by means of the two
coalescing flows. At the end of this segment, the magnitude of the force applied to
the sidewall determined the trajectories of the particles according to their size. Small
particles were deflected perpendicular to the flow into the first exit channel, whereas
bigger particles were directed into the next channel. Binary mixtures of 0.50 and 0.86
µm, and 1.0 and 2.1 µm were separated. One of the added values of this approach
becomes clear when this technique is compared with its pressure-driven counterpart,
underscoring the advantages of electrokinetic microfluidic systems. In hydrodynamic
PFF, the distribution of the flow profile in the outlet branches is determined by the
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channel geometry, making it impossible to achieve highly accurate separations by
simply tuning the flow rate (Figure 2.2 (A)). The system driven with electro-osmosis,
however, allowed for precise flow control in every channel branch by tuning the
applied voltage between the two inlets and different outlets, improving significantly
the separation efficiency. Furthermore, the set-up was greatly simplified compared to
the hydrodynamic variant as no pumps were required to control the flow rate.

Figure 2.3: Particle separation mechanism based on a resistive pulse sensor gate.
Separation scheme (A), channel layout (B), and particle sorting with voltage switch
from outlet E (C) to D (D) [44].

Song et al. reported an electro-osmosis-driven approach for size-based particle sorting
based on a resistive pulse sensor (RPS) gate [44]. Particles were driven from left to
right through the main horizontal channel segment and focused along the centerline by
solution introduced via two additional channels situated at an angle to it, as depicted
in Figure 2.3. The electro-osmotic flow was generated and tuned between the three
inlets (one (inlet A) for particle loading and two (inlets B and C ) for focusing) and the
outlets of two other channel branches intended to collect particles of different sizes (E
and F). The collection branches were separated from the main channel by a sensing
gate that registered the resistive pulse signal of particles passing through. The emitted
signal was registered as a function of particle size, resulting in a switch of the EOF
between the two collecting branches. This way, different-sized particles and cells were

19



Chapter 2. Electrokinetic strategies for particle sorting and separation in microfluidics

Figure 2.4: (i) Simulation of the electric field lines around a spherical particle moving
through the center of the channel (A) and near one dielectric wall (B) with a
certain velocity, Uek. (ii) Separation of 3-, 5- and 10-µm-diameter particles in a
T-shaped microdevice on the basis of wall-induced electrical lift. Snapshot picture
of different-sized particles moving through the pinched segment of the channel (left),
superimposed pictures of particles in motion (middle) and calculated trajectories of
3-, 5- and 10-µm-diameter particles (right) [45].

sorted and collected on-demand in either collecting branch. The authors reported the
separation of 3- and 7-µm-diameter polystyrene microparticles and algae suspensions in
concentrations of 2×106 particles/mL and 106 cells/mL, respectively. The separation
throughput was reported in a range of 30-to-40 cell/min (equivalent to a volumetric
throughput of 30-to-40 nL/min), as well as separation efficiency close to 100% for the
used concentrations.

Particles experience a wall-induced lift effect in microchannels subjected to an electric
field. Lu et al. exploited this effect for the first time to separate particles based
on size [45]. This phenomenon has been originally described by Young et al. ten
years earlier, and consisted of the asymmetric distribution of the electric field around
particles moving near the dielectric walls of a microfluidic channel (Figure 2.4 (i)) [46].
The authors developed a T-shaped microchannel with two inlet branches (for particle
loading and sheath fluid, Figure 2.3 (ii)) that intersect with a main, central channel
segment. Fluids with and without particles are electro-osmotically introduced into the
main channel from the two perpendicular y-positioned channel inlets. The pinched
flow effect that results in the main channel enables particle alignment and focusing
along the upper channel wall. The wall-induced electrical lift force causes a size-
dependent deflection of particles from the sidewalls of the channel. This deflection
leads to an incremental separation of the two particle streams, which becomes more
pronounced with distance traveled along channel distance (Figure 2.4 (ii)). As a result,
fractions of three particle sizes (3-, 5- and 10-µm-diameter) were collected through
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the different outlet path (Figure 2.4 (ii, C)). This approach bears close resemblance
with Kawamata’s work as both strategies employ pinched flow for particle focusing
[42]. The main difference in the two approaches, however, lies in the longer distance
of the pinched channel branch employed to capitalize on the wall-induced lift force
(10 µm [42] vs. 1 cm [45]). Although the authors do not report the composition of
the collected particle fractions, experimental measurements of particle stream position
suggest complete separations of the three particle types upon entering the individual
collection branches of the channel.

Figure 2.5: Wall-induced electrical-lift separation of 5-µm-diameter non-fluorescent
and 4, 6 and 8 − µm-diameter fluorescent particles. (A) Experimental and (B)
calculated particle trajectories are shown in the top and bottom rows. Left, color
code: non-fluorescent and fluorescent particles are represented by dark and light
streamlines, respectively [47].

The same principle has been recently employed by Thomas et al. for charge-based
separation of fluorescent and plain polymer particles [47]. In contrast to the previous
example, these authors reported a ψ-shaped channel that consisted of two side branches
for particle injection and one central branch for particle alignment and focusing, as
depicted in Figure 2.5. Note that this channel geometry allowed for double pinched-
flow focusing along the two channel walls, as two inlet channels were used for particle
injection. Besides the deflection caused by particle size, three types of fluorescent
beads were observed to experience a more pronounced shift in trajectory than the
bare polystyrene ones, as they had different electrophoretic mobilities. The separation
of yeast cells from 5-µm plain particles was also performed, eventually reaching full
sorting efficiency (100%) for the latter near the channel wall.
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2.2.3 Separations based on combined electrokinetic and
hydrodynamic forces

Hydrodynamic flows have long been used in microfluidics for continuous-flow
manipulation and separation of particles in microchannels, giving rise to the so-called
passive separation techniques, purely based on particle-flow interactions [48]. The
intrinsic limitations of these techniques (relatively poor separation resolution, high
propensity to channel clogging, etc.) have been extensively tackled in combination
with external electric fields [25].

Figure 2.6: Schematic of a pressure-driven flow-induced free-flow electrophoretic
separation. Particles are injected with the pressure-driven flow through the vertical
channel. The electric field is applied horizontally along the wide channel, allowing
for both size- and charge-based particle separations [49].

Jeon et al. reported the first example of free-flow electrophoresis for particle separation
[49]. The authors developed a T-shaped microchannel in which the electric field was
applied between two electrodes placed in each reservoir of the main separation segment
(outlet 1 and 2 in Figure 2.5), whilst the pressure-driven flow was introduced from
the inlets of the two channels branches (Figure 2.5). The separation mechanism of
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this approach lies in the opposing electrokinetic (electrophoretic) and hydrodynamic
(pressure-driven and electro-osmotic flows) effects that particles experience in the main
channel. Once in the junction between the two segments, particles feel the simultaneous
hydrodynamic drag force of both PF and EOF, as well as the electrophoretic effect
given by the applied electric field. Particles with different size and surface charge will
be affected differently by the hydrodynamic and electrokinetic forces, being thus drifted
towards inlet 1 (outlet 1) or outlet 2, depicted in Figure 2.5.

Interestingly, the authors claimed the separation of polystyrene particles of two different
sizes (4.9 and 10 µm) on the basis of electrophoretic mobility (−4.35 × 10−4 and
−8.44× 10−4 cm2 V−1 s−1) at flow rates from inlets 1 and 2 of 400 and 100 nL/min,
respectively and 130 V applied voltage. Nevertheless, the different velocity acquired by
these two different-sized particles with similar (if not the same) surface charge in the
main channel would be rather determined by the hydrodynamic dragging force exerted
by both the pressure-driven and electro-osmotic flows. Additionally, the continuous
separation of 9.9 µm polystyrene and 10 µm glass particles was also performed at flow
rates from inlets 1 and 2 of 400 and 100 nL/min, respectively and 80 V applied voltage.
In this case, the separation is assumed to be based on the electrophoretic mobility of
both particle types, since they have different surface charge distributions. Very high
and similar efficiencies were achieved for both size- and charge-based separations (c.a.
97 and 98%, respectively).

Lettieri et al. established the basis of particle trapping and preconcentration in
planar diverging and converging channels by harnessing the recirculating effects of
bidirectional flows [50]. The authors proved the concept of particle trapping in a long
narrow channel, etched in glass, that expanded gradually into wider sections at both
ends. For this, pressure-driven and electro-omostic flows were opposed to one another
along the channel length, resulting in the generation of a bidirectional flow profile
that eventually transformed into recirculating flow in the vicinity of the expansions,
as depicted in Figure 2.6. As in the previous case, particles moving in the
bidirectional flow would be subjected to the hydrodynamic and electrokinetic effects
derived from the interaction with the flow field and the electrophoretic mobility,
respectively. This approach was introduced as flow-induced electrokinetic trapping
(FIET), a particle-trapping mechanism whereby micrometer-sized particles are
captured in the closed recirculating streamlines based on surface charge (zeta
potential, ζ) and size. The authors successfully performed trapping experiments with
2.5-µm-diameter polystyrene particles in concentratrion of 107 beads/mL.
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Figure 2.7: (A) Three dimensional view of how bidirectional flow is generated in a
narrow microchannel by opposition of PF and EOF flows. (B) (Upper diagram)
Schematic top-view of the expanding microchannel geometry employed in flow-
induced electrokinetic trapping. Pressure-driven (blue lines) and electro-osmotic (red
lines) flow are opposed to one another, leading to the generation of recirculating flow
in which particles can be trapped and concentrated. (Lower diagram) Structure of
the converging-diverging segment, defining the two aperture angles and widths in
different sections [50].

Jellema et al. further extended this concept to the separation of latex mixtures based
on particle surface charge [51]. Similar-sized particles would acquire comparable
hydrodynamic velocities in the bidirectional flow, being the separation exclusively
conditioned by differences in electrophoretic mobility. This is due to the particles
possessing different charges or zeta potentials. The authors reported the separation of
a 3-µm-diameter mixture of blue polystyrene particles (low ζp, less negative) and
green fluorescent polystyrene particles (high ζp, more negative). This difference in
surface charge allowed for the selective capture of high-ζp beads at 4 mbar applied
pressure and 450 V applied voltage in the narrow segment while driving the low-ζp
beads towards the channel inlet (left side of the microchannel unit, precedent to the
first diverging area in Figure 2.6 (B)), in the direction of EOF. The same authors

24



2.2 Electrokinetic techniques based on electrophoretic and electro-osmotic phenomena

took this strategy one step further soon thereafter, achieving the separation of
particles having the same electrophoretic mobility based on size [52]. A mixture of
2.33- and 2.82-µm-diameter poly(methyl methacrylate) (PMMA) was chosen to
demonstrate the separation of particles that were just a few hundred nm different in
size. Unlike the previous example, this separation was purely hydrodynamic in
nature, driven by the differing interaction of particles with the bidirectional flow in
accordance with bead size. A mixture of both particle sizes was prepared in a
concentration of 107 particles/mL and trapped in the narrow trapping channel at 4
mbar applied pressure and 115 V applied voltage. At these conditions, small particles
were driven towards the channel inlet along with EOF as these particles werere able
to sample the EOF streamlines closer to the wall. The large particles, however,
remain trapped in the narrow segment as a result of the recirculating flow effect.
Both particle types exited the trapping channel when the applied voltage was
increased to 175 V. Although the fractions collected at the inlet reservoir were mainly
composed of small particles, evaluation of the narrow segment revealed a significant
number of small beads that remained trapped alongside the large ones. This
efficiency issue underlined the need to characterize and predict more accurately the
conditions under which beads are confined to the narrow, trapping channel, which
remains as a crucial step in the separation process.

In this regard, we have performed a characterization study of the trapping mechanism,
based on the distribution behavior of the beads confined inside the narrow channel
as a function of the applied electric field [53] (Figure 2.8 (A)). When trapped under
different electrokinetic conditions, this distribution is Gaussian in nature, and can be
characterized by registering the difference between incoming and outgoing particles in
the channel moving in the EOF direction, ∆np = |np,W2 − np,W1| as a function of
the applied electric field (Figure 2.8 (C)). These Gaussian-shaped curves ultimately
allowed for optimized size- and charge-based separations of different particle materials
and sizes [54]. We have also reported for the first time orthogonal (size- and charge-
based) separations of ternary microbead mixtures, tuning both the hydrodynamic and
electrokinetic velocity of the beads in the bidirectional flow [55,56]. Ternary latex bead
mixtures of 2.69-, 5.34-µm carboxylate (low ζp) and 3.1-µm green fluorescent (high ζp)
polystyrene particles have been gradually sorted in the narrow channel in order of
acquired particle velocity, ending up with particle fractions with purities of 100, 97
and 96% for each particle type.
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Figure 2.8: (a) Microscope close-up pictures of 2.69-µm-diameter carboxylated
polystyrene particles moving in and out of the trapping channel at different applied
voltages (b) Modeling of the flow profile in the trapping channel (c) Distribution of
trapped particles along the channel length as a function of applied voltage.

2.2.4 Separations based on electrophoresis and channel obstacles

Electric fields have also been exploited in combination with obstacle arrays in
microchannels to achieve size-based particle separations. Hanasoge et al. proposed an
electrokinetically-driven variant of the well-established technique known as
deterministic lateral displacement (DLD) [57]. The technique, as it was initially
described, utilizes arrayed arrangements of posts in a microchannel with the posts of
the same row are equally separated (λ) and each row shifted laterally with respect to
the previous row (∆λ/λ) [58, Figure 2.9 (A)].

The solution propelled through the device is thus forced to flow around the posts,
resulting in the generation of streams of different velocities around each post (Figure
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2.9 (B)). Particles that are smaller than the stream dimensions flow straight through
the post array undergoing no deflection. Particles bigger than flow stream
dimensions, on the other hand, are displaced laterally after passing every consecutive
pillar, resulting in size-based separation across the width of the channel. The extent
of lateral displacement is dictated by particle size, with particles of increasing size
experiencing increased lateral deflection (Figure 2.9 (C)).

Figure 2.9: Parameters defining the geometric arrangement of the post array: the
post-to-post distance, λ, and the row-to-row shift, ∆λ/λ. The flow field is applied
vertical to the pillar arrangement (A). Distribution of three neighboring laminar flows
(B) and displacement pattern of a single particle (C) through the post array [58].

Hanasoge et al. reported a single-channel design with an array of microfabricated
pillars, arranged in straight rows, lying at the center its length (Figure 2.10) [57]. A
mixture of 4.32-, 10- and 15-µm-diameter particles were introduced and driven through
the post array by the combined effects of electrophoresis and electroosmosis. The paths
followed by different-sized beads were tracked at different positioning angles of the
pillars with respect to the channel orientation. This allowed for straight tuning of the
pillar-to-pillar offset distance (∆λ/λ), a parameter that ultimately defines the trajectory
of a particle based on its size [59,60]. A 9◦- transition angle (largest experimental angle
at which particle trajectory remain locked along the [1,0] direction, vertically down the
post arrangement) was found between the 4.32-µm beads and 10-µm beads. This
difference increased to 14◦ between the 4.32-µm and 15-µm beads. This separation
performance was comparable to other previously-reported examples driven by either
hydrodynamic flow [61] or gravity [62].
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Figure 2.10: Electrokinetically-driven deterministic-lateral-displacement channel
structure. (Above) Top and tilted view of the pillars integrated in the microfluidic
device, fabricated by standard photolithography. (Below) Scheme of the PDMS
channel module sealing onto the glass-made bottom part [57]. Transition angles
of 9 and 14◦ were observed between the 4.32-µm beads and 10-µm beads and the
4.32-µm and 15-µm beads, respectively.

2.3 Dielectrophoresis

2.3.1 General principles

Dielectrophoresis, or DEP, is the phenomenon based on the movement of particles
induced by non-uniform electric fields, due to the interaction of the particle’s dipole
with the spatial gradient of the applied field [63]. In order to picture this phenomenon,
let us assume a fluid inside an electric field, E. The orientation of charges in the fluid
(known as polarization, P) can be expressed as:

P = ε0χE (2.6)
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where χ is the electric susceptibility of the fluid. On these basis, a dielectric particle
immersed in the same fluid would be induced a dipole moment, p, which naturally
depends on the polarizability of the particle, α. This parameter is defined as the
ability of the particle to reorganize opposite electrical charges (positive and negative)
on the surface, creating this way a net electric dipole [29]. The expression of the dipole
moment of the particle is thus written as:

p = αE = 4πεmfCM (εp, εm) a3E (2.7)

where εm and εp are the electric permittivities of the medium and particle, respectively
and a is the particle radius. The term fCM is known as the Clausius-Mossotti factor,
and groups the electric permittivities of both particle and medium as:

fCM (εp, εm) = εp − εm
εp + 2εm

(2.8)

This factor describes the effective motion of particles in the suspending medium, and
ranges from -1/2 (εm → ∞, and so εm � εp) to 1 (εp → ∞, and so εm � εp).
Positive values of this function would condition particles to move in the direction of
the electric field (positive dielectrophoresis, p-DEP, Figure 2.9 (A)), whereas negative
values would result in the opposite effect, ousting particles away from the surface of
the anode (negative dielectrophoresis, n-DEP, Figure 2.9 (B)). The dielectrophoretic
effect is also applicable to non-charged particles as long as they exhibit a net dipole
moment along the particle structure [64].

The dielectrophoretic force (FDEP) exerted on the particle is given by the direction of
the particle’s dipole moment [29] and can be derived as:

FDEP = (p · ∇) E =2πεmfCM (εp, εm) a3∇ |E|2 (2.9)

It is worth noting that the square of the electric field (|E|2) means that the direction
of the field cannot be simply reversed by switching the polarity of the electrodes. The
simplicity of the instrumentation and the ease of its miniaturization and integration
in microfluidic devices have promoted the popularity of this technique as a good
alternative for particle manipulation and separation in microfluidics. DEP is suitable
for the manipulation of different-sized and -charged particles, and can operate in
either direct (DC-DEP) or alternating (AC-DEP) current modes. In this section, the
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different modalities of DEP, as well as the most recent application in microfluidics are
reviewed.

Figure 2.11: Positive (A) and negative (B) dielectrophoresis induced on a spherical
particle under a non-uniform electric field.

2.3.2 AC-field dielectrophoresis

As concluded in the last section, the square of the electric field amplitude as it appears
in Eq. 2.9 indicates the possibility of inducing DEP force either under continuous (DC)
or alternating (AC) current conditions. In this regard, AC electric fields have become
particularly popular in dielectrophoresis as a feasible way to address the classical issues
caused by DC fields, such as undesired electrophoretic and electro-osmotic motion of
the particles in the microchannel and eventual Faradaic reactions occurring at the
electrode-medium interphase [65]. As a matter of fact, particle polarization in an AC
electric field is strongly dependent on the frequency (ω) of the field itself, as is explained
hereunder. The electric field can be written as a function of its frequency employing
phasor notation as:

E (x, t) = Re
[
Ê (x, y, z) eiωt

]
(2.10)

where Ê = (−∇φ) is the phasor term of the electric field and Re is the real part
of the field function [66]. Consequently, the particle dipole moment, p̃ acquires a
complex expression, which is ultimately a function of the complex particle and medium
permittivities, respectively:

p̃ = 4πεmfCM (ε̃p, ε̃m) a3E (2.11)
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The complex form of the electric permittivities is thus expressed in terms of the applied
frequency and electric conductivity (σ) as:

ε̃ = ε− i σ
ω

(2.12)

The complex form of the Clausius-Mossotti factor, fCM (ε̃p, ε̃m) adopts the same form
as shown in Eq. 2.8, but now involves the complex permittivities as written in Eq.
2.12:

fCM (ε̃p, ε̃m) = ε̃p − ε̃m
ε̃p + 2ε̃m

(2.13)

The same derivation of the dielectrophoretic force introduced in Eq. 2.8 leads to a
similar expression for the time-averaged dielectrophoretic force (〈FDEP (t)〉) exerted
on a spherical particle:

〈FDEP (t)〉 = 2πεmRe [fCM ] a3∇ |Erms|2 (2.14)

with Erms = E/
√

2.

As previously mentioned, particle and cell separation is one of the major applications
of dielectrophoresis. When operating with AC fields, the dielectrophoretic force is
generated by arrays of electrodes integrated inside the microfluidic network itself.
These electrodes, usually planar and just a few hundreds of nm-thick at most, are
microfabricated in different materials and shapes that vary considerably from one
application to another. The main advantage of inserting the electrodes inside the
microfluidic device is that no high voltages are typically required to achieve adequate
magnitudes of the DEP force. This substantially simplifies the process from the
instrumentation standpoint. Unlike DC-DEP (which will be described in detail in the
next section), the absence of a uniform electric field generated between the inlet and
outlet of the channel prevents the occurrence of other electrokinetic transport
phenomena such as electroosmosis and electrophoresis. Therefore, an auxiliary
pressure-driven flow often becomes necessary for particle introduction and
transportation throughout the channel network. This practice has been traditionally
employed in AC-DEP for trapping, focusing and separation of polymer
particles [67, 68] and cells [69–71]. 3D electrodes have also become popular over the
last ten years, as their use has been reported to shorten the microfabrication process,
or even improve separation performance by contributing to the creation of more
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non-uniform, better spatially-distributed electric fields. Optimal separation
conditions are typically achieved by imposing balance of dielectrophoretic and
hydrodynamic forces in the microchannel.

2.3.2.1 Recent electrode designs in AC-DEP

Çetin et al. introduced a simple microfluidic device with integrated 3D copper
electrodes microfabricated by simple soft lithography for the separation of polymer
microparticles based on size [72, 73]. The device layout consisted of two inlet
reservoirs (A and B) and two exit ones (C and D) connected to each other by
microchannels that were 200-µm-wide and 20-µm-high. Reservoirs A and B are for
the particle input and driving buffer solution, whereas reservoirs C ad D are for
particle collection. Two asymmetric electrodes (50- and 1000-µm-width, respectively)
were embedded in the main channel section, which branched out at both ends into
two inlets and two outlets, as depicted in Figure 2.12.

Figure 2.12: Experimental data (A) and comparison of experimental data and
theoretical particle trajectory calculations (B) of the separation of 5- and 10-µm-
diameter latex particles at 7 V applied voltage using AC-DEP with 3D electrodes.
Particle motion is set from the inlets (A, B) to the outlets (C, D) of the channel [72].
Dark areas depict electrode location.
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The authors claimed the separation of latex particles (5- and 10-µm-diameter) and
white blood cells (WCB) from yeast cells at at typical working frequencies of 20 kH
and 7 and 10 V applied voltage, respecrively, although no evaluation of the collected
fractions was reported in the study. The charge-based separation of 10-µm particles
and WBC was also reported.

Lewpiriyawong et al. described a PDMS microfluidic device with integrated 3D
Ag-PDMS composite electrodes for AC-DEP separation of polymer particles [71], as
illustrated in Figure 2.13.

Figure 2.13: Top-view of AC-DEP separation of particles using 100-µm-width 3D
Ag-PDMS composite electrodes in a 200-µm-width and 1400-µm-long separation
channel [71]. (A) Compendium of forces acting on the polymer particle on its motions
throughout the electrodes integrated on the bottom of the channel. (B) Trajectory
deflection for 10-µm-diameter particles at 0, 25 and 55 V (A, B and C), and for
15-µm-diameter at 0, 25 and 50 V (D, E and F).

The microfluidic device consisted of a 200-µm-width and 1400-µm-long main channel
ramified in two inlets and two outlets. Four 100-µm-wide AgPDMS electrodes, spaced
100 µm apart from each other, were placed along one side wall of the main channel.
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The electrode fabrication was done by simple mixing PDMS gel with silver powder,
which as expected resulted in a significantly lower electric conductivity (2×104 S m−1)
than that of pure silver electrodes (6 × 107 S m−1). Despite this, yeast cells and 5-
µm-diameter latex particles were separated at 31.2 V applied AC voltage and 300 kHz,
reporting less than 5% contamination inside each collection reservoir. E. Coli cells
and 2.9-µm-diamter latex particles were also separated at 40.4 V applied AC voltage
and 1 MHz, reporting similar cross-contamination levels between the collection outlets.
Other than the good separation performance achieved in both cases, the added value of
this approach resides in the easy fabrication and integration of the electrodes. A very
similar approach was presented by Li et al., who implemented 3D electrodes fabricated
with low melting point metal alloys in a PDMS device [74]. The separation of a similar
binary particle mixture (5- and 10-µm-diameter) was completed at significantly lower
applied voltage (15 V), highlighting the importance of electrode conductivity in the
generated electric field.
Jia et al. described a device that combined three-dimensional Ag-PDMS electrodes
and vaulted obstacles in the same microfluidic channel [75], illustrated in Figure 2.14.
The device, similar to the previous two cases [71, 74], consisted of a 200-µm-wide
channel that split in two inlet and two outlet branches. Four 200-µm-wide Ag-PDMS
electrodes, spaced 200 µm apart from each other, were placed on one of the channel
sidewalls. The added effect of the obstacles had an important impact on the uniformity

Figure 2.14: Close-ups (left) and imposed particle trajectories (right) during the DEP
separation of 25-µm-diameter gold-coated polystyrene particles (purple) and 10-µm-
diameter native polystyrene particles (red) in a microdevice combining 3D AgPDMS
composite electrodes and vaulted obstacles at flow rates such that particle velocities
were 300 and 400 µm s−1 [75]. DEP separation conditions: 20 MHz applied frequency
and applied voltages between the left (U1) and right (U2) electrode pairs of U1 =
18.75 V, U2 = 12.5 V (A, B) and U1 = 25 V, U2 = 12.5 V (C, D).
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of the electric field created around the electrode area, which strongly contributed to
the separation of particles experiencing different DEP forces. The approach was tested
with the separation of particle mixtures of 10 µm polystyrene and 25 µm gold-coated
polystyrene particles at 1 MHz frequency and keeping the applied voltage between the
left-side pair of electrodes (U1) higher than the voltage applied between the right-side
pair of electrodes and (U2). Both particle types experienced different DEP effects: the
trajectory of large particles was shifted towards the electrodes by pDEP whereas small
particles were otherwise repelled by nDEP. Both trajectories diverged at the junction
point, ultimately leading to the separation of both particles.

Figure 2.15: DEP separation of malignant cells from blood cells using interdigitated
comb-like electrodes [76]. (Left) numerical simulations of the electric in the
interstices of the electrode comb structure (A) and at the convergence point between
the two electrodes (B). (Right) close-ups of the separation of MDA231 cancer cells
and red blood cells across the electrodes. Top-view of MDA231 (circled) and red
blood cells moving along the electrode and (B) top-view of the channel area between
two electrodes. Cancer cells selectively move through the electrode as the experience
pDEP effect generated by the electric field. Red blood cells, however, experience
nDEP and move close to the electrode surface.
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Figure 2.16: DEP separation of polymer particles using micrarray fot electrodes. (A)
Top-view of the gold-made 4× 4 microarray dot electrode. (B) Separation of 5- and
15-µm-diameter polystyrene particles. The mixture is uniformly distributed around
the dot electrode (dark grey area) before energizing the electrode (a). At a frequency
of 12 MHz and applied voltage of 20 V, the small 5-µm-particles are attracted towards
the edge of the microchannel by means of p-DEP, whilst the large 15-µm-diameter
are repelled towards the electrode center experiencing n-DEP (b) [77].

In addition to 3D electrodes as a way to strengthen the DEP force over particles and
achieve more efficient separations, other electrode designs and geometries have also
been reported in the literature pursuing the same purpose. Alazzam et al. described
a microfluidic device with interdigitated, comb-like planar electrodes for the
separation of malignant blood cells [76]. The design was reminiscent of the original
interdigitated castellated electrodes traditionally used in dielectrophoresis for particle
manipulation and separation [78, 79], depicted in Figure 2.16. A 50-µm-high and
10-µm-wide PDMS-quartz device was designed such that three pairs of comb-liked
interdigitated electrodes were deposited subsequently and slightly shifted with respect
to the direction of the flow. Two channel had two outlets for particle collection after
each pair of electrodes. The authors harnessed the enhanced corner effect occurring
at the edge of these electrodes (where the accumulation of charge and electric field is
higher) to separate breast cancer cells (MDA231, 6.2-µm-radius) from red blood cells
(2.8-µm-radius) at DEP conditions of 20 V applied voltage and 10-50 kHz frequency.
In fact, MDA231 cells experienced pDEP all the way through the inter-electrode
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space, flowing in the direction of the flow field. Red blood cells, however, experienced
the opposite effect, being forced to flow close to the electrode edge, separating from
MDA231 cells. The purity of the collected fractions of MDA231 and red blood cells
was found to be between 95 and 98%, although higher efficiencies are claimed for
more diluted samples.

Yafouz et al. reported a system that integrated a microarray of dot electrodes for
dielectrophoretic particle separation [77]. The device was inspired by the original
multi-channel AC-DEP model implemented by Fatoyimbo et al., based on arrays of
dot electrodes, that allowed for simultaneous on-chip assessment of different cell
populations [80], as depicted in Figure 2.17 (A). The electrode arrangement consisted
of a gold-made 4 × 4 microarray dot electrode sandwiched between two 4-mm-thick
polymethyl methacrylate (PMMA) covers, ensuring electric field penetration and
distribution. The separation of binary samples containing different sizes of
polystyrene beads (1- and 5-, and 5- and 15-µm-diameter) was carried out at working
frequencies of 450 and 12 kHz, respectively and applied AC voltage of 20 V. In both
cases, small particles were attracted towards the electrode surfaces as a result of
pDEP, whereas large particles were repelled to the dot center by means of nDEP
(Figure 2.17 (B)).

2.3.2.2 Contactless AC-DEP

Despite good separation efficiencies and simpler operational designs, electrode
microfabrication still remains the longest step in the development process of AC-DEP
devices [81, 82]. In this regard, contactless dielectrophoresis (or cDEP) has become
popular in this field, aiming to avoid direct contact between the electrodes and the
flowing fluid. This approach contributes to the solution of many of the experimental
issues derived from conventional DEP techniques, such as electrode fouling and
bubble formation. However, this requires on average higher applied voltages and
frequencies for separation purposes. Shafiee et al. introduced a PDMS-glass cDEP
device with electrodes inserted into the inlets of two side channels, avoiding any
contact with the main sample stream by using a thin PDMS barrier [83], as
illustrated in Figure 2.17 (A). The system was tested with the separation of live and
dead THP-1 human leukemia monocytes by selectively capturing the first ones near
the PDMS barriers by means of the applied DEP force . When both cells were driven
through the central channel (Figure 2.17 (B, a)), the four neighboring contactless
electrodes were energized as follows: V1 = V2 = 100 V and V3 = V4 =ground, and
the working frequency was 152 kHz. At these conditions, live cells were trapped
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around the electrode areas by means of pDEP, while dead cells were repelled from the
electrodes and continued flowing with the applied flow field (Figure 2.17 (B, b)). The
trapped cells were released thereafter by turning off the applied voltage (Figure 2.17
(B, c)), completing the separation from the dead cells. About 90% trapping efficiency
was reported at flow rates of 0.02 mL h−1, although significant efficiency loss is
anticipated at higher hydrodynamic flow rates.

Figure 2.17: Isolation of live and dead THP-1 cells employing contactless
dielectrophoresis [83]. (A) Schematic design of the main channel (highlighted in
yellow) and the channels for electrode insertion (highlighted in blue). (B) Effect
on cell separation at no applied electric field conditions (a), 152 KHz and applied
voltages between the two pair of electrodes physically separated from the channel
V1 = V2 = 100 V and V3 = V4 = ground, leading to the selective isolation of live
cells (light blue dots) from dead cells (red dots) and (c) release of the trapped live
cells.

Salmanzadeh et al. handled the isolation of tumor initiating cells (TICs) from non-
TICs on a cDEP platform similar to that proposed by Shaffiee et al. [84]. The device
consisted of a main channel filled with insulating pillars, flanked by 4 electrode channels
on each side, separated by thin PDMS barriers (Figure 2.16 (a, b)). The separation was
performed by selectively trapping one of the two types of cells and flushing the other
type through the channel. The device was operated operated in a range frequencies
and applied voltage of 200 – 600 kHz and 50 – 325 V, respectively (Figure 2.18 (c)).
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Figure 2.18: Isolation of prostate tumor initiating cells (TICs) using cDEP in
combination with insulating pillars. (a) Top-view of the electrode-channel interface.
(b) Schematic layout of the channel conformation. (c) Trapped TICs around the
pillar structures at applied frequency and voltage of 600 KHz and 129 V, respectively.

Zellner et al. reported for the first time a cDEP device that incorporated off-chip
electrodes separated from the main fluidic channel by a thin glass layer [85]. The main
channel incorporated insulating PDMS pillars along its length, intended to contribute
to the non-uniformity of the created field. The system was used for the separation
of E. coli from 1-µm beads. Sun et al. developed a novel metal-electrode-free cDEP
separation approach using ionic liquids as electrodic material [86].

A room-temperature ionic liquid, [BMIM][PF6]1 was introduced into the separation
chamber and formed a well-defined interface with the running dielectrophoretic buffer
(Figure 2.19 (a, b, c)). The authors validated the method with the separation of
20-µm-diameter polystyrene beads from human prostate cancer cells (PC-3,
approximate diameter of 33 µm), live from dead PC-3 cells and human breast cancer
cells (MDA-MB-321, approximate diamter of 14 µm) from adipose-derived stem cells
(ADSC, approximate diamter of 50 µm) in the same microfluidic device (Figure 2.19

11-Butyl-3-methylimidazolium hexafluorophosphate, conductivity of 2.2 mS cm−1 at 25 ℃.
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(d)). All separations were performed at remarkably low applied voltages and
frequencies when compared to other cDEP examples, given the nature and
conductivity of the employed electrode material (88, 53 and 35 V and 100, 50 and 50
KHz, respectively). The efficiency of the three separations was evaluated by
observation of the collected particle fractions, and was significantly affected by the
size of the particles and cells. Less than 5% of cross contamination was found after
the separation of 20-µm-diameter polystyrene beads and PC-3 cells. This number
increased up to about 15 and 20% in the separation of live from dead PC-3 cells and
MDA-MB-321 from ADSC cells, respectively.

Figure 2.19: Metal-free contactless DEP with electrodes based on ionic liquids [86].
(A) Scheme of the DEP microdevice with integrated ionic liquid as electrodes.
(B) External pumping hardware and voltage generation system. (C) Close-up of
the interface between the ionic liquid electrode and the fluidic microchannel. (D)
Separation example of 20-µm-diameter polystyrene beads from human prostate
cancer cells (PC-3). Dashed circles represent particle trajectories through the
interface channel constriction.
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Rahmani et al. incorporated an array of fork-shaped silver electrodes in a cDEP
device [87]. As in previous examples, the electrodes were isolated from the main channel
by thin PDMS layers to ensure the cDEP separation of complex samples containing
yeast, E. coli, and latex particles with enrichment efficiencies of 87 ± 2, 82 ± 4, and
86± 3 % , respectively.

2.3.2.3 AC-DEP single cell handling

Another interesting application of AC-DEP is single-cell and particle handling and
characterization. Voldman et al. introduced DEP planar quadrupole traps for single-
particle trapping in the presence of destabilizing fluid flows [88]. Polystyrene beads with
diameters of 7.58, 10.00 and 13.20 µm were employed to study the holding capacity
of the traps in a voltage range of 0− 4 V at a working frequency of 4 MHz. Changes
in the holding capacity of the trap were observed when working with different particle
sizes and applied frequencies. In this line, Rosenthal et al. reported a design of single-
cell trap arrays based on n-DEP [89]. The authors characterized the holding capacity
of the traps with polystyrene particles of different sizes (4.2 and 8.2 µm) within a
voltage range of 0 − 5 V at differnet flow rates (0 − 50 µL/min) at a typical working
frequency of 5 MHz. The setup allowed for size selection as a function of the applied
flow field when keeping both the applied voltage and frequency constant for individual
experiments. Su et al. developed a DEP-based single-cell fast characterization method
of different frequencies and conductivities [90]. The method relied on a force-balance
model to measure the DEP forces acting on cells as a result of a change in their electrical
properties. Neutrofils (HL-60) cells, 6 µm beads and 10 µm polystyrene beads were
studied within a frequency range of 0.4 − 12.8 MHz, identifying changes in the DEP
responses for each of them so that they were electrically separable.

2.3.3 DC-field dielectrophoresis

When operated with direct current (DC) or low-frequency alternating current (<10
KHz), dielectrophoresis is governed by the same equations introduced in section 2.3.1.
Unlike in high-frequency AC-DEP, the dielectrophoretic force depends solely on the
particle and medium electric conductivities, regrouped in the real form of the Clausius-
Mossotti factor as [64,91]:

fCM (σp, σm) = σp − σm
σp + 2σm

(2.15)
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The main principle of DC-DEP is the generation of a continuous static electric field
along the microfluidic channel by creating a difference of potential between electrodes
situated in the channel reservoirs. The intrinsic uniformity of the electric field
obtained with this operational mode is impaired through the implementation of
insulated physical features (pillars, obstacles, hurdles, etc.) in the direction of the
field to induce a DEP force over the flowing particles [91–93]. The integration of
these insulating structures into the microfluidic network has been conventionally
named insulating dielectrophoresis (iDEP) [94, 95]. The generation of a continuous
electric field has a direct consequence that was avoided in AC-DEP: the occurrence of
electro-osmotic phenomena within the fluid. This, together with other inherent
electrokinetic effects of the beads themselves (i.e. electrophoresis), comprise the main
transportation phenomena inside the microchannel. This way, flow and electric field
are both dependent on the applied electric field. The exclusive dependence of the
applied dielectrophoretic force upon the particle and medium conductivities makes
the particle surface (or in the case of cells, the structure of the membrane) a crucial
parameter, as it ultimately defines the motion of the object (n-DEP or p-DEP) [96].

Figure 2.20: (A) Scheme of the iDEP device with two consecutive, well-defined
sections of posts along the main microfluidic channel. (B) Separation of a mixture
of 1- (green) and 4-µm-diameter (red) particles at 1000 V applied voltage. Top row:
close-ups of devices with different pillar diameters of 437 and 613 µm (A, B), allowing
for the entrapment of 4 µm and 1 µm particles, respectively. Bottom row: release of
trapped 4 µm and 1 µm particles at 300 V applied voltage (C, D, respectively) [97].

Various channel designs and strategies have been developed so far for the
manipulation and separation of polymer microparticles by DC-DEP. Barbulovic-Nad
et al. reported a microdevice that incorporated oil droplets as insulating obstacles for
the size-based separation of binary latex mixtures containing 1-, 5.7- and
15.7-µm-diameter polystyrene beads [98]. Other separation examples, on the other
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hand, focused more on the modification of the channel structure. One of the easiest
modification is the integration of posts or pillars along the channel length, which
usually involves more complicated microfabrication steps, relatively speaking.
Gallo-Villanueva et al. reported a microdevice with two consecutive arrays of
cylindrical posts with different diameter for the size-based separation of polymer
particles [97] (Figure 2.20 (A)). The device was tested with the separation of a binary
mixture containing 1- and 4-µm-diameter beads. Particles of different size were
selectively trapped and sorted in each post array on the basis of the experienced DEP
force (Figure 2.20 (B)).

Figure 2.21: (A) Three-reservoir, double-spiral channel conformation for iDEP
particle separation [99]. (B) Different channel close-ups of the separation of 5- and
10-µm-diameter polymer microparticles. Grey arrows indicate the direction of the
exerted DEP force throughout the channel length [100].
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Another alternative to create non-uniform electric fields is the integral modification
of the channel geometry. Zhu et al. introduced a novel design based on a regular
serpentine-shape central channel branch for particle focusing [99] (Figure 2.21 (A))
and separation [100,101]. The system was validated with the separation different-sized
beads, having the particles exit the serpentine channel at different heights based on
diameter (Figure 2.21 (B). The same authors described a double-spiral-shaped channel
geometry for the separation of polymer microbeads based on size [102] and charge
[103]. The main advantage of these channel configurations is that no physical obstacles
are needed to induce a DEP force over the beads, which significantly simplifies the
microfabrication process.

Li et al. further developed the concept of curved microchannels for DC-DEP separation
[104]. The authors described a curved channel geometry that incorporated circular-
shaped constrictions at regular intervals for the separation of 10- and 15-µm-diameter
polystyrene particles. The incorporation of these two parameters (channel curvature
and constriction width) simultaneously allowed for superb, obstacle-free separation of
the two particle types. It should be noted though that a thorough and individual
optimization of these two parameters is crucial prior to the actual separation.

Figure 2.22: (A) Scheme of a MOSFET-based microfluidic Coulter counter integrated
into a DC-DEP cell sorter. Voltage distribution in the different reservoirs: 120 and
110 V to well W1 and W2. 10 and 20 V to wells W3 and W4. −8 and −18 V to
wells W7 and W8. (B) Superimposed pictures of particle trajectories of 1.97- and
4.84-µm-diameter polymer beads at (a) high sorting rate (0.778 beads s-1) and (b)
low sorting rate (0.485 beads s-1) [105].

Biological particles such as cells or bacteria usually experience a drop in electric
conductivity across their outer membranes, resulting generally in poorly conducting
elements. In DC-DEP, the contribution of cell conductivity to the CM factor (Eq.
2.15) is usually close to zero, leading to negative values of this factor and thus, to
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situations of negative dielectrophoresis (n-DEP) [106–108]. Sun et al. reported the
continuous and simultaneous separation of different biological mixtures on a
microfluidic device that integrated a MOSFET-based Coulter counter with a
DC-dielectrophoretic cell sorter [105]. The microfluidic sorter consists of two channel
branches that come together into a 60-degree triangle hurdle constriction that, in
turn, splits out in two subsequent collecting channel branches (Figure 2.22 (A)). The
distribution of the flow and channel arrangement bear certain similarity with the
hydrodynamic pinched-flow fractionation [109]. Samples comprised 1.97- and
4.84-µm-diameter polystyrene beads, yeast cells of continuous size distribution and
mixtures of 4T1 tumor cells and murine bone marrow cells. The authors concluded
that low throughput and particle concentration strongly improves the separation
efficiency (about 95% for polymer particles and about 80% for yeast samples, Figure
2.22 (B)). This approach offer the major advantage of reducing the exposure time of
the tested cells to the high applied voltage, preventing cell lysis to a significant extent
in comparison to other techniques.

Figure 2.23: (a) Schematic diagram of hydrodynamic and direct-current insulator-
based dielectrophoresis (H-DC-iDEP) separation of blood plasma in a sawtooth-
shaped microfluidic device. (b) RBC trapping driven by the hydrodynamic flow and
(c) RBC trapping driven by H-DC-iDEP [110].
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Mohammadi et al. described the separation of red blood cells (RBC) from plasma
employing a hydrodynamic- and direct-current insulator-based dielectrophoresis
approach [110], illustrated in Figure 2.23. The device consisted of a 50-µm-deep and
1-cm-long single inlet-outlet channel flanked by multiple dead-end perpendicular
branches. RBCs (7-8-µm-diameter) were injected with hydrodynamic flow and
trapped inside the side channel branches. The remaining cells flowing through the
main channel became trapped by the DEP at 50 V applied voltage , leaving the main
channel free of cells. Unlike most of the other DC-DEP techniques described in the
previous section, in which both the electro-osmotic transport and DEP effect are
linked to the applied voltage, the possibility of tuning both hydrodynamic and DEP
effect individually could contribute to increased separation efficiency, as it allows for
manual compensation of one parameter over the other depending on the injected
sample. Ding et al. reported the separation of RBCs from fluid rich in biomarkers for
myocardial infarction by employing a sawtooth-shaped DC-DEP microdevice [111].
RBC were trapped in the different compartments that connected to the main channel
by the DEP effect while the cell-free biomarker containing medium was allowed to
flow by means of the generated EOF.

Again, the possibility of exerting independent control over the flow field and the
dielectrophoretic force may facilitate substantially the optimization of the separation
parameters in DC-DEP. This situation becomes practical in the separation of certain
types of particles and cells, as it permits separations using DC electric fields of lower
magnitude. The modality that enables this operational practice is called DC-biased
AC electric field. This approach utilizes DC current to create EOF as a fluid field and
the combination of AC/DC electric fields for the generation of an actual DEP force
over the particles themselves. Church et al. presented a spiral-shaped microfluidic
device [100] similar to that used by the same authors for particle focusing and
separation [100, 101]. The authors achieved the separation of 1 and 3-µm-diameter
polystyrene particles at a combined AC/DC electric field of 880 V cm-1, being the
average AC-to-DC ratio of 15, corresponding to 1500 V AC and 100 V DC.

Patel et al. developed a reservoir-based dielectrophoretic approach (rDEP) for the
separation of yeast cells on the basis of viability [112], illustrated in Figure 2.24 (A).
The device consisted of a two-reservoir microchannel with a narrow constriction (or
junction) right after the inlet. Dead yeast cells experienced a p-DEP effect inside the
reservoir junction, remaining trapped in the vicinity of it, while alive cells kept flowing,
carried by the EOF. All forces experienced by the cells at the reservoir-channel junction
is schematically represented in Figure 2.24 (B).
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Figure 2.24: (A) Schematic view of the reservoir-based DEP device. (B) Illustration
of the compendium of forces that act on the particle at the reservoir-channel junction,
viewed from above [112].

2.3.4 Other DEP-based strategies

2.3.4.1 DEP-FFF

As described in previous sections, dielectrophoresis (driven by both alternating and
continuous current) has been extensively used for the separation of particles and cells
based on differences in size and electrical properties. Among the multiple subclasses
of this technique, the one that leverages both dielectrophoretic and hydrodynamic
forces experienced by particles and cells under continuous-flow conditions deserves
special acknowledgment, as it combines the principles of dielectrophoresis and field-
flow fractionation (FFF) [113, 114]. One of the reported advantages of this modality
has been that it facilitates the dielectric separation of particles with large differences in
size using AC-DEP. Piacentini et al. introduced a H-shaped microfluidic device for the
separation of platelets from other blood cells on the basis of DEP-FFF [115], depicted
in Figure 2.25. The system integrated an array of electrodes along the middle of the
channel, and utilized a longitudinal pinched flow for particle focusing and DEP to repel
the biggest blood cells (RBC and WBC) from the platelets(Figure 2.25 (A)). The two
cell groups were then collected in separate outlets (Figure 2.25 (B)).

Čemažar et al. reported a simpler design based on a sealable glass chamber that
integrated an electrode array on the bottom layer (Figure 2.26 (A)) [116]. The nature
of the applied hydrodynamic flow (parabolic profile) and the effect of DEP on the cells
allowed for both spatial (across the channel width) and temporal (acquired velocity in
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the flow itself) separation of different-sized cells. The system was further explored and
characterized some time later with the separation of electroporated cells (Figure 2.26
(B)) [117].

Figure 2.25: (A) Schematic representation of an H-shaped DEP-FFF particle sorter
designed for the separation of blood cells and platelets. The voltage to induce the cell
separation is applied from the electrodes situated along one side of the central channel
segment. (B) Separation of blood cells (exiting at the right, bottom outlet branch)
and platelets (exiting at the top, right outlet branch). Separation conditions: 10 V
applied voltage between neighbor electrodes and100 KHz applied frequency [115].

Moon et al. described the separation of circulating tumor cells (CTC) from other blood
cells in a novel two-module system intended for consecutive hydrodynamic multi-orifice
flow fractionation (MOFF) and DEP-based separation [118]. The first module consisted
of a long, non-uniform channel with multiple square chambers, symmetrically placed
with respect to each other, that led to a three-outlet filter. Bigger (RBC and WBC)
cells were shifted out of the channel through the side filter branches, while small cells
(CTC) were conducted into the second module. Once here, these cells were focused
and further isolated into a collecting outlet via DEP, achieving fractionation efficiencies
above 99%. Song et al. introduced a novel DEP sorter that utilized an oblique array of
interdigitated electrodes to induce lateral on/off deflection of cells along the transverse
channel dimension [119]. The device was designed as an H geometry so that the sample
(containing human mesenchymal stem cells (hMSC) and osteoblasts) and buffer was
injected through converging channel branches, leading to separation by means of DEP
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force exerted diagonally across the channel width. The collection efficiency for both
cell types (hMSC and osteoblasts) was reported to be 92 and 67%, respectively.

Figure 2.26: (A) DEP particle sorter with an integrated oblique electrode array for
lateral particle deflection. The bottom scheme shows how the frequency varies as a
function of time in the channel [116]. (B) hMSC (red and osteoblast (green) cells at a
flow rate of 1.8 µL min−1. Right picture: no applied field. Left picture: Alternating
7.2 V applied voltage and 3 MHz applied frequency [117].

Khashei et al. implemented a combination of pinched-flow fractionation (PFF) and
dielectrophoresis in a microdevice for the separation of polymer particles [120]. The
system was inspired by the actual PFF principle, consisting of two channel branches
that converged into a larger one, where particles were separated by size based on the
hydrodynamic force exerted in the pinched region. Contrary to the last examples of
DEP-FFF, the authors opted for an iDEP approach, meaning that the electrodes were
integrated in either reservoir of the channel. The separation efficiency, evaluated as the
distance between both particle trajectories, experienced a 2-fold increase with respect
to that employing PFF only.

Waheed et al. reported a continuous-flow approach that combined AC-DEP with
lateral fluid flow fractionation to isolate MDAMB-231 cells from other blood
cells [121]. The microchannel conformation consisted of one inlet and two collection
outlets. The bottom of the main channel branch was crossed by an array of
perpendicular interdigitated electrodes, to generatea DEP force both in the
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transverse and longitudinal channel directions. The combination of hydrodynamic
and DEP forces at different applied frequencies enabled the separation of the different
cell types. The location of the electrodes at both sides of the channel was proven to
have a significant contribution to the separation efficiency.

2.3.4.2 Traveling-wave dielectrophoresis

Another DEP operational mode employs travelling electric fields rather than pressure-
driven flow to induce particle motion [122,123]. As described in previous applications,
the dielectrophoretic force is given by the interaction between the particle’s dipole
moment and the applied electric field. This results in actual particle motion whose
magnitude is dependent on the applied field. If the applied electric field moves faster
than the induction of the particle’s dipole moment, a time lag arises between the two
events. This time gap induces a force on the particles oriented in the direction of the
electric field that results in particle motion.

Figure 2.27: Separation of Jurkat cells and Saccharomyces cerevisiae using a
traveling-wave DEP device having parallel electrodes along the longitudinal axis
of the channel. (a) cells enter the device by the bottom brach of the channel. (b)
The targeted cells move against the field toward the other channel wall. (c) Cells
are separated and leave the channel via outlet branch [124].

The theory behind this phenomenon can be found elsewhere (Parkash et al. [125]).
The electric potential is applied using an array of electrodes placed along the channel
with a 90º-phase variation between them. One of the main advantages traditionally
sought with the use of this approach was the generation of stronger electric fields.
Van den Driesche et al. described a cell and bacteria sorter with long and narrow
electrodes arranged in parallel at the bottom of the microfluidic channel [124]. A
travelling AC electric field was generated by applying a 90◦-phase difference between
four consecutive electrodes: 0◦, 90◦, 180◦ and 270◦. The injection of the cells was done
hydrodynamically via pressure-driven flow (Figure 2.27 (A)). The authors optimized
the flow conditions so that the cells to be separated (viable Saccharomyces cerevisiae
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and Jurkat (T-cell leukemia) cells from a mixture of other cells) were deflected laterally
in the direction 0◦ → 270◦, while other non-targeted cells kept the path marked by the
hydrodynamic force of the pressure-driven flow (Figure 2.26 (B)). One of the possible
inconveniences of this approach would be the asymmetric distribution of the electric
field at the edges of the electrodes, which could result in undesired phenomena such as
electrolysis.

As a solution to this problem, Poorreza et al. described a microfabrication method
based on covering the electrodes with an external layer of silicon nitride [126]. More
recently, Frusawa et al. described the effect of a DEP-based phenomenon that used
frequency-modulated (FM) electric fields on the trajectory of vesicles and cells [127].
The authors described a periodic reversal of the dielectrophoretic force on different
vesicles and cells achieved by adjusting the frequency of an FM field wave to the actual
frequency expressed in the real part of the CM factor of the particle (Eq. 2.13). After
this easy adjustment, the authors observed that vesicles, leukemia cells and red blood
cells described U-shaped turns as a result of the propagated modulated field. Although
no application on particle or cell separation was reported, it is worth mentioning the
importance of this approach as a potential candidate for on-demand control of particle
trajectory fully based on the dielectrophoresis phenomenon.

2.4 Concluding remarks

Electrokinetic techniques constitute nowadays one of the cornerstones in the realm of
particle sorting and separation in microfluidics. Although many different approaches
have been described so far, the vast majority of them can be generally classified in
two well-defined techniques: electrophoresis and dielectrophoresis. The fundamental
separation principle of the first group lies in the different interaction of particles with
linear electric fields based on electrophoretic mobility. On the other hand,
dielectrophoresis harnesses the interaction of particles with non-uniform fields as a
result of an adequate surface charge distribution (polarizability). The eligibility of
the multiple variants of these groups for a particular application is naturally
subjected to different factors, mainly the type of sample, separation efficiency and
throughput, economic cost and complexity of the microfabrication process. For
instance, different-sized particle mixtures can be flawlessly tackled in
dielectrophoresis devices, while in electrophoresis this kind of separation often
requires the involvement of additional hydrodynamic forces. On the other hand,
dielectrophoretic strategies entail overall bigger challenges from the microfabrication
standpoint, especially when operated with AC current. It is precisely in this aspect
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where dielectrophoresis could envision further development in the near future.
Although comparatively lower applied voltages are required in AC-DEP, the
integration of electrodes inside the microfluidic channel implies long and complex
fabrication procedures, as well as major experimental issues such as electrode fouling
and excess of heat generation by Joule effect. One of the several solutions that have
been proposed in this regard involves contactless dielectrophoresis (cDEP), in which
the electrodes are actually placed in the channel reservoirs, separated from the
running sample by thin barriers (commonly fabricated in PDMS).

The use of DC-biased AC electric fields is also an efficient alternative to cut down on
microfabrication costs in DEP separations. Another trend in both electrophoresis and
dielectrophoresis involves the combination of hydrodynamic and electric fields.
Electrophoresis devices assisted by perpendicularly-applied pressure-driven flows have
been described as especially efficient for particle separations on the basis of both size
and electrophoretic mobility. Meanwhile, multiple dielectrophoresis approaches have
been worked out along with field-flow fractionation (FFF) and other hydrodynamic
techniques, resulting in substantial improvements on separation efficiency of particles
with close differences in diameter. One point that seems to be common to both
techniques and should be further strengthened is the relatively low throughput that
particularly affects the separation of complex samples. Most of the applications
described in literature so far deal with simple mixtures (ranging typically from two to
four components at most). Same as what has been happening in recent years, the
development of new electrodes, materials and flow distributions will undoubtedly
contribute to better separation mechanisms capable to cope with more complex
samples. This is an essential requirement to keep bringing this technology into many
areas of interest, particularly the biomedical field in the form of point-of-care devices.

The unique electrical properties of particles and cells and the importance of the
separation of these systems have called the attention on electrophoresis and
dielectrophoresis as the two main electrokinetic techniques in microfluidics. Despite
the great development achieved in the last decade, there is still a long way to go for
more advanced devices to be developed, contributing to the already-great
applicability of the lab-on-a-chip concept.
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3 Characterizing particle enrichment
using combined hydrodynamic and
electrokinetic phenomena

H
andling polymer and biological particles in microchannels
has become of paramount importance in microfluidics, essentially due
to the countless benefits derived from working with these systems on
the micro- and nanoscale. In recent years, a considerable number of

microfluidic strategies based on different trapping and sorting principles have been
developed. In fact, techniques based only on particle-flow interactions have gained
particular importance, essentially due to the ease of implementation and precise
control over the particles themselves. We focus on the use of bidirectional flows
generated by the opposition of pressure-driven and electro-osmotic flows as a valuable
microfluidic tool for particle trapping in non-uniform channels. We report for the first
time a quantitative characterization of this approach, termed Flow-Induced
Electrokinetic Trapping (FIET), taking advantage of the distribution of trapped
beads along the length of the channel. The flow conditions for optimal trapping
performance have been studied in detail and defined for 2.69- and 3.90-µm-diameter
carboxylate polystyrene particles. Furthermore, the trapping efficiency has been
investigated for different concentrations, coming forward with a 20-fold particle
enrichment for a tested range of concentrations from 12.5 to 175 µg mL−1.

3.1 Introduction

During the last fifty years, there has been an increasing interest in polymer micro- and
nanoparticles. Their unique properties, such as very high surface-to-volume ratios and
easy surface manipulation make them especially enticing in biomedical sciences as drug
delivery systems [1,2], as well as excellent solid supports in surface-binding assays [3–5].
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Furthermore, novel and promising applications of polymer beads are steadily growing
in a strikingly wide range of fields, coming forward with a greater need to develop new
and high-throughput handling and manipulation strategies [6].

In this regard, the advent of the lab-on-a-chip concept gave rise to a number of
miniaturized approaches for separation and manipulation of small polymer and
biological particles [7]. Originally, particle handling in microfluidic devices was done
on the basis of particle-flow and particle-channel interactions. These approaches,
passive in nature, employed either the hydrodynamic force of the flowing fluid [8,9] or
built-in retention barriers [10, 11] for the confinement and manipulation of particles
and cells. Over the last years, many efforts have been made on the development and
improvement of active strategies for particle handling and separation involving
external applied fields, such as dielectrophoresis [12], optical tweezers [13], acoustic
waves [14] and magnetic fields [15]. Given this background, the use of rotating flows
generated inside the microfluidic network to trap and manipulate particles has
emerged as an alternative to the aforementioned techniques. Hur et al. investigated
trapping and separation of breast cancer cells (HeLa and MCF7) from blood cells in
flow vortices generated in microchambers across the microfluidic device [16]. Since
then, this approach has been extended to the preconcentration and separation of
other cancer cells based on differences in size [17,18].

In this context, Lettieri et al. [19] introduced a new hydrodynamic approach for
particle trapping with an on-chip fluorescent bead-based assay. Essentially, a
pressure-driven flow (PF) and electro-osmotic flow (EOF) were opposed to one
another in a converging-diverging microchannel, leading to the generation of a
bidirectional flow. The flow profile turned into a recirculating flow pattern in the
transition regions where the channel width suddenly expanded. Particles were
affected not only by the hydrodynamic effect of the bidirectional flow itself, but also
by an electrophoretic effect given by their own electrokinetic properties. The
combination of both effects resulted in a brand-new particle trapping technique,
named flow-induced electrokinetic trapping (FIET) [19]. More recently, this approach
has also been successfully used for the separation of polymer micro-sized particles
having different surface charge [20] and size [21]. Although this approach has been
demonstrated to be promising for particle trapping and separation, it has never been
characterized up to now in terms of enrichment performance. For a robust particle
handling system, it is important not only to be able to predict its enrichment
potential, but also to anticipate the optimal flow conditions at which it best performs.

Here, we characterize the trapping process occurring in FIET, using standard
converging-diverging devices (Figure 3.1). Particle behavior is explored under FIET
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conditions using stepwise increasing EOF velocities at constant applied pressure,
which leads to well-defined Gaussian particle distributions over the applied voltage
(Figure 3.3 (a)). These Gaussian distributions delimit the voltage range in which
particles remain confined in the straight narrow channel, as well as the optimal flow
conditions that allow for maximum trapping performance in the channel. Moreover,
we seize the essential information provided by the particle distribution curves to
study how particle size influences the trapping process using two diameters (2.69 and
3.90 µm) of carboxylate polystyrene (PS-COOH) monodisperse particles.
Additionally, we characterize the preconcentration performance of 2.69-µm PS-COOH
particles in the same chip using different bead concentrations.

Figure 3.1: Illustration of the opposition of pressure-driven and electro-osmotic flows
in large aspect ratio channels.

3.2 Theory

Bidirectional flows can be used for trapping, and eventually separating particles from
each other in converging-diverging microchannels [19–22]. Such geometries are
essentially based on a straight narrow channel segment which suddenly expands into
wider sections at both ends with a certain angle. Pressure-driven and electro-osmotic
flows are opposed to one another, generating a bidirectional flow profile along the
x-direction of the channel, which turns into a rotational flow pattern at the points
where the channel broadens. The typical bidirectional flow profile is depicted in
Figure 3.1.

In channels of large aspect ratio in which the actual width is always significantly larger
than the depth, both flows can be described using a 2D approach. The distribution of
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the pressure-driven flow velocity in rectangular channels, ux(z), can be described by
an infinite parallel-plate model in which both walls are separated from one another by
the actual height of the channel, h [23]:

ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
= umax

(
1− z2

h2

)
(3.1)

Where ∆P is the applied pressure along the channel, η is the dynamic viscosity of the
fluid, L is the length of the channel and z is the coordinate direction perpendicular to
the plates, as indicated in Figure 3.1. The average velocity can be therefore given by:

〈up(z)〉 = 1
h

∫ h/2

−h/2

ux(z)dz = 2
3umax (3.2)

Additionally, the electro-osmotic flow is generated by applying an electric field opposite
to the PF direction. Considering that the thickness of the electric double layer of the
channel walls, on the order of few nm or less, is significantly smaller than the actual
width of the channel (λD � h), the velocity distribution of the electro-osmotic flow,
uEOF , is given by the Helmholtz-Smoluchowski relation [23]:

uEOF = ε0εζw
η

E = µEOF · E (3.3)

Where ε0 = 8.85×10−12 F m−1 and ε = 78.4 are the electric permittivity of vacuum and
buffer, respectively, η is the dynamic viscosity of the fluid passing through the channel,
ζw is the zeta potential of the walls and E is the applied electric field. When opposed
with the pressure-driven flow, the resulting bidirectional flow presents a typical velocity
distribution in which the pressure-driven and electro-osmotic components dominate at
the center and walls of the channel, respectively. The average total velocity can be
expressed as:

〈vx(z)〉 = 〈ux(z)〉 − |uEOF | (3.4)

Beads moving throughout the channel behave as finite objects with a certain diameter,
Dp, and surface charge, expressed in terms of zeta potential, ζp. As a consequence,
particles will not only experience the hydrodynamic interaction with both pressure-
driven and electro-osmotic flows, but also an electrophoretic motion, which depends
upon the applied electric field and the surface charge of the beads themselves [23]. Such
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motion is characterized by the electrophoretic velocity of the particles, which is also
given by the Helmholtz-Smoluchowski relation and thus shows a similar expression to
the electro-osmotic velocity (Eq. 3.3) [24]:

uep = ε0εζp
η

E = µep · E (3.5)

Where µep is the electrophoretic mobility of the beads. The average particle velocity
can be estimated by integrating the total velocity (given by the PF, EOF and
electrophoretic contributions, respectively) over the effective channel height available
to a particle and dividing by the same distance. The integration of equations 3.1, 3.3
and 3.5 results in:

〈up(z)〉 =
1

h−Dp

∫ h−Dp
2

Dp−h
2

ux(z)−uEOF±uepdz =
2
3
umax

(
1 +

Dp

h
−
D2

p

h2

)
−
ε0ε

η
(ζw ± ζp)E (3.6)

When the hydrodynamic and electrokinetic velocity components become similar, the
total particle velocity within the recirculating flow will approach zero, favoring particle
trapping within the recirculating flow stream lines, as illustrated in Figure 3.1.

3.3 Materials and methods

3.3.1 Design and fabrication

Microfluidic devices were fabricated in glass using photolithography, wet etching and
fusion bonding, as reported in previous work [20]. The chip, depicted in Figure 3.2,
was designed using layout software (CleWin, WieWeb software, The Netherlands) and
printed on a thin-film emulsion mask (JD-Photo tools, Oldham, UK).

3.3.1.1 Wet etching of the channels

The chip structure was patterned onto a 5300 Å-thick AZ1500 photoresist layer of a
4” × 4” × 4 mm photoresist- and chromium-coated borofloat glass wafer (Telic
Company, Valencia, CA, USA) using a UV collimated-light lamp (OAI, San Jose,
CA, USA) at 365 nm. The wafer was then immersed in a 3:1 solution of
H2O:AZ351B (Clariant, GmbH, Germany) to develop the photoresist layer, rinsed
with Milli Q water and finally heated at 115 °C for 1 min on a ceramic plate.
Thereafter, the 5300 Å thick layer was developed in Chrom etch 18 solution (Micro
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Resist Technology GmbH, Berlin, Germany) for 50 s. Channels were etched in the
areas that had been exposed during the development step by immersion in a
HF(49%):HNO3(70%):MilliQ water solution in a ratio of 100:28:72. These conditions
corresponded to an isotropic etching speed of 1.8 µm min−1. Afterwards, the wafer
was immediately transferred into a continuous-flow, ultra-pure water bath until the
resistivity raised up to 5 MΩ. Then, both photoresist and chromium layers were
removed by rinsing with VLSI-grade acetone (VWR International B.V., Amsterdam,
The Netherlands) and Chrom etch 18 solution.

3.3.1.2 Cover plate preparation

A 4” × 4” × 4 mm bare borofloat glass wafer was spin-coated on both sides with
AZ4562 photoresist (Microchem Corporation, Newton, MA, USA) using a bench-top
CEETM-spin coater (Brewer Science, Rolla, MO, USA). Both wafers were aligned so
that the positions of inlets and outlets of the channels could be marked on the
photoresist layer. The marked spots were powder-blasted (Wulsag, Zofingen,
Switzerland) with 22-to-59 µm F280 Al2O3 particles (Straaltechniek International
B.V., Dordrecht, The Netherlands) at 3 bar. Once holes were drilled, the cover plate
was rinsed with tap water to remove any remaining powder residues. Subsequently,
the cover plate was rinsed with VLSI-grade acetone and isopropanol (VWR
International B.V., Amsterdam, The Netherlands) to remove the photoresist layer.

3.3.1.3 Pre-bonding treatment

Prior to bonding, both dried wafers were cleaned for 10 minutes with piranha
solution. This solution was prepared with a 3:1 mixture of 98% H2SO4 (Merck
Chemicals, Amsterdam, The Netherlands) and 30% H2O2 (VWR, Amsterdam, The
Netherlands), heated up to 110 °C. Both wafers were immersed in a continuous-flow,
ultra-pure water bath until the resistivity raised up to 5 MΩ.

3.3.1.4 Fusion bonding

Both wafers were aligned and manually pressed together, so that the drilled holes on
the cover plate matched with the microchannel inlets and outlets. The whole structure
was placed between two ceramic plates and placed into an oven (Nabertherm, New
Castle, DE, USA) beneath a 2 Kg steel weight. Temperature was then ramped up to
500 °C in 1 hour, kept constant for 30 min and afterwards incremented again up to 644
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°C over 1 hour. This temperature was maintained for 18 hours, after which the device
was cooled down to room temperature for approximately 12 hours.

3.3.1.5 Attachment of the reservoirs

Plastic pipette tips (4.3-cm-high, 1000-µL-volume Sarstedt AG & Co, Numbrecht,
Germany) were drilled 8 mm above the tip with a 0.5 mm diameter syringe.
Subsequently, 0.5-mm-diameter and 5-mm-long platinum wires (Sigma Aldrich,
Zwijndrecht, The Netherlands) were slipped through the holes and permanently fixed
with epoxy glue (Kombi Snel, Bison International, Goes, The Netherlands) into the
wall of the pipette tip. This whole unit was finally glued onto the inlet and the outlet
of the channel using the same epoxy resin.

3.3.2 Polymer microparticles and flow generation

Monodisperse, polystyrene particles with a diameter of 2.69 and 3.90 µm and modified
with carboxylic functional groups were obtained from Microparticles GmbH (Berlin,
Germany), as a suspension with a concentration of 10% (w/w). The zeta potential of
the beads, measured in 10 mM borate buffer (pH 9) (Fluka, Buchs, Switzerland) with
electrophoretic light scattering (ELS), was −45±4 and −41±1 mV for 2.69- and 3.90-
µm-diameter beads, respectively. For all trapping experiments, both types of particles
were diluted in 10 mM borate buffer (pH 9) to typical concentrations of 0 - 200 µg
mL-1 (0 − 1.9 × 107 and 0 − 6.2 × 106 Particle cm-3 for 2.69- and 3.90-µm-diameter
beads, respectively).

The pressure-driven flow was generated using a hydrostatic pressure approach. The
channel outlet was filled up to a level at which the electrode was fully covered by the
running buffer (8 mm above the reservoir base), whereas the inlet was filled higher with
respect to this level. The pressure difference was then tuned by changing the actual
difference in height between the inlet and outlet levels, typically within a range of 1-3
mbar (1-3 cm of liquid).

The electro-osmotic flow was generated with a grounded, high-voltage power supply
source obtained from Labsmith (Livermore, USA), directly connected to electrodes
placed at the inlet (cathode, negative pole) and outlet (anode, positive pole) of the
channel. Voltage was tuned within a typical range of 0 - 500 V (equivalent to an
electric field range of 0 – 151.5 V cm-1) with respect to the velocity of the PF used
in each experiment. The zeta potential of the channel wall for these experimental
conditions was assumed to be −100 mV [25].
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3.3.3 Running conditions for trapping experiments

Prior to experiments, the chip was conditioned first with 0.1 M NaOH solution and
10 mM borate buffer solution (pH 9) for 10 min each, in order to activate the silanol
groups of the channel walls. Particles suspensions were loaded into the inlet-reservoir
column at a certain height with respect to the outlet, so that the beads were injected
into the channel with the pressure-driven flow for 10 min. This injection time was
enough to observe an evenly distributed concentration of particles along the entire
channel from inlet to outlet.

Figure 3.2: Top-view scheme of the channel design with close-up photographs of the
converging and diverging sections (contracting and expanding in the direction of the
flow, respectively). Particles are injected in the PF direction (from the left) and
caught inside the central straight channel. The observation areas in the channel
(highlighted in red) were defined 450 µm from the left (W1) and right (W2) ends.

3.3.4 Particle observation

An inverted microscope (DM-IL Leica, Wetzlar, Germany) connected to a monochrome
digital camera (DFC360 FX, Leica, Germany) was used for the observation of particles.
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The populations of particles were studied inside the observation areas defined at either
end of the straight narrow segment (Figure 3.2). These populations were compared in
order to estimate the bead distribution along the length of the channel using ImageJ1,
as described in Section 4.1. Pictures were acquired at exposure times of 25 ms.

Figure 3.3: Illustration of the stepwise voltage program used for the characterization
of in-channel particle distribution. After injection (shaded area), voltage is increased
in uniform steps of ∆V , which are applied for a certain period of time, τ . Particle
populations inside the right (W2) and left (W1) observation areas are measured right
before the end of each voltage step.

3.4 Results and discussion

3.4.1 Particle distribution

To study the behavior of particles under bidirectional flow conditions, two identical
450-µm-wide observation areas were defined at the ends of the trapping channel, W1

(left end) and W2 (right end), separated from one another by a channel distance of
2100 µm, as depicted in Figure 3.1. A 50 µg mL−1 (4.72× 106 beads cm-3) suspension

1https://imagej.nih.gov/ij/.
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of 2.69-µm-diameter carboxylate polystyrene particles was injected into the channel
with the PF at 2 mbar applied pressure. Once the entire channel was filled with beads,
the EOF was applied in the opposite direction to the PF, leading to the generation of a
bidirectional flow profile. The velocity of the EOF was tuned using a staircase voltage
program, characterized by a certain step height, ∆V , applied for a certain time, τ , as
shown in Figure 3.3.

All the experiments reported in this paper were carried out using voltage steps of 10
V with τ = 30 s. The populations of particles inside both observation areas were
evaluated 5 s before every voltage step, so that the distribution of particles along the
straight, narrow channel segment, ∆np, could be simply estimated as:

∆np = |np,W2 − np,W1| (3.7)

With np,W2 and np,W1 as the populations of beads inside the right and left observation
areas, respectively. At low applied electric fields along the straight, narrow segment,
calculated taking into account the resistance due to the non-uniform shape of the
channel [20] (0 – 80 V, or 0 – 40.5 V cm-1), the PF velocity distinctly dominated over
the EOF, as is shown in Figure 3.3 (b, left). Consequently, particles were transported
mainly by the PF streamlines, entering and exiting the narrow channel segment without
experiencing any retention, as depicted in the first row of Figure 3.4 (a). At higher
electric fields (80 – 240 V, or 40.5 – 122.6 V cm-1), the EOF profile starts to widen
from the walls towards the center of the channel, as illustrated in Figure 3.4 (c, center).
Under these conditions, particles moving in the vicinity of the right end begin to sample
the increasingly strong EOF branches of the bidirectional flow. As a result, particles
were increasingly pushed into the narrow channel with each consecutive voltage step
following the EOF direction, as shown in rows 2 and 3 of Figure 3.4 (a). This caused
a gradual increase in the population of trapped particles within the right observation
area, W2. At a certain voltage (160 V, equivalent to an electric field of 81.5 V cm-1), the
bidirectional flow was such that it allowed a maximum, constant number of particles
to be confined in the narrow channel (∆np,max). In fact, this applied voltage at which
Δnp reaches a maximum is termed maximum retention voltage (∆Vr), and corresponds
to the optimal trapping conditions for a given applied pressure. Finally, at higher
voltages (∆V > 160), particles begin to progressively reach the left observation area,
W1 (450-µm-wide, at the left end of the trapping channel).
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Figure 3.4: (a) Microscope close-up pictures of the 450-µm-wide observation areas
defined at both ends of the channel at 2 mbar pressure for five different applied
voltages. White arrows indicate the motion direction of the beads in the channel.
White circles indicate locations of particles moving along the channel (b) Modeling
of the flow profile in the straight narrow channel section at 2 mbar applied pressure
at three different voltages. (c) Difference in particle density (distribution of particles
along the channel length), ∆np = |np,W2 − np,W1|, for 2.69-µm-diameter carboxylate
polystyrene particles as a function of applied voltage at 2 mbar applied pressure (n =
3). All the experiments were carried out in the same channel unit, and the Gaussian-
shaped trapping range was found to lie between 80 and 240 V (40.5-122.6 V cm-1,
white area), reaching its maximum at the maximum retention voltage, ∆Vr = 160
V (81.5 V cm-1).

This was found to be the minimum distance to the left end of the channel at which the
beads no longer sensed the trapping effect of the bidirectional flow, exiting the narrow
channel at the left end, as illustrated in the fifth row of Figure 3.4 (a). At higher
voltages, the EOF velocity distinctly dominates over the PF, and the bidirectional flow
profile is no longer observed, as it is depicted in Figure 3.4 (b, right). Consequently,
particles were dragged in the EOF direction, no longer experiencing any retention in
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the channel. This resulted again in similar bead populations inside both observation
areas, as a stream of particles and consequently, in values of ∆np that remained close
to zero. Experimentally, the distribution of particles along the channel (∆np) exhibited
a Gaussian distribution as a function of the applied voltage as depicted in Figure 3.4
(c), which can be expressed as:

∆np = |np,W2 − np,W1| =
1

σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(3.8)

The standard deviation of this function, σ, defines the range of voltage (80 – 240 V)
over which particles remain trapped (peak width, ω = 4σ). Further information about
the reproducibility of the distribution is given in the supporting information of this
manuscript.

3.4.2 Characterization of particle distributions at different ΔP

Particle distribution was also investigated at different pressure conditions. 50 µg mL-1

suspensions of 2.69- and 3.90-µm-diameter carboxylate polystyrene particles (4.72×106

and 6.84× 106 particle cm-3) were injected at applied pressures of 1, 1.5, 2 and 3 mbar
(corresponding to PF velocities of 8.7 × 10−5, 1.3 × 10−4, 1.8 × 10−4 and 2.7 × 10−4

m s-1, respectively). The EOF was set using the same stepwise program as described
in Section 4.1. The distribution curves (∆np as a function of the applied voltage)
for both particle sizes are plotted in Figure 3.5 (a, b) at the four tested pressures.
From the point of view of trapping capacity (maximum number of particles that can
get confined in the channel), it can be observed that the peak height increases with
the applied pressure until a plateau is reached for both bead sizes (∆np,max values
of 41 and 62 particles, respectively). This value indicates that the maximum number
of particles that can be confined inside the channel remains constant after a certain
applied pressure for a given particle size. Regarding the voltage range within which
particles experience trapping, it can be seen that all distribution curves widen as a
function of the pressure. In the case of 2.69-µm-diameter particles, the Gaussian shape
of the distribution curve remains well defined up to 2 mbar, from which the maximum
retention voltage (∆Vr) can be extracted in both cases (83 and 158.8 V, respectively).
However, the distribution curve begins to lose shape at higher applied pressures (3
mbar), leading to a less predictable particle behavior in the trapping channel. A very
similar scenario was found for 3.90-µm-diameter particles. In fact, the shape of the
distribution curve remains well defined up to 1.5 mbar (∆Vr = 89.7 V) but starts
to become non-Gaussian at even lower applied pressures than in the previous case (2
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mbar). This can be explained by the parabolic steepness of the velocity profile in
the bidirectional flow, depicted in Figure 3.4 (c). At lower pressures, small tuning
of the applied electric field results in significant changes in average particle velocity.
As a result, the beads move smoothly along the channel distance, exhibiting well-
defined Gaussian distribution curves. On the other hand, the high steepness observed
in velocity profiles obtained at high applied pressures leads to significantly smaller
changes in average velocity with the applied voltage. This means that particles sample
the PF streamlines of the bidirectional flow within a wider range of applied voltage,
experiencing stronger retention at the right end of the narrow channel. After a certain
pressure threshold, particle distributions exhibit non-uniform curve shapes over the
applied voltage, as depicted in Figures 3.5 (a, b).

Figure 3.5: Particle distribution curves for 2.69- (a) and 3.90-µm-diameter (b)
carboxylate polystyrene particles at three different applied pressures (n = 3)
obtained in the same channel unit. Well-defined Gaussian distributions are observed
at 1, 1.5 and 2 mbar for 2.69-µm particles and at 1 and 1.5 mbar for 3.90-µm particles.
(c) Illustration of the bidirectional flow profile in the narrow straight channel segment
for three different pressures at a constant applied electric field.

3.4.3 Quantitative particle trapping and preconcentration

The in-channel preconcentration of particles achieved with FIET was also investigated.
Different initial concentrations, ranging from 12.5 to 174.5 µg mL-1 (equivalent to a
concentration range of 1.18 × 106 to 1.65 × 107 Particles mL-1), of 2.69-µm-diameter
carboxylate polystyrene beads were injected into the channel at 1.5 mbar pressure
(1.31 × 10−4 m s-1), which was found to be sufficient to reach a maximum trapping
capacity of the channel, as shown in Figure 3.5 (a). Gaussian distributions within a
voltage range between 50 and 160 V (25.1 – 81.5 V cm-1) were obtained for all tested
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concentrations, reaching a maximum in all cases at 110 V (55.9 V cm-1). In terms of
peak height, the maximum number of particles that were confined inside the channel
was found to increase linearly with the injected concentration of beads, as it can be
concluded from the distribution curves shown in Figure 3.6. In the figure inset, values
of ∆np,max are plotted versus the injected concentration of particles in the channel.
This linear range was defined up to a maximum concentration threshold of beads of 100
µg mL-1. Higher particle concentrations led to the saturation of the channel, meaning
that further increase in trapped beads was no longer observed.

The concentration of trapped particles in the channel under optimal trapping conditions
and preconcentration (comparison with the initial concentration of particles injected
in the channel) are indicated in Table 3.1.

Table 3.1: Particle enrichment calculated for five different injected concentrations
using the same experimental conditions for flow generation (1.5 mbar, 110 V).

Initial
concentration of
particles, Ci

(µg mL-1)

Initial
concentration
of particles, Ci

(Particle mL-1)

Particle input
(Particle min-1)

Concentration
of trapped

particles in the
channel, Ct

(µg mL-1)

Concentration
enrichment
(Ct/Ci)

12.5 1.18 × 106 11 291 ± 2 23.3
25 2.36 × 106 22 501 ± 1 20.1
50 4.72 × 106 44 971 ± 2 19.4
75 7.08 × 106 66 1486 ± 2 19.8
100 9.44 × 106 88 1947 ± 2 19.5

Particle enrichment was found to be about a 20-fold increase with respect to the
initial concentration of the injected stock suspensions for all the studied
concentrations. This enrichment factor is comparable to other microfluidic
approaches that also employ trapping strategies as a preconcentration mechanism.
Hur et al. [16] introduced a technique that also used recirculating flow profiles for
particle confinement. The technique is based on the generation of vortices along a
straight channel that in turn contains multiple parallel expansion-contraction
trapping reservoirs. A preconcentration study was carried out with MCF7 and HeLa
cells in the different trapping chambers along the channel (20- and
12.4-µm-diameter), achieving enrichment rates of 5.53 and 7.06 for both cell types,
respectively. Harrison et al. [26] described another method based on the generation of
recirculating flows by induced charge electroosmosis. This approach basically uses an
alternating current (AC) to create micro-vortices in a microfluidic channel. The
authors were able to trap and concentrate 1-µm-diameter polystyrene particles, as
well as E. coli cells, around a circular inlet connected to a narrow-straight channel,
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Figure 3.6: Particle distribution curves for different initial injected concentrations
of 2.69-µm-diameter carboxylate polystyrene beads at 1.5 mbar applied pressure,
obtained in the same channel unit. Trapped beads saturated the channel volume at
a concentration of 100 µg mL-1. The linear behavior of the maximum number of
particles that were confined inside the channel (∆np,max) as a function of the initial
concentration is plotted in the top-left figure inset.

resembling the geometry of the chip used in this work. After trapping, an
approximate 15-fold enrichment was achieved in comparison with the initial
concentration of the sample. In the same line, Zhu et al. [27] came up with a
high-throughput reservoir-based dielectrophoresis strategy for particle manipulation
using multiple parallel microchannels in a two-layer stacked microfluidic device. A
7-fold enrichment of 5-µm-diameter PS particles with respect to the initial
concentration of beads was accomplished, anticipating even better preconcentration
numbers by increasing the number of operating microchannels. It is worth
highlighting that such a dramatic increase in particle concentration obtained with
FIET is achieved under continuous flow conditions, ensuring a robust and stable
trapping performance, as well as a permanent contact of the entire bead surface with
the perfusion fluid. This fact may become especially promising in regards to
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continuous-flow affinity assays in microfluidic platforms. Particles could be used as
solid supports for the immobilization of certain analytes and/or antibodies (or other
recognition elements) in such a way that all the reagents needed for the
immunoreaction could be individually perfused whilst the beads remain trapped.
Several factors should be then taken into account when considering this application.
Similarly to other electrophoretic techniques, ionic strength and pH play a crucial role
in the FIET trapping process. Therefore, the particles used as assay substrate would
display different electrophoretic mobility in different sample matrices, experiencing
trapping at different experimental conditions. Tailored optimization would be then
needed for the same particle substrate in different sample media. Another source of
variability when performing such particle-based assays is the analysis of samples that
already contain particulate matter, i.e. blood and other biofluids. The potential
simultaneous trapping of the particle assay substrate alongside other native sample
particles could give rise to a wide range of undesired events, such as cluster formation
and detection issues, among others. A pretreatment of the sample would be then
strongly advised in order to prevent these issues to the maximum extent possible.
These factors will be further exploited in the future, with a view to broadening the
development of continuous-flow, particle-based sensors in microfluidic devices.

3.5 Conclusions

Here we present a novel approach to efficiently handle particle trapping under
bidirectional flow conditions using Flow-Induced Electrokinetic Trapping. This
particle-trapping mechanism relies on bidirectional, recirculating flow profiles
generated by opposition of pressure-driven and electro-osmotic flows in straight
channels having non-uniform widths. Particles undergoing trapping tend to occupy
different sections of the channel, depending solely on the bidirectional flow velocity.

The distribution of particles takes place along the straight narrow channel
(experimentally estimated as the difference in particle populations in two
450-µm-wide defined at either end of the channel, ∆np = |np,W2 − np,W1|). An
in-depth characterization of particle distributions has been done by tuning the
bidirectional flow velocity with increasing staircase voltage programs. Interestingly,
these distributions were found to exhibit a clear Gaussian behavior as a function of
the applied voltage. This defined the voltage range over which particles remained
trapped (peak width), as well as the EOF conditions (electric field) needed at a given
applied pressure to accomplish maximum trapping of particles (∆np,max). Moreover,
a further optimization of PF velocity was performed under the same EOF conditions
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for two PS-COOH bead sizes (2.69- and 3.90 µm-diameter), coming forward with a
pressure threshold beyond which particle distribution was found to lose the Gaussian
shape. The fact that retention (ratio of particles trapped inside the straight, narrow
channel with respect to the injected concentration) can be studied using a Gaussian
model could be of especial importance in particle separation, extracting quantitative
fractionation performance from the distribution curves of different particles in a given
sample. Lastly, the influence of particle concentration on trapping efficiency was
explored. The maximum amount of particles that were trapped showed a linear
relationship over the initial concentration of injected beads. Furthermore, a
noteworthy approximate 20-fold particle enrichment with respect to the injected
suspensions was achieved under optimum trapping conditions. Further studies on the
implementation of particle-based bioaffinity assays on these channels are currently
being carried out in order to exploit not only the significant preconcentration factor
that these flow conditions offer, but also to move towards fully-automated,
continuous-flow sensors-on-a-chip.
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Supporting information

Parameter
Single channel CV

(%)

Channel-to-channel CV

(%)

Plate-to-plate CV

(%)

∆Vr (V) 0.3 17.5 1.9

Peak Area (V) 3.6 18.7 46.7

Reproducibility test of the Gaussian distribution experiments performed in different plates
and channels (one plate unit contains 12 microchannel units).
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4 Optimizing size- and charge-based
particle fractionations in
microchannels using Flow-Induced
Electrokinetic Trapping

W
e present in this manuscript an optimized approach
for the fractionation of polymer microparticles in non-uniform
microchannels employing Flow-Induced Electrokinetic Trapping
(FIET), a microfluidic strategy that uses recirculating flow

patterns as a mechanism to trap particles in non-uniform microchannels. The bases
of this technique lie in the opposition of electro-osmotic (EOF) and pressure-driven
(PF) flows, enabling the generation of recirculating flow profiles in narrow channels
that expand at both ends. We have previously shown that particles can be trapped in
the closed recirculating streamlines in the narrow channel and separated in terms of
size and surface charge. However, these initial demonstrations of particle separation
were empirical in nature. In this work, we provide an analytical characterization of
these separations based on the distribution of the beads themselves along the
trapping microchannel in consideration. The distribution of trapped particles (taken
as the balance between incoming and outgoing particles in the channel) as a function
of the applied voltage (variable EOF velocity) was determined while keeping the
applied pressure constant (meaning constant PF velocity). The separation of binary
mixtures of particles with different sizes (2.69- and 5.34-µm carboxylated beads) and
surface charge (3.54-µm green fluorescent polystyrene and 3.02-µm PMMA -
poly(methyl 2-methylpropenoate) - beads) has been investigated registering the
individual distribution curves of each particle at increasing values of applied pressure.
The separation efficiency (expressed in terms of purity of the fractions after being
separated in the channel) of particles with different size and similar surface charge
was found to decrease as the applied pressure increased. On the contrary,

86



4.1 Introduction

similar-sized beads with different surface charge experienced better separations at
higher applied pressures. In absolute terms, 94 and 99% separation efficiencies were
accomplished for size- and charge-based separations at 1 and 2.25 mbar applied
pressure, respectively.

4.1 Introduction

Separation of polymer and biological micro- and nanoparticles has become essential in
a broad number of applications, such as medical research and diagnostics, industrial
processing and biochemical analysis. In this regard, microfluidics have stood as a great
way of handling and manipulating particles in small volumes of sample, leading to an
annually growing number of contributions describing particle and cell sorting. Some
of these strategies use physical features and barriers along the microfluidic network,
which basically act as in-situ filters, suitable for certain bead sizes only [1]. Other
approaches, however, harness the susceptibility of the particles themselves to either
acoustic [2, 3], optical [4], electrical [5] or magnetic fields [6, 7].

In the past few years, there has been a strong interest in continuous microfluidic
separations purely based on particle-flow interactions. The combination of novel
microfabrication strategies and superb control over the laminar flow regime in
microchannels has resulted in different strategies for the separation of beads and cells
according to differences in size and/or density. Some of these approaches, like
hydrodynamic filtration, lie in the diversification of the main flow stream through
side perpendicular channels, enabling particles to be separated by size by simply
tuning the flow rate passing through each channel brunch [8]. Other strategies, such
as deterministic lateral displacement (DLD), make use of regularly arranged pillars to
efficiently separate particles in different flow streams [9, 10]. The combination of
inertial lift and Dean drag forces has been also reported, sorting beads in different
stream lines across spiral-shape channels [11–13]. Besides these size-based separation
mechanisms, the implementation of electrically-driven flows in combination with PF
in microfluidic devices has been proven to provide for an efficient size- and
charge-based particle separation strategy known as free-flow electrophoresis [14].
Uniform flow profiles, as well as the ease of flow control by simply adjusting the
applied electric field has significantly contributed to the utilization of electrokinetic
techniques for particle separation purposes. Lettieri et al. reported a new mechanism
of particle trapping and enrichment, based on the opposition of PF and EOF in a
continuous-flow particle based affinity assay [15], as well as for DNA
preconcentration [16]. This strategy exploited the use of EOF under counter pressure
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conditions in narrow microchannels that expand at their ends. The resulting
bidirectional flow in the narrow channel is converted into recirculating patterns
around the expansion sections, as depicted in Figure 4.1. The trapping phenomenon
occurs when the average particle velocity (given by the sum of the actual velocities of
the two components of the bidirectional flow and the electrophoretic mobility of the
beads themselves) approaches zero. The proof of principle of the separation of
particles with different surface charge [17] and size [18] was reported later on,
revealing the co-existence of two different underlying separation mechanisms
(electrokinetic and hydrodynamic) derived from the same microfluidic approach,
termed Flow-Induced Electrokinetic Trapping (FIET) [15].

Although the FIET approach has proven to be a unique way to efficiently combine
hydrodynamic and electrokinetic effects in the same microfluidic platform, it had not
been characterized quantitatively in terms of trapping performance until very
recently (Chapter 3). We have lately reported a new approach to describe FIET
according to bead distributions in the trapping channel under different electric
fields [19]. Bead distributions are described in terms of the incoming and outgoing
particles through both ends of the straight, narrow trapping channel at different
applied voltages. These distributions have been found to be Gaussian as a function of
the applied voltage when the applied pressure is kept constant. These curves provide
important information about in-channel particle enrichment, and allow for accurate
prediction of the behavior of particles in the separation channel. In this manuscript
we focus on the utilization of this approach to characterize the fractionation of
polymer microparticles according to differences in size or surface charge, providing
detailed optimization conditions for different binary samples. Furthermore, the
dependence of separation performance on the hydrodynamic conditions (applied
pressure) is also explored from an analytical standpoint, highlighting the difference
between size- and charge-based separation mechanisms.

4.2 Experimental

4.2.1 Microchip fabrication

Devices were fabricated in glass, using photolithography, wet etching and thermal
bonding, as reported in previous work (Chapter 3). Channels were patterned in a 5300
Å-thick AZ1500 photoresist layer, which served as the top layer of a 4” × 4” × 4 mm
photoresist- and chromium-coated borofloat glass wafer (Telic Company, Valencia, CA,
USA) using a UV collimated lamp (OAI, San Jose, CA, USA). After developing with
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a 3:1 mixture of MilliQ water to AZ351B developer (Clariant, GmbH, Germany) and
removing the metal layer with Chrom etch 18 (Micro Resist Technology GmbH, Berlin,
Germany), the chip was etched in a HF(49%):HNO3(70%):water solution at a ratio of
100:28:72 to a final depth of 20µm. Thereafter, the remaining photoresist and metal
layers were removed by rinsing with VLSI-grade acetone (VWR International B.V.,
Amsterdam, The Netherlands) and Chrom etch 18, respectively.

In parallel, inlet and outlet holes were formed by powderblasting holes as described in
our previous works (REF. manuscript 1) in a borofloat glass wafer coated on both
sides with AZ4562 photoresist (Microchem Corporation, Newton, MA, USA). After
removing the photoresist with VLSI-grade acetone and isopropanol (VWR
International B.V., Amsterdam, The Netherlands), both wafers were pretreated with
piranha solution, prepared as a 3:1 mixture of 98% H2SO4 (Merck Chemicals,
Amsterdam, The Netherlands) and 30% H2O2 (VWR, Amsterdam, The
Netherlands). Finally, both structures were aligned, placed together between two
ceramic plates and introduced into a muffle furnace (Nabertherm, New Castle, DE,
USA. A 2-kg steel weight was placed on top of the assembly to hold the two glass
wafers together. First, the temperature was increased up to 500 °C in 1 h, then kept
constant at 500 °C for 30 min, and then incremented again up to 644 °C for 1 h. This
temperature was maintained for 18 h, after which the device was cooled down to
room temperature for approximately 12 h.

Subsequently, 4.3-cm-high and 7-mm-diameter, pipette tips (1mL, Greiner Bio One,
Netherlands), having attached 0.5-mm-diameter platinum wires (Sigma Aldrich,
Zwijndrecht, The Netherlands) were glued around the inlet and outlet accesses of the
channel using epoxy resin (Kombi Snel, Bison International, Goes, The Netherlands).

The fully-assembled microchip unit was fixed onto the stage of an inverted microscope
(DM-IL Leica, Wetzlar, Germany) connected to a monochrome digital camera (DFC360
FX, Leica, Germany) for particle observation. An external light source for fluorescence
excitation was also employed for the observation of fluorescent particles (EL6000, Leica,
Germany).

4.2.2 Flow generation

Hydrostatic pressure was applied in the direction of the outlet in order to generate a
stable pressure-driven flow. The total applied pressure was easily tuned by adjusting
the liquid height of the inlet deposit with respect to the outlet. Typical pressures
between 1 and 2.5 mbar (1 – 2.25 cm of total liquid column height, equivalent to 100
– 250 Pa) were used in all the separation experiments.
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The electro-osmotic flow was generated in the opposite direction, with the inlet and
outlet electrodes connected to the negative and positive poles, respectively, of a high-
voltage power supply (Labsmith, Livermore, USA). A voltage range of 0 – 220 V
(equivalent to electric fields of 0 – 74 V cm-1 in the narrow trapping channel) led to
well-defined recirculating flow patterns around both ends of the separation channel.

4.2.3 Polymer particles

Binary suspensions of beads having different size or charge were prepared with typical
concentrations of 50 µg mL-1 in 10 mM borate buffer solution, pH 9. The manufacturer
information for the beads used for size- and charge-based separations is listed in Table
4.1.

Table 4.1: Commercial suspensions of polymer microparticles employed for the
separation experiments.

Particle type
Concentration,
beads mL-1

Size, µm
Zeta potential in 10
mM borate buffer

(pH 9.2), mV
Provider

Carboxylate
polystyrene

9.42×109 2.69 −48±2
Microparticle

GmbH
Carboxylate
polystyrene

1.44×109 5.34 −49±4
Microparticle

GmbH
poly(methyl
methacrylate)

(PMMA)
6.68×109 3.02 −18±1

Microparticle
GmbH

Green fluorescent
polystyrene

4.14×109 3.54 −68±2
Microparticle

GmbH

4.2.4 Experimental conditions

Channels were conditioned with 0.1 M NaOH solution and 10 mM borate buffer
solution (pH 9), both for 10 min. Bead mixtures were prepared in the same buffer
and introduced into the channel with the pressure-driven flow until an even
concentration of particles was observed all along the channel length. Subsequently,
the electro-osmotic flow was tuned by progressively increasing the applied voltage
every 30 s in steps of 10 V (Chapter 3). Pictures of particles confined within
450-µm-wide observation areas placed at both ends of the straight, narrow channel
were acquired 5s before the end of every voltage step, so that bead populations could
be determined using ImageJ 1.

1https://imagej.nih.gov/ij/.
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4.3 Theory

4.3.1 Trapping process in FIET

FIET (Flow-Induced Electrokinetic Trapping) is a microfluidic approach for particle
trapping under bidirectional flow conditions. Pressure driven (PF) and electro-osmotic
(EOF) flows are opposed in straight channels that expand at the ends, generating a
bidirectional flow profile along the channel length. It is at the ends of this channel
where the bidirectional profile turns into one which is recirculating, enabling particle
trapping inside closed flow streamlines. The PF and EOF velocities, as well as the
electrophoretic velocity of the particles in the channel are given by:

uEOF = ε0εζw
η

E ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
uep = ε0εζp

η
E (4.1)

With η = 10−3 Kg m-1 s-1 as the viscosity of water, ε0 = 8.85×10−12 F m-1 and ε = 78.4
are the electric permittivity of vacuum and buffer, respectively and ζw = −110 mV is
the zeta potential of the channel walls [20]. L and h are the channel length and height,
respectively, ζp is the zeta potential of the particles and E is the electric field applied
along the microfluidic channel. The resulting bidirectional flow profile is illustrated
in Figure 4.1 (a). The opposition of PF and EOF flows, in addition to the intrinsic
electrophoretic mobility of the beads, can be can be taken into account the expression
for the average particle velocity, calculated as the integral of the total velocity over the
channel space which remains accessible for the particles themselves:

〈up(z)〉 = 1
h−Dp

∫ h−Dp
2

Dp−h

2

ux(z)− uEOF ± uepdz

〈up(z)〉 = h2∆P
12ηL

(
1 + Dp

h −
D2

p

2h2

)
± ε0ε

η (ζw + ζp)E

(4.2)

where Dp is the particle diameter. Under constant applied pressure, the velocity of
particles in the bidirectional flow becomes solely dependent on the EOF velocity and
the electrophoretic mobility of the beads. These two components appear in the second
term of Eq. 4.2 as a function of the applied electric field. Particles sample differently
the PF and EOF streamlines of the bidirectional flow as they move perpendicularly
to the main flow through the channel. This results in small particles being able to
approach the channel walls better than larger particles, and thus they are able to
sample the EOF better than larger beads. This particle-flow interaction due to the
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external electric field opposite to the applied pressure-driven flow is reminiscent of the
field-flow fractionation (FFF) particle separation concept pioneered by Giddings [21],
based on the application of an external field perpendicular to the flow direction. In
FFF-based separations of particles that are 0.5-10-µm-diameter (the so-called steric
mode), the field applied from one of the walls of the channel forces particles of different
sizes to accumulate by the opposite channel wall. Larger particles will sample the
hydrodynamic flow streamlines more strongly than smaller particles, as their geometric
centers approach more the central region of the parabolic PF profile. Thus, larger
particles acquire higher net velocities in the pressure-driven flow, exiting the channel
earlier than smaller beads. In a similar fashion, small particles flowing in the inlet-
outlet direction in FIET devices sample the PF streamlines less strongly than larger
particles do, acquiring higher average velocity in the opposite (EOF) direction.

The trapping process has been previously characterized by tuning the applied electric
field at constant applied pressure (Chapter 3). As noted in both terms of Eq. 4.2, the
acquired average velocity in the bidirectional flow would vary considerably for
particles not only having different size, but also different surface charge (zeta
potential, ζ). Particles with smaller size and/or positive (less negative) surface charge
would experience trapping at lower applied electric fields, as outlined in Figure 4.1
(b). These two mechanisms, entirely different in nature, can be harnessed separately
to achieve size- and charge-based separations, taking advantage of different retentions
of the particles in the channel as illustrated in Figure 4.1 (a).

4.3.2 Particle distribution and characterization of the trapping
process in the channel

The quantitative fractionation of particles having different size and surface charge has
been achieved at constant applied pressure conditions, tuning the flow velocity with
stepwise increasing voltage programs. The reader is referred to Chapter 3 for a better
understanding of the experimental conditions. A suspension of particles prepared in
buffer as described in the experimental section is introduced to the device using
pressure to fill the channel evenly. After reaching bidirectional flow conditions, the
distribution of particles along the straight, narrow segment was evaluated by
registering the difference between incoming and outgoing particles in the channel
moving in the EOF direction, expressed as:

∆np = |np,W2 − np,W1| (4.3)
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Figure 4.1: (a) Illustration of the separation process of particles having different size
and/or zeta potential. (b) Variation of the applied voltage needed to trap particles
with different size (horizontal) and zeta potential (vertical) under constant applied
pressure conditions.

np,W2and np,W1 are the populations of beads inside two identical 450-µm windows,
defined at the right and left ends of the trapping channel, respectively. At lower
voltages, particles enter the channel at the right end, following the EOF direction.
Particles move further and further along the channel as voltage is increased, eventually
exiting the channel at the left end. The difference of bead population between these
two areas (∆np) has been observed to exhibit a Gaussian dependence on the applied
voltage, which can be expressed as:

∆np (∆V ) = 1
σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(4.4)

This distribution defines the voltage range in which particles remain trapped (given
by the baseline width of the peak, ω = 4σ), as well as the optimal applied trapping
voltage at which a maximum number of particles can be captured inside the trapping
channel (maximum retention voltage, ∆Vr) [19].
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4.4 Results and discussion

4.4.1 Fractionation of particles with different size

A binary mixture containing 2.69- and 5.34-µm carboxylated polystyrene particles
(ζ = −48± 2 mV) in individual concentrations of 50 µg mL-1 (4.71× 106 and 6× 105

particle mL-1) was used as an example of size-based separation in a FIET channel.
Particle distributions were evaluated at different applied pressures (1, 1.25, 1.5 and
1.75 mbar), recording the individual distribution curves as a function of the applied
voltage for each particle type (Figure 4.2), as discussed in section 4.2. The maximum
retention voltage (∆Vr) for each peak is given in Table 4.2.

Table 4.2: Maximum retention voltage at different pressures for different-sized
carboxylated polystyrene beads (n = 3, see Figure 4.2).

Particle type ∆Vr (V)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

2.69-µm carboxylated PS 70±5 81±7 98±5 121±10
5.34-µm carboxylated PS 91±6 102±6 119±9 149±7

The distribution curves for the two different-sized carboxylated PS beads appear over
different ranges of applied voltages. Curves for smaller beads are recorded at lower
voltages than distribution curves for larger beads, regardless of the pressure applied.
In agreement with Eq. 4.2, the finite diameter of particles determines the channel
space that they can occupy and thus their acquired velocity in the pressure-driven
flow. Larger particles cannot approach channel walls to the same extent that smaller
particles do, so that they will sample the PF streamlines more than smaller particles
will [22]. The average velocity of particles having different diameters are calculated as
a function of particle diameter for different applied pressures in Figure 4.3. This plot
shows that at given pressure flow, there is an increasing dependence of the average
particle velocity on particle diameter. Besides, the average velocity in the pressure-
driven flow for a certain particle diameter increases with the applied pressure.
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Figure 4.2: Average distribution curves of 2.69- (blue lines) and 5.34-µm (red lines)
carboxylated polystyrene particles obtained for a mixture of these two particles in
the straight, narrow channel segment at applied pressures of 1, 1.25, 1.5 and 1.75
mbar (n = 3). All separations were performed in 10 mM borate buffer, pH 9.2.
The bottom-right inset shows the stepwise voltage program used to obtain the given
distribution curves, consisting of voltage step increments of 10 V every 30 s. The
distribution of particles was evaluated 5 s before the end of each voltage step.
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Figure 4.3: Calculated average particle velocity in the PF at 4 different pressures (1,
1.25, 1.5 and 1.75 mbar) as a function of particle diameter in the straight, narrow
channel (20-µm-depth).

These calculations of particle average velocity in the PF explain the experimental values
of ∆Vr for both particle types in Figure 4.2. On the one hand, higher applied pressures
lead to higher particle velocities in the PF, which in turn requires higher EOF velocities
to reach trapping conditions. This behavior is observed in the increasing tendency of
the maximum retention voltage with the applied pressure for both particle types. On
the other hand and as shown in Table 4.1, the difference in ∆Vr for both particle types
remains about the same for all tested conditions (∆Vr,5.34 −∆Vr,2.69 ≈ 20 V). Despite
a relatively large difference in diameter (2.7 µm in this case), particles acquire a very
similar average velocity in the pressure-driven flow, which keeps the difference in ∆Vr
relatively constant at all the tested applied pressures. Peak height and width were also
found to increase with the applied pressure. In agreement with Eq. 4.2, higher applied
pressures result in higher velocities of the PF in the bidirectional flow, which produces
stronger retention at higher applied voltages in the narrow channel. As a result, there
is a greater number of particles that experience the trapping effect (peak height) within
wider voltage ranges (peak width). Eventually, the peak height reaches a maximum,
matching with the saturation of channel (maximum volume of particles that fit inside
the actual channel volume). Peak height is another important parameter to highlight
in the distribution curves. Higher applied pressures lead to higher particle velocities,
requiring higher applied voltages to reach trapping conditions, which is manifested in
higher peaks. As a matter of fact, larger particles occupy more space in the channel,
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resulting in fewer larger particles trapped at optimal conditions than smaller particles,
as observed in Figure 4.2.

4.4.2 Fractionation of particles with different charge

The fractionation of particles having different surface charge was characterized using
the same approach as described above. A mixture of 3.02-µm PMMA (−18 ± 1 mV)
and 3.54-µm green fluorescent polystyrene particles (−68 ± 2 mV) prepared in a
concentration of 50 µg mL-1 was introduced in the channel at applied pressures of
1.5, 1.75, 2 and 2.25 mbar (3.34× 106 and 2.07× 106 particle mL-1). The distribution
curves for both particles at the indicated applied pressures are shown in Figure 4.4.

Table 4.3: Maximum retention voltage at different pressures for PMMA and green
polystyrene beads (see Figure 4.4).

Particle type ∆Vr (V)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

PMMA 70±5 75±3 89±4 95±6
Green polystyrene 86±6 99±5 126±6 136±5

The stepwise voltage program used to obtain the curves is depicted in the bottom-
right inset of the same figure. In this particular case, the curves appear in order from
low (less negative) to high (more negative) zeta potential. High-ζp (-68 mV) particles
experience higher electrophoretic effect towards the anode (channel outlet), and thus,
get trapped at lower PF velocities in the separation channel. Low-ζp (-16 mV) particles,
on the other hand, experience trapping at lower applied voltages, as can be observed
in the distribution curves in Figure 4.4. Accordingly, the maximum retention voltage
(given for both particle types in Table 4.3) exhibited a linear increasing tendency as a
function of the applied voltage as previously described for the size-based fractionation
case. Nevertheless, the difference of this parameter between the two particle types
was found to increase with the applied pressure, resulting in more separated peaks
as the applied pressure increased. Contrary to the size-based separation in which the
trapping phenomena was dominated purely by bead size, the charge-based separation
is driven by the electrophoretic velocity of the particles themselves (|∆ζp| ∼ 50 mV).
The electrophoretic velocity of the particles varies differently for particles with different
ζp as a function of the applied electric field, and so does the average velocity in the
bidirectional flow.
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Figure 4.4: Average distribution curves of 3.02-µm PMMA (blue lines) and 3.54-µm
green fluorescent polystyrene particles (red lines) along the separation channel at
applied pressures of 1.5, 1.75,2 and 2.25 mbar (n = 3). All separations were
performed in borate buffer, pH 9.2. The bottom-right inset shows the stepwise
voltage program used to obtain the given distribution curves, consisting of voltage
steps of 10 V for 30 s. The distribution of particles was evaluated 5 s before the end
of every voltage step.
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4.4.3 Evaluation of particle fractions exiting the separation channel

Particle fractions were evaluated upon being carried out of the straight, narrow
channel at the left end by the EOF. Two different kinds of particles would be
optimally separated when one of them had exited the channel (no longer experiencing
retention in the bidirectional flow, ∆np = 0) while the other remained completely
trapped (∆np = 100%, achieved at ∆Vr as previously discussed). The purity of a
fraction at the end of the channel is given by:

χi = ni
ni + nj

× 100 (4.5)

Where ni corresponds to the number of particles of the fraction that exits the channel
and nj is the number of particle impurities of the other fraction that comes out at
the same time. The purity of the first fraction exiting the channel was evaluated for
size- and charge-based fractionation experiments, corresponding to 2.69-µm PS-CO2H
(small size particles in size-based separation) and 3.02-µm PMMA (low zeta potential
particles in charge based separation). The composition of these fractions at different
hydrodynamic and electrokinetic conditions is given in Table 4.4.

Table 4.4: First particle fractions exiting the channel in size- and charge-based
fractionation experiments (small size and low zeta potential, respectively, n = 3).

Size-based fractionation χ(%)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

2.69-µm PS-CO2H 94±2 58±3 31±3 26±2

Charge-based fractionation χ(%)
1.5 mbar 1.75 mbar 2.0 mbar 2.25 mbar

3.02-µm PMMA 33±3 69±5 96±3 > 99

It is observed that fractionation performance decreases with the applied pressure for
similar-sized particles, and follows the opposite tendency for particles having different
zeta potential. Microscope close-ups of size- and charge-based fractionations performed
at optimal hydrodynamic conditions (1 and 2.25 mbar applied pressure, respectively)
are illustrated in Figure 4.5.
As shown in this study, the registration of particle distribution curves allows to
adequately choose the applied voltage and pressure conditions for the quantitative
fractionation of particle mixtures having different size and surface charge. Jellema et
al. employed FIET for the fractionation of 2.33- and 2.82-µm polystyrene microbeads
based on particle size [18]. The separation, which was conducted at 4 mbar applied
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Figure 4.5: Close-ups of the right (upper row) and left (lower row) ends of the
separation channel for (a) size-based fractionation of 2.69- and 5.34-µm PS-CO2H
(manually colored in red and blue, respectively, for better visualization) at ∆P = 1
mbar and ∆V = 90 V and (b) Charge-based fractionation of 3.02-µm PMMA
(colored in red) and 3.54-µm fluorescent (colored in green) at ∆P = 2.25 mbar
and ∆V = 140 V in bright field (left) and fluorescent (right). White arrows indicate
the motion of the particles along the channel.

pressure and 115 V for 500 s, ended up with a clear first fraction of the small particles
coming out of the separation channel. The second fraction of particles that remained
trapped exited the channel at a higher applied voltage (175 V), and were found to
contain nearly equal contributions from both particle sizes. As concluded above for
size-based separations, the corresponding distribution curves registered as a function
of the applied voltage would have revealed the optimal separation conditions at lower
applied pressures. This way, the contribution of small particles to the second fraction
could have been significantly reduced, increasing the purity of both collected particle
fractions and thus, enhancing the separation performance. The authors also applied
the same principle to the separation of particles by charge [17]. A binary mixture of
particles with the same size (3-µm-diameter) and a difference in zeta potential of 40
mV was separated at 4 mbar applied pressure. Particles with high zeta potential were
trapped at 450 V, while low zeta potential particles exited the separation channel
driven by the EOF. In this case, the purity of both collected fractions (high and low
zeta potential) improved considerably in comparison with the size-based separation
presented in the previous example, since as discussed above, high applied pressures
leads to better separation resolutions. Nevertheless, one can appreciate the presence
of impurities of low zeta potential particles in the second fraction, probably derived
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from working at non-optimal separation voltages. The charge-based separation
presented in this study corresponds to a binary mixture of particles with a difference
in zeta potential of 50 mV. The recorded distribution curves allow for a quantitative
separation of the two particle types involved, meaning that the 99% of the low zeta
potential particles were effectively fractionated from the high zeta potential beads.

This approach makes FIET comparable to other methods reported up to date in
terms of particle separation performance. Kawamata et al. conducted a EOF-driven
pinched-flow fractionation (PFF) approach for size-based particle separation [23]. 2.1-
and 1.0-µm-diameter fluorescent polystyrene beads were sorted perpendicularly in the
fractionation chamber and collected independently afterwards in two different outlets
in ratios of 96.8 and 93.4%, respectively. Jeon et al. published a PF-induced free-flow
electrophoresis strategy in T-shaped channels [14]. Binary samples of 4.8-, 9.9-, and
10-µm-diameter particles having different electrophoretic mobility were separated
with efficiencies >97%. On the other hand, the separation of particles having
different charge has been traditionally achieved in microfluidics by dielectrophoresis.
Patel et al. came forward with a reservoir-based dielectrophoresis approach that
achieved the separation of similar-sized fluorescent and non-fluorescent particles with
a 40-mV-difference in zeta potential [24]. However, some experimental conditions
typical from dielectrophoretic methodologies led to disturbances of the local electric
field, which ultimately had a strong impact in the separation of the beads. These
issues could be easily avoided by using DC electrokinetic techniques, such as FIET, in
which a stable electric field is achieved along the separation channel. One of the
strong points of our work relies in the already-deconvoluted Gaussian distribution
peaks obtained from the distribution of particles along the channel. This means that
unlike certain analytical separation techniques such as chromatography or
electrophoresis, the curves for each component of the particle mixture are obtained
individually, and so, the shape of one is not altered by the other. This provides
valuable, quantitative information about the fractionation of particles with different
size and zeta potential. Furthermore, the easy tunability of the separation conditions
allows to considerably enhance the separation efficiency just by changing either the
applied pressure or the electric field.

4.5 Conclusions

We present here for the first time the use of flow-induced electrokinetic trapping
(FIET) operated with time-varying, stepwise voltage programs for the quantitative
separation of polymer microparticles having different size and zeta potential. The
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proof of principle of particle separations on this devices was already introduced by
Jellema et al., in which particles under bidirectional flow conditions were observed to
be sorted by charge [17] and size [18]. Nevertheless, this approach was not
characterized in terms of optimal trapping conditions, which strongly compromised
the efficiency of the separations. We have developed a simple and efficient strategy
that uses staircase voltage programs as a way of tuning the velocity of the
bidirectional flow at constant applied pressure. These programs consist of identical
steps of applied voltage that allow to increasingly change the velocity of the
bidirectional flow in a very controllable way. This approach provides characterization
of the behavior of the beads in the bidirectional flow, which allows to study and
characterize in depth the trapping and enrichment [19], as well as the separation of
trapped particles. Moreover, this strategy operates with a chromatographic-like
principle, based on the Gaussian distribution of the beads along the channel. In fact,
the two separation mechanisms are completely different in nature, as it has been
observed experimentally for particles having different size and surface charge.
Size-based separation experiments resulted in a decreasing tendency of the calculated
resolution as a function of pressure, contrarily to charge-based separation
experiments, which showed increasing resolution values. The fractionation based on
particle size, conducted with 2.69- and 5.34-µm carboxylate PS particles reached the
best separation conditions at 1 mbar pressure and 91.3 V, in which only
approximately 5% of 2.69-µm particles remained trapped at optimum trapping
conditions for 5.34-µm beads. On the other hand, charge-based separation
experiments, carried out with 3.02-µm PMMA and 3.54-µm fluorescent polystyrene
particles, showed optimum separation performance at 2.25 mbar and 135.4 V. Under
these conditions, less than 1% of PMMA particles still remained trapped at optimum
trapping conditions for fluorescent PS beads. These results show the applicability of
FIET as a microfluidic strategy for the efficient fractionation of particles having
different size and surface charge. Further work on the fractionation of ternary
mixtures of particles is ongoing, opening the way to orthogonal separations of
particles in this kind of devices.
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5 Simultaneous microfluidic size- and
charge-based fractionation of
polymer microparticles using
recirculating flows

H
ere we introduce for the first time the simultaneous
separation of polymer microparticles in terms of size and charge
(zeta potential) using Flow-Induced Electrokinetic Trapping (FIET).
A ternary mixture of negatively charged 2.69- and 5.34-µm-diameter

carboxylated polystyrene (PS-COOH) and 3.1-µm-diameter fluorescent polystyrene
(F-PS) particles was fractionated in straight, narrow microchannels that expanded at
both ends. Particles were trapped in a bidirectional, recirculating flow profile,
generated by opposition of pressure-driven (PF) and electro-osmotic (EOF) flows. To
execute the fractionation process, the EOF velocity was tuned with respect to the PF
using a stepwise-increasing voltage ramp of 10 V every 30 seconds. The distribution
of particles along the channel length (quantitative indicator of retention) was
determined at each applied voltage by acquiring images of 450-µm-wide windows
located at each end of the narrow trapping channel. This resulted in Gaussian
distribution curves as a function of applied voltage for each particle type. As the
three particle types could be distinguished visually in the images, these distribution
curves could be recorded simultaneously for all three particle types in the ternary
mixture at different applied pressures. The hydrodynamic and electrokinetic
conditions (controlled by the applied pressure and voltage, respectively) needed to
optimally separate the particles either by size or charge were extracted from the
distribution curves. Subsequently, stepwise voltage and pressure ramps were
combined in a single experiment to apply the optimal experimental conditions
predicted for size- and charge-based separations. Consecutive particle fractions with
purities of 100, 97 and 96% for 2.69-, 5.34-µm PS-COOH and 3.1-µm- fluorescent
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F-PS beads, respectively, were monitored as they exited the left end of the trapping
channel, transported by EOF. This methodology has potential applicability for cell
sorting in microfluidic platforms, allowing for fractionation based on both cell size
and surface charge.

5.1 Introduction

Handling micro- and nanometer-sized objects in small volumes remains a significant
challenge in many research domains, such as cell analysis [1–3], cancer diagnosis [4–7]
and genetic [8] and tissue [9, 10] engineering. Microfluidics has contributed a set of
effective strategies oriented towards sorting and separation of particles and cells in
steadily-shrinking volumes of sample to better address research questions in these and
many other areas. Sajeesh et al. first classified these strategies into categories they
termed “passive” or “active”, depending on whether or not the separation itself
requires the assistance of an external field [11]. Some of the so-called passive
strategies utilize the interaction of particles with flow streamlines at channel walls to
selectively separate and filter particles flowing through the main channel by size.
Examples include Pinched Flow Fractionation (PFF) [12–15] and Deterministic
Lateral Displacement (DLL) [16–19], approaches that exploit the inherent properties
of laminar flow regimes in microchannels to sort particles by size and/or density.
Besides this, the intrinsic physicochemical properties of some particles make them
interact with magnetic, electric or acoustic fields. Over recent years, these
interactions have been thoroughly harnessed in microfluidic devices, leading to
different sorting and separation strategies based on dielectrophoresis [20, 21],
magnetophoresis [22, 23] or standing surface acoustic waves (SSAW) [24, 25], to name
a few. Although the ease of implementation of passive techniques makes them very
suitable for many practical applications, active techniques have often proven to be
better in terms of separation throughput and performance. Interestingly, there are
approaches that pool the advantages of purely flow-based and field-dependent
strategies [26]. These can offer greater flexibility when it comes to separation
optimizatin, as both flow and field parameters may be tuned for specific samples. An
early microfluidic approach that combined hydrodynamic and electrokinetic effects to
separate particles was reported by Lettieri et al. [27]. The authors described the
preconcentration of particles by trapping in closed, recirculating flows generated in
channels with non-uniform cross section by opposition of pressure-driven (PF) and
electro-osmotic (EOF) flows. The trapping phenomenon was termed flow-induced
electrokinetic trapping (FIET). This strategy was brought one step forward a few
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years later by Jellema et al., who accomplished the separation of polymer particles in
terms of surface charge [28] and size [29] using the same microfluidic principle.

Figure 5.1: (a) Schematic diagram of size/charge-based particle fractionation in a
converging-diverging microchannel by means of FIET. Blue dots depict particles
having different sizes but the same negative charge (zeta potential). This charge is
less negative than that of the red particles, made of another polymer and present in
just one size. The 450-µm-wide observation windows at both ends of the channel are
named as W1 and W2. In this study, the blue particles represent 2.69- and 5.34-µm
PS-COOH microspheres, whereas the red particles represent 3.1-µm F-PS beads. (b)
Diagram depicting particle motion through the channel as a function of the applied
voltage at a constant applied pressure. (b.1) At a certain voltage, particles start
to follow the recirculating flow streamlines and are pushed into the narrow channel.
The particle distribution (experimentally evaluated as np,W2 − np,W1) begins to
increase. (b.2) As the voltage is increased, a maximum concentration of trapped
particles is reached in W2. (b.3) As the voltage is increased further, particles move
along and eventually reach into W1, exiting the channel. (b.4) At higher voltages
still, particles leave the channel by means of the EOF. (c) A schematic depiction
of a particle distribution curve recorded as a function of applied voltage is given.
The numbers refer to the 4 stages of particle separation in Fig.1(b). The maximum
retention voltage, ∆Vr, is indicated in this diagram. It is the voltage at which the
particle distribution curve reaches its maximum value, np,max.
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A quantitative analytical characterization of this technique is worked out in Chapter
3 of this thesis, by considering the linear distribution of particles in the trapping
channel when EOF velocity is tuned uniformly using stepwise voltage ramps [30]. This
new analytical perspective revealed the unique separation power of FIET in terms
of particle size and charge, as both mechanisms co-exist in the same microchannel
(see Chapter 4). However, the quantitative separation by fractionation of mixtures of
microparticles having varying size and charge has not yet been demonstrated by us or
others. In this report, we further exploit FIET using a stepwise voltage and pressure
program to simultaneously separate particle mixtures with different size and surface
charge in a single microchannel unit. First, the fractionation of a ternary mixture of
polymer microparticles consisting of carboxylated polystyrene beads (PS-COOH) (2.69-
and 5.34-µm-diameter) and 3.1-µm-diameter fluorescent polystyrene (F-PS) beads is
characterized at different applied voltages and pressures in a FIET microchannel. In
analogy with multidimensional chromatographic separations, these separations may be
referred to as being orthogonal, since the two separation mechanisms (hydrodynamic
and electrokinetic) are independent of each other, even though they occur concurrently
during the fractionation process, as depicted in Figure 5.1. The optimal trapping
conditions observed for each particle type are subsequently used for the orthogonal
separation of the three microparticles in terms of size (first dimension) and charge
(second dimension). In this paper, we demonstrate for the first time the full separation
potentialof FIET for microparticle separations in nanoliter volumes.

5.2 Experimental

5.2.1 Microchip fabrication and setup

Fabrication of glass microdevices was done using photolithography, wet etching and
fusion bonding. The channel structure was designed using a standard layout software
(CleWin, WieWeb software, The Netherlands) and patterned in the top photoresist
layer of a chromium-photoresis glass wafer (Telic Company, Valencia, CA, USA)
using a collimated UV lamp (OAI, San Jose, CA, USA). After photoresist
development, the exposed chromium regions were removed to expose the glass regions
for channels etching with Chrom-etch 18 (Micro Resist Technology GmbH, Berlin,
Germany). The channel was wet-etched a depth of 20µm by immersing the wafer in a
HF(49%):HNO3(70%):MilliQ water solution in a ratio of 100:28:72. Thereafter, the
photoresist and chromium layers were removed with VLSI-grade acetone (VWR
International B.V., Amsterdam, Netherlands) and Chrom-etch 18, respectively. In
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parallel, a bare borofloat glass cover-plate wafer was coated with AZ4562 photoresist
(Microchem Corporation, Newton, MA, USA). Inlet and outlet access holes were
drilled and the remaining photoresist was removed with VLSI-grade acetone and
isopropanol (VWR International B.V., Amsterdam, Netherlands). The two glass
structures were then aligned (holes to the ends of channels) put together and bonded
in an oven at 644 ºC for 18 h, as described previously in Chapter 3.

Two plastic 4.3-cm-high and 1000-µL-volume pipette tips (Sarstedt AG & Co,
Nümbrecht, Germany) were used as reservoirs to introduce particles in the device .
Small holes were drilled 8 mm above the base of each tip so that 0.5-mm-OD and
5-mm-long platinum wires (Sigma Aldrich, Zwijndrecht, Netherlands) could be
inserted and fixed with glue (Kombi Snel, Bison International, Goes, The
Netherlands). These wires served as electrodes to apply electrical potentials along the
channel. Both reservoir units were glued around the inlet and outlet holes with epoxy
resin (Kombi Snel, Bison International, Goes, Netherlands).

5.2.2 Particle suspensions

Uniform, monodisperse 2.69- and 5.34-µm-diameter carboxyl-functionalized
polystyrene (PS-COOH) particles were obtained from MicroParticles GmbH (Berlin,
Germany). 3.1-µm-diameter polystyrene (F-PS) particles with green-fluorescent
surface functionalization were obtained from Duke Scientific Corporation (Palo Alto,
CA, USA). The specifications for the three particle types are given in Table 5.1.

The ternary particle mixture was prepared diluting the the three particle types in 10
mM borate buffer (pH 9) to a typical concentration of 60 µg mL-1. The zeta potential
of the three particle types was measured by electrophoretic light scattering (ELS) in
house at the same experimental conditions (10 mM borate buffer, pH 9).

Table 5.1: Commercial suspensions of polymer microparticles employed for the
separation experiments.

Particle type
Concentration,
beads mL-1

Size, µm
Zeta potential in 10
mM borate buffer

(pH 9.2), mV
Provider

Carboxylate
polystyrene

9.42×109 2.69 −48±2 Microparticle
GmbH

Carboxylate
polystyrene

1.44×109 5.34 −49±4 Microparticle
GmbH

Green fluorescent
polystyrene

4.14×109 3.54 −68±2 Microparticle
GmbH
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5.2.3 Flow generation and particle trapping effect

Prior to particle injection, the microfluidic channel was preconditioned with 0.1 M
sodium hydroxide and 10 mM borate buffer (pH 9) for 10 min before particle injection.
The bidirectional flow used for particle separation in the channel was generated by
opposition of pressure-driven (PF) and electro-osmotic (EOF) flows. PF was generated
by inducing a hydrostatic pressure between the inlet and outlet reservoir. This was
done by having a higher level of liquid in the inlet compared to the outlet. Typically,
the liquid in the inlet reservoir was 2 cm highe than in the outlet to yield a pressure of
2 mbar. Other values of pressure were alsoset but varying this height difference. After
pressure equilibration in the channel, a difference of potential was applied by connecting
the platinum electrodes at the inlet (anode) and outlet (cathode) to a grounded, high-
voltage power supply source (Labsmith, Livermore, USA). The applied voltage was
increased progressively in steps of 10 V every 30 s within a typical voltage range of
0−200 V. This staircase voltage ramp led to the gradual appearance of a bidirectional
flow profile along the channel that converted to a recirculating flow in the areas in
which the narrow channel expanded into wider segments. This recirculating flow effect
at the expanding channel sections allowed freely flowing particles to be trapped and
transported back into the straight segment (Figure 5.1). As the EOF was increased,
particles were pushed further back into the trapping channel as the recirculating flow
became increasingly confined to the channel entrance. The trapping channels are often
referred to as converging-diverging channels in the text below. Whether a channel is
converging or diverging is defined in terms of the direction of PF.

5.2.4 Detection of particles

The entire microchip unit was attached onto the stage of an inverted microscope (DM-
IL Leica, Wetzlar, Germany) connected to a monochrome digital camera (DFC360 FX,
Leica, Germany). Two identical 450-µm-wide observation windows, W1 and W2, were
defined at either end of the separation channel. Pictures were taken of the particles
flowing through both observation windows right after each step of the applied staircase
voltage program. The particle distribution in the channel, np, is defined as the number
of particles in W2 (np,W2) minus the number of particles in W1 (np,W1), i.e.:

∆np = |np,W2 − np,W1| (5.1)

Figure 5.1 (b, c) shows how particle distributions change as the applied potentials
increased at constant applied pressure.
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5.3 Theory

5.3.1 Particle velocity in separation segment under bidirectional
flow conditions

Separation experiments were undertaken using a mixture of PS-COOH (2.69- and 5.34-
µm diameter) and F-PS (3.1-µm diameter) particles. The beads were injected into the
channel with the pressure-driven flow, and then subsequently trapped and fractionated
in the narrow segment by applying an increasing EOF velocity, as described in the
Experimental section. Once inside the channel, particles acquire a nominal velocity
which results from the sum of the individual components in the pressure-driven (ux(z))
and electro-osmotic (uEOF ) flows, as well as the intrinsic electrophoretic effect (uep):

uEOF = ε0εζw
η

E ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
uep = ε0εζp

η
E (5.2)

The combination of these terms leads to the following expression of particle velocity:

〈up(z)〉 = h2∆P
12ηL

(
1 + Dp

h
−
D2
p

2h2

)
± ε0ε

η
(ζw + ζp)E (5.3)

where η = 10−3 kg m-1 s-1 is the viscosity of water, ε0 = 8.85 × 10−12 F m-1 and
ε = 78.4 are the relative permittivity of vacuum and buffer (dimensionless), respectively
and ζw = −110 mV is the zeta potential of the channel walls [31]. L and h are the
channel length and height, respectively, Dp and ζp are the diameter and zeta potential
of the particles, respectively and E the effective electric field applied along the entire
microfluidic channel. Note that the zeta potential of the beads can be either positive
or negative, defining ultimately the motion direction. In this study, the three particle
types had a negative zeta potential (were negatively charged).

The hydrodynamic velocity of the three particles in the separation channel segment was
calculated at different PF rates (Figure 5.2 (a)). It is clear in this plot that the average
barely varies with pressure from one particle to another as long as they are similar in
size. However, at any applied pressure, particle velocity commences to change when
an electric potential is applied opposite to the PF in the channel. In fact, the electro-
osmotic and electrophoretic particle velocity components balance the hydrodynamic
velocity in the pressure-driven flow. As an example, the calculated average velocity for
the three particle types is plotted as a function of the applied voltage in Figure 5.2 (b)
for an applied pressure of 1.5 mbar. We observe that particles with the same surface
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charge but different size (PS-COOH and F-PS) show significantly different velocities at
any given ∆V , due to the difference in zeta potentials and thus motion of the particles
themselves.

Figure 5.2: (a) Variation of the average velocity in the separation segment for the
PF, and 2.69- and 5.34-µm PS-COOH beads and 3.1-µm F-PS beads in the PF as a
function of applied pressure. (b) Average velocity dependence on the applied electric
potential at 1.5 mbar applied pressure, equivalent to a PF rate of 1.3× 10−4 m s-1.
Positive velocity values indicate that beads move with the PF (exhibit a net flux in
the direction of the PF), whereas negative values mean that beads exhibit a net flux
in the direction of the EOF.

5.3.2 Particle fractionation

When the applied potentials are high enough, particles start to shift to the EOF
direction and experience the recirculating flow around the converging and diverging
channel areas as a result. Particles are thus caught inside the flow streamlines and
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gradually pushed through the narrower section as voltage is increased, as depicted in
Figure 5.1 (a). At constant applied pressure, the dependence of the distribution of
the trapped beads (∆np) on applied voltage s expressed as:

∆np = 1
σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(5.4)

As shown in Figure 5.1 (c), this distribution assumes the form of a Gaussian curve,
characterized by a peak width (ω = 4σ) and a maximum retention voltage at the
mean of the curve, ∆Vr, at which the maximum number of particles can be trapped
at the right end of the channel. Applied voltages higher than ∆Vr result in particles
being transported further through the channel in the EOF direction, eventually
exiting at the left end, as illustrated in Figure 5.1 (b) and (c). The experimentally
determined distribution curves (∆np vs ∆V ) will be different for each particle type
studied, exhibiting different and ∆Vr. Interestingly, the fact that we use image
analysis to determine ∆np means that we can record the particle distribution curves
for several particle types simultaneously during an experiment, with the caveat that
the particles should be visually distinguishable from each other. We anticipate that
by using the experimentally determined distribution curves, we can predict the best
PF and ∆V conditions for the simultaneous fractionation of particles based on size
and charge.

5.4 Results

5.4.1 Particle distribution curves at different applied pressures

To characterize the fractionation of particles of different size and charge in a ternary
mixture, individual distribution curves were first recorded for 2.69- and 5.34-µm
PS-COOH and 3.1-µm F-PS beads. A 60 µg mL-1 dispersion of a mixture of the
three particle types was prepared and introduced into the inlet reservoir. Once the
concentration of particles along the channel was equilibrated, the voltage was
increased in steps of 10 V for 30 s each. Close-ups of both channel ends were taken
after every voltage step in order to estimate the concentration gradient of particles
along the fractionation segment, as indicated in the experimental section. The same
voltage program was run for multiple injections carried out at 1, 1.25 and 1.5 mbar,
so that the corresponding distribution curves could be put together individually for
each particle type, as illustrated in Figure 5.3. Note that it was possible to record the
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distribution curves for all three particles, as they are visually distinguishable. In
accordance with Eq. 5.3, distribution curves for particles with more negative values
of zeta potential (green fluorescent polystyrene) turned up at higher applied voltages.
Furthermore, particles with the same surface charge (carboxylate polystyrene)
appeared fractionated in order of size from smallest (2.69 µm) to largest (5.34 µm).
The separation mechanism for size involves particles assuming a net flux towards or
away from the inlet, depending on their ability to sample EOF streamlines along the
sides of the channel. ( Chapter 4) The larger the particle, the less probability it has
of being transported in the direction of EOF at a given applied potential. Thus, small
particles are fractionated first by EOF at lower voltages, followed by larger particles
at higher voltages, corresponding to larger EOF.

Figure 5.3: Average fractionation curves for a 60 µg mL-1 mixture of 2.69- and 5.34-
µm carboxylate and 3.1-µm green fluorescent polystyrene particles at 1, 1.25 and
1.5 mbar applied pressures. All curves were fitted to the Gaussian model depicted
in Eq. 5.3.
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We observe that the optimal retention (trapping) voltage, ∆Vr, increases linearly
with the applied pressure for all three particle types, as depicted in Figure 5.4. As
expected, the ∆Vr values for the two PS-COOH particle types increase at the same
rate for increasing ∆P , since they possess the same zeta potential (−46 mV). The
∆Vr for the F-PS particles increases more rapidly as a function of ∆P . This is due to
the more negative zeta potential of −68 mV for these particles, which results in the
electrophoretic component of their velocity being greater than that of the PS-COOH
particles. From Figure 5.3 and 5.4, it can be concluded that PS-COOH particles
could be optimally separated by size at low applied pressures (1 mbar). The ∆np for
the 2.69-µm beads had declined to a value of 0 by the time the ∆np value for the
5.34-µm beads reached a maximum at a ∆Vr of 110 V. This indicates that all the
2.69-µm beads had already exited the channel at the point of maximum retention of
the 5.34-µm beads at 1 mbar applied pressure. At higher applied pressures, complete
fractionation of the two PS-COOH beads was no longer possible. On the contrary,
the separation of the PS-COOH from the F-PS particles was found to improve
significantly at higher applied pressures. However, complete fractionation of 5.34-µm
PS-COOH from F-PS beads was not demonstrated in the tested range of pressures.

It can be concluded that the complete separation of mixtures into individual fractions
containing particles with different size or charge can be performed by simply
changing the electrokinetic working conditions in the chip (electro-osmotic flow and
particle electrophoretic velocities). However, the velocity of the PF must also be
controllably changed during the course of an experiment in order to accomplish
simultaneous separations based on both size and charge.

Figure 5.4: Average optimal trapping voltages (∆Vr) over the applied pressure for
the three particle types obtained from the distribution curves plotted in Figure 5.3
(n = 3).
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5.4.2 Simultaneous size- and charge-based particle fractionation

Up to now, the fractionation of particles using FIET has been demonstrated suitable
for particle sorting by either size or charge (see Chapter 3 and Jellema et al. [25, 26]),
but not both simultaneously. However, as implied by the results shown in Figures 5.3
and 5.4, the two separation mechanisms could be exploited simultaneously if both
voltage and applied pressure could be changed controllably during one single
experiment. We just undertook an experiment in which this was done; the results are
shown in Figure 5.5. The way in which pressure-driven and electro-osmotic flows were
tuned over time and the corresponding distribution curves are depicted in Figure 5.5
(a) and (b), respectively.

Figure 5.5: (a) Voltage and pressure programs used for the simultaneous separation
of a 60 µg mL-1 mixture of 2.69- and 5.34-µm PS-COOH and 3.1-µm F-PS particles.
(b) Distribution curves that depict the size-based separation of 2.69- and 5.34-µm
carboxylate polystyrene particles at 1 mbar and the charge-based separation of and
5.34-µm PS-COOH and 3.1-µm F-PS particles at 1.5 mbar.
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Chapter 5. Simultaneous microfluidic size- and charge-based fractionation of polymer
microparticles using recirculating flows

Initially, the particle mixture is introduced at 1 mbar pressure until a homogeneous
concentration was reached along the entire channel (Section 1 of Figures 5.5 (a) and
5.5 (b, 0− 100 V). The voltage program was initiated, with stepwise increases of 10 V
every 30 s, as described previously. At 110 V, the first fraction of beads consisting of
2.69-µm PS-COOH exited the channel at the left, while the 5.34-µm PS-COOH beads
remained trapped. The distribution curves for these particles at 1 mbar shoen in Figure
5.3 predict this behavior. These flow conditions were mantained for 5 minutes in order
to ensure that all 2.69-µm carboxylate particles left the channel (Section 2 of Figures
5.5 (a) and 5.5 (b, 110 V)).

Immediately afterwards, the pressure was abruptly increased up to 1.5 mbar by adding
buffer into the inlet reservoir. This led to the remaining 5.34-µm PS-COOH and 3.1-µm
F-PS particles being transported back towards the right end of the trapping channel.
Particles were observed again into W2. The 2.69-µm PS-COOH particles that had
collected in the left channel inlet were not pushed back into the trapping channel by
the increased and associated PF. In this case, the uEOF and uep components dominated
over ux (z) due to the larger width of the channel section (300 µm), preventing 2.69-µm
carboxylate beads from reentering the trapping channel. When the voltage program
was restarted, it was possible to perform the charge-based separation of 5.34-µm PS-
COOH and F-PS particles (Section 3 of Figures 5 (a) and 5.5 (b, 110 − 300 V)). The
purity of the individual fractions was evaluated as:

χi = ni
ni + nj

× 100 (5.5)

where ni is the number of particles belonging to the particle fraction under
consideration that actually exited the channel and nj is the sum of the number of
other different particles that may have left the channel at the same time (impurities).
The obtained χi values for the 2.69-, 5.34-µm carboxylate and 3.1-µm green
fluorescent polystyrene bead fractions were 100, 97 and 96%, respectively. Close-ups
of the individual particle fractions exiting the channel at different applied pressures
and voltages are given in Figure 5.6.
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5.4 Results

Figure 5.6: (a) 2.69-µm PS-COOH (b), 5.34-µm PS-COOH and (c) 3.1-µm F-PS
particle fractions leaving the separation channel at the left end. White circles indicate
the locations of the otherwise less visible PS-COOH particles in (a) and (b) for better
viewing. White arrows indicate the moving direction of particles at the given flow
conditions.
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Chapter 5. Simultaneous microfluidic size- and charge-based fractionation of polymer
microparticles using recirculating flows

The way in which particles can be systematically fractionated by simultaneously
harnessing different mechanisms with the bidirectional flow could be considered as a
two-dimensional microfluidic approach for particle separation in analogy with
multidimensional liquid chromatography. The two different-sized particles are
separated in what could be called the first dimension, hydrodynamic in nature, at a
low applied pressure. The second dimension, consists of the separation based on
charge that becomes possible at higher applied pressures, as depicted in Figure 5.5
(b).

The simultaneous separation of polymer particles by size and charge has been
successfully achieved in FIET microdevices. While may approaches have been
reported for particle and cell sorting, none of them have allowed for simultaneous
separations based on more than one single mechanism, to the best of our knowledge.
In terms of particle size, one of the currently most employed approaches uses
microfabricated pillars that act as filters along the microfluidic channel. Particles
with diameters smaller than the pillar-to-pillar distance are let through, while larger
particles remain retained at the sieve position [32, 33]. Although this approach uses a
relatively simple setup, it faces limitations derived from clogging and random change
of the hydrodynamic resistance in the channel, resulting in contamination of filtered
particle fractions [34]. As it has been shown in all previous experiments, this
difficulties are overcome with the continuous recirculation of beads in barrier-free
channels, which make particle aggregation less likely to happen, and so does the
obstruction of the microfluidic network. Additionally, the need for uniform pillars or
other standing structures necessarily involves complex microfabrocation procedures
that can be saved with simpler channel designs. Another interesting aspect relies on
the possibility of enhancing the separation throughput by simply tuning the
hydrodynamic working conditions (applied pressure). As introduced in Figure 5.3,
and further applied to the fractionation of a ternary mixture in Figure 5.4,
carboxylate polystyrene particles are optimally separated at the lowest-range applied
pressure (1 mbar), whereas different-charged particles (carboxylate and green
fluorescent polystyrene) show better separations at higher pressures. This
improvement of the separation efficiency accomplished by simply reducing the applied
pressure differs substantially with other approaches in which higher flow rates
generally means better separation efficiencies [35, 36]. This could possibly allow for
high-throughput separations bringing the cut-off size difference between particles
down to few nanometers [29].

On the other hand, the second dimension resulted in the separation of particles with less
than 20-mV difference in zeta potential. Unlike the first dimension, better resolutions
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were achieved at higher applied pressures, consequently shifting the distribution curves
towards higher applied voltages. Nevertheless and despite the relatively small difference
in surface charge of the studied beads in comparison to other examples reported in
literature so far [37], clear fractions of 2.69- PS-COOH and 3.1-µm F-PS particles
were obtained within the small pressure range under study. As it can be observed,
the complete separation of 5.34-µm PS-COOH and 3.1-µm F-PS beads was however
accomplished at 1.5 mbar. Evidently, the larger difference in size is also at play in the
separation of these two particles, leading to closer peaks that necessarily require higher
applied pressures to be fully resolved.

5.5 Conclusions

The simultaneous separation of polymer particles by size and charge has been
successfully accomplished utilizing bidirectional flow profiles in converging-diverging
microchannels. Firstly, particle distribution curves were obtained over the applied
voltage at different hydrodynamic conditions, concluding that the separation of
different-sized and -charged particles came to happen optimally at lower and higher
applied pressures, respectively, as it was found in previous studies. This first
characterization led to set up a two-dimensional fractionation experiment whereby
subsequent and highly efficient size- and charge-based fractionations took place at
different flow conditions. This method will be further investigated as a potential
approach for particle sorting in microfluidics, specially focusing on biomedical
diagnostics and related applications.
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6 Concluding remarks

6.1 General discussion and conclusions

I
n this thesis, we have evolved a microfluidic methodology for
particle separation based on a continuous-flow phenomenon known
as flow-induced electrokinetic trapping (FIET). The concept of FIET
was originally introduced by Lettieri et al. as a novel microfluidic

approach for particle trapping [1]. The approach involves the opposition of
pressure-driven (PF) and electroosmotic (EOF) flows [2] in a straight narrow channel
whose width expands linearly at both ends. The opposition of these two flows leads
to the generation of a bidirectional flow profile along the straight segment, with the
PF and EOF dominating at the center and near the channel walls, respectively. At
the ends of the channel, the flow adopts an unusual recirculating profile that, under
the right pressure and electrokinetic conditions, drives particles dispersed in the fluid
to reside (mostly) inside the straight segment. The trapping potential of this
approach thus lies in the continuous bidirectional motion of particles as a result of
the combined hydrodynamic and electrokinetic effects acting within the straight
segment and its expanding ends. This principle had been qualitatively exploited by
Jellema et al. as a particle separation strategy on the basis of surface charge [3] and
size [4]. Here, we present an empirical model based on particle velocity to optimize,
characterize and accomplish high-performance fractionations of binary and ternary
polymer microbead mixtures using the FIET principle.

This model is described in detail in Chapter 3, where the trapping process for a single-
type polymer-particle dispersion (2.69-µm-diameter carboxylated polystyrene) is fully
characterized. For this, the distribution of particles trapped throughout the separation
channel was investigated under different bidirectional flow velocity conditions. This
study was initially conducted at constant applied pressure while progressively tuning up
the applied potential 10 V at a time in a stepwise manner. It was observed that under
these conditions, particle distributions inside the straight channel segment exhibited a
Gaussian distribution as a function of the applied voltage, determined by the acquired
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velocity in the bidirectional flow. This Gaussian behavior ultimately defined the range
of applied voltage within which the trapping process occurred, as well as the trapping
efficiency expressed as the total number of particles captured with respect to the actual
concentration in the fluid. The effect of the applied pressure on the distribution of
beads along the channel length was explored for two particle sizes (2.69- and 3.90-µm-
diameter carboxylated polystyrene beads). Applied pressures above a certain threshold
value were found to significantly alter the homogeneity of the trapping process, leading
to random and unpredictable trapping conditions. Lastly, the enrichment capacity of
the employed FIET microchannel was evaluated at different concentrations of 2.69-µm-
diameter carboxylated polystyrene beads.

The characterization of the trapping phenomenon based on a Gaussian particle
distribution model was harnessed in Chapter 4 to describe and perform separations
of binary particle mixtures. In this chapter, we looked at two different types of
separations based on differences in particle size and surface charge (expressed in
terms of zeta potential, ζp).

FIET size-based separations bear close resemblance to the concept of hydrodynamic
chromatography, where the separation of different-sized particles is achieved as a result
of the acquired velocity in the different streamlines of the flow [5, 6]. In FIET, larger
particles are able to sample the more central hydrodynamic flow streamlines, gaining
a net velocity in the PF direction. This separation modality was studied using a
binary mixture of 2.69- and 5.34-µm carboxylate polystyrene particles (same ζp). The
distribution curves of the two different-sized particles were recorded at four different
applied pressures (1.00, 1.25, 1.50 and 1.75 mbar) using the same stepwise voltage
program as above. It was observed that at low applied pressures the distribution curves
for both particle types were sufficiently offset that the vast majority of the small-size
particle fraction (95% of 2.69-µm beads) exited the channel while the large-size beads
still remained trapped. The purity of the collected fractions, however, diminished
considerably as the applied pressure was increased. The charge-based separation, on
the other hand, was performed using a mixture of 3.02-µm PMMA and 3.54-µm green
fluorescent polystyrene particles (∆ζp = 50 mV). Unlike the previous presented case
(hydrodynamic in nature), the separation of particles with different ζp depends on
the electrophoretic mobility of the beads themselves. The distribution curves for both
particle types displayed better separated peaks at higher applied pressures, leading
to the less-negative-ζp bead fraction (100% of the PMMA beads) to exit the channel
segment while the entirety of the more-negative-ζp fraction remained trapped.

It has proven essential to establish the optimal trapping conditions individually for
each particle type in both separation modalities in order to conduct high-performance

127



Chapter 6. Concluding remarks

particle fractionations using FIET. This was one of the major difficulties encountered
when the proof-of-principle experiments for size- and charge-based separations were
first carried out [3, 4]. A nice advantage of this method is the ability to register
individual distribution curves during a fractionation experiment, since distributions
are determined using image analysis. Unlike other separation approaches employing
optical techniques for particle detection such as light absorbance and
fluorescence [7–9], particle imaging offers the possibility of individual particle tracking
regardless of the physical or chemical properties of the particles.

The separation applicability of this methodology is taken one step further in
Chapter 5 with the simultaneous fractionation of ternary particle samples. Here we
describe for the first time the orthogonal separation of particle mixtures having
different size and surface charge, exploiting the two FIET mechanisms synergistically.
For this, a mixture of 2.69- and 5.34-µm carboxylated polystyrene (∆ζp ≈ −46 mV)
and 3.1-µm green fluorescent polystyrene beads (∆ζp ≈ −68 mV) was employed.
Initially, the distribution curves for the three constituent particles were recorded at
three different applied pressures so as to obtain the optimal fractionation parameters
for each particle type. This characterization was then followed by the actual
fractionation, which was carried out under increasing applied pressure and voltage in
a controlled fashion. The fractionation process revealed well-defined separation
dimensions. The first dimension, performed at lower applied pressure, consisted of the
size-based separation of the carboxylated polystyrene particles. The second dimension
emerged thereafter at higher applied pressure, and consisted of the charge-based
separation of the 5.34-µm carboxylated and green fluorescent polystyrene beads.

In this regard, the versatility of FIET combined with the extensive characterization
of the trapping process using the presented distribution model has proven to be an
accurate approach for high performance particle fractionations. One of the major
(and novel) applications of this approach thus lies in the possibility of performing
simultaneous particle fractionations based on more than one physical property of the
beads themselves in the same microfluidic device. L.C. Jellema, who introduced the
proof-of-principle of FIET particle separations, stated in his PhD thesis: “Another
interesting question is whether a sample containing particles of different sizes and/or
charges can be separated” [10]. With our approach, we evince that the answer to this
question lies in the fact that the orthogonal (simultaneous size- and charge-based)
separation of complex particle mixtures implies two mechanisms, very different in
nature, that have to be handled in lockstep. Nonetheless, an initial characterization
and optimization of particle trapping conditions is absolutely essential to actually
harness these two mechanisms synergically.
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Lastly, a reference should be made to the accomplished fractionation efficiency.
Generally, the microfluidic sorting approach introduced in this thesis is comparable to
many other reported so far intended for size- [11–13] and charge-based [14–16]
particle separations in terms of performance standards. Although many of these
strategies are capable of high efficiency separations, it is worth highlighting again
that very few of them, if any, combine this attribute with the capacity of performing
simultaneous fractionations based on multiple particle properties [17].

6.2 Outlook and future perspectives

As mentioned above, the unique sorting mechanisms displayed and great performance
make FIET an especially reliable technique in the realm of particle separations. Given
the versatility of this technique described throughout thesis, it would seem reasonable
to assume that it could be employed for the separation of living cells in the same range
as the particles employed in this thesis. Preliminary experiments were done in this
regard by Jellema, albeit further characterization was suggested by the author [18].
Unlike colloidal particle systems in which the beads are monodisperse by definition,
cells of the same type may exhibit different hydrodynamic sizes, as demonstrated in
recent studies [19]. But then, would it be possible to distinguish between two cells of
the same type even though they are slightly different in size? Indeed, multiple passive
separation approaches have been actually reported so far for cell isolation. Among all of
them, a loose analogy can be drawn with the approach reported at Di Carlo’s lab, based
on the generation of flow vortices for the isolation of different-sized cancer cells (HeLa
(aave = 12.4 µm), MCF7 (aave = 20 µm) [20] and CTCs (aave = 10 − 30 µm)) [21]
from red blood cells (aave = 7 µm) 1. This proves that hydrodynamic isolation of
cells of the same kind is actually possible despite slight size variation between them.
In chapter 4, for instance, we have reported the optimal separation of 2.69- and 5.34-
µm carboxylated polystyrene particles at 1 mbar, which was found to be the minimum
pressure at which particles exhibited a Gaussian (and therefore predictable) behavior in
the trapping channel. If we considered a suspension of cells instead, this experimental
outcome would suggest a rough estimation of at least 3-µm-difference needed between
the two cell types in the same size range to be collected in different fractions (optimal
separation at 1 mbar). Thus, the cut-off size between cells having similar sizes to the
particles used in this study should not be greater than 3 µm so as to be collected in the
same fraction. Nevertheless, this difference in cell size cut-off value could vary with the
individual size of each component of the mixture. We also should keep in mind that

1aave = average diameter.
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the capacity of FIET to distinguish between two bead sizes depends not only upon
the difference in diameter between one particle and another, but also upon the actual
size of each type of bead. All in all, a tailored optimization of the individual trapping
conditions must be necessarily done for each cell type to precisely assess the size cut-
off size variation below which they can still be isolated in the same collected fraction.
A reference should be also made to cell surface charge. Similarly to the particles
used in this thesis, chemical groups attached to the membrane make most of cells
negatively charged, and so subjected to experience electrophoretic force towards the
positive electrode (anode) [22]. This rises the question of how different surface charge
can be for two cells of the same type to yet be still collected in the same fraction using
FIET. Examples of charge-based separation of different cells have been reported to date
by means of electrophoresis [23,24], although no significant difference in charge between
cells of the same type has been yet reported in literature to the best of our knowledge.
If any, only an experimental characterization could reveal the answer to this question.
We believe that cell trapping characterization using the distribution model presented in
this thesis could give good insight as to the feasibility of a potential separation of these
systems (either size-, charge-based or both). Additionally, cells could be eventually
manipulated on-demand as a pretreatment step for other different events to happen
thereafter, such as lysis and subsequent analysis of cellular compounds of interest,
both physiological and molecular [25–27]. The latter would require the integration of
an immunoassay platform inside the microchannel itself, which could be potentially
useful for the analysis of a wide range of secreted compounds such as metabolites or
biomarkers [28,29].

The applicability of this methodology for cell separation is still to be investigated.
Additionally, other particle- (and particle-like-)based systems such as droplets [30] and
macromolecules could be also addressed in the future [31].
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Summary (English)

This thesis describes a new methodology for particle trapping and fractionation using
flow-induced electrokinetic trapping (FIET). FIET is a particle-trapping mechanism
that relies on bidirectional, recirculating flow profiles generated by opposition of
pressure-driven (PF) and electroosmotic (EOF) flows in straight channels that
expand at both ends. Micrometer-sized particles are captured in the closed
recirculating streamlines and fractionated according to differences in surface charge
(zeta potential, ζ) and size.

First, the behavior of trapped particles inside the straight, narrow channel was
characterized under conditions of constant pressure and varying applied voltage. For
this, we propose a Gaussian model that accurately describes the spatial distribution
of particles along the trapping channel length as a function of the applied voltage.
This model provides valuable information about the trapping process, such as the
range of applied voltage within which particles of a particular size and charge are
caught inside the channel and the specific voltage at which a maximum number of
particles experience trapping. FIET enrichment of polymer particle suspensions is
also evaluated using the optimal trapping parameters determined experimentally.

Second, we evaluate the implementation of this distribution model for quantitative
fractionation of binary mixtures of polymer microparticles in FIET microfluidic
channels. For this, particle distributions of beads having different size or charge were
registered as a function of applied voltage. A comparison of the fractionation capacity
for each mixture was subsequently conducted at different applied pressures based on
the acquired distribution curves. Particles having different sizes exhibited better
separation rates (clearer collected fractions for both particle types) at lower applied
pressures, whilst particles having different zeta potentials could be fractionated at
higher pressures. This fact evidenced a clear distinction between two well-defined
mechanisms (hydrodynamic and electrokinetic) co-existing in the FIET process.

Lastly, the applicability of this model is further extended to the fractionation of
ternary mixtures of particles having different size and zeta potential. The synergistic
exploitation of the hydrodynamic and electrokinetic mechanisms described above was
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accomplished by a stepwise increasing voltage program applied at two different
pressures. Two separation dimensions were clearly revealed, with one based on size,
and the other based on charge. The simultaneous occurrence of these two
mechanisms in the same FIET microfluidic device leads to a unique orthogonality,
described here for the first time in the realm of microfluidic particle separations.
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Samenvatting (Nederlands)

Dit proefschrift laat een nieuwe methodologie zien voor het vangen en het
fractioneren van deeltjes gebruikmakend van de “flow-induced electrokinetic
trapping” (FIET) techniek. FIET is een mechanisme om deeltjes te vangen, dat
gebaseerd is op twee tegenover elkaar staande vloeistofstromen in rechte kanalen
welke aan beide uiteinden in grootte toenemen. Deze vloeistofstromen zijn de druk
gedreven (PF) en de elektro-osmotische (EOF) vloeistofstromen. Hierdoor ontstaan
recirculerende vloeistofprofielen. Micrometer grootte deeltjes worden gevangen in de
gesloten recirculerende stroomlijnen en gescheiden op verschillen in oppervlakte
lading (zeta potentiaal, ζ) en grootte.

Ten eerste wordt het gedrag van de gevangen deeltjes in een smal recht kanaal
gekarakteriseerd voor constante druk en variërende spanning. Hierdoor ontstaat een
Gaussisch model, dat nauwkeurig de ruimtelijke verdeling van deeltjes in de lengte
van het trappingskanaal als functie van de toenemende spanning beschrijft. Dit
model laat waardevolle informatie zien over het trappingsproces, zoals de reeks van
toenemende spanning, waarin elk deeltje van een bepaalde grootte en lading wordt
gevangen in het kanaal en de specifieke spanning, waarbij de maximale hoeveelheid
deeltjes wordt gevangen. Het verrijken van suspensies van polymeer deeltjes door
middel van FIET wordt ook behandeld, waarbij gebruik wordt gemaakt van de
trappingsparameters die experimenteel zijn bepaald.

Ten tweede wordt de implementatie van dit verdelingsmodel behandeld voor
kwantitatieve fractionering van mengsels van twee verschillende polymeer
microdeeltjes in FIET microfluïdische kanalen. Hiervoor wordt de verdeling van
deeltjes op grond van verschillen in grootte of lading beschreven als functie van
toenemende spanning. Een vergelijking van de capaciteit van de fracties in elk
mengsel werd vervolgens uitgevoerd bij verschillende toenemende druk, gebaseerd op
de verworven verdelingscurves. Deeltjes van verschillende grootte laten hogere
scheiding zien bij lage toenemende spanning (wat resulteert in duidelijke fracties voor
beide deeltjestypes), terwijl deeltjes van verschillende zeta potentialen bij hogere druk
worden gefractioneerd. Dit feit toont een duidelijk verschil aan tussen twee
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beschreven mechanismen (hydrodynamisch en elektrokinetisch), welke in het FIET
proces samengaan.

Ten derde wordt de toepasbaarheid van dit model verder uitgebreid met het
fractioneren van drie verschillende mengsels op grond van verschillen in grootte en
lading. De hierboven beschreven synergetische werking tussen de hydrodynamische en
elektrokinetische mechanismen werd bereikt door geleidelijke toename van de
spanning bij twee drukverschillen. Twee dimensies kwamen naar voren op grond van
scheiding, gebaseerd op grootte en op lading. De gelijktijdige verschijning van deze
twee mechanismen in hetzelfde FIET microfluïdische apparaat leidt tot een unieke
orthogonaliteit, welke hier voor de eerste keer is beschreven op het gebied van
microfluïdische scheiding van deeltjes.
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Resumen (Español)

Esta tesis describe una nueva metodología para la preconcentración y separación de
micropartículas basada en atrapamiento electrocinético por flujo inducido
(Flow-Induced Electrokinetic Trapping, FIET). FIET es un mecanismo de
atrapamiento que utiliza perfiles de flujo bidireccionales y recirculatorios generados
por oposición de flujos de presión y electro-osmóticos en microcanales de geometría
lineal que se expanden en los extremos. Partículas micrométricas pueden ser
atrapadas en las líneas de flujo para ser fraccionadas en base a su carga eléctrica
superficial (potencial zeta, ζ) y tamaño.

En primer lugar, el comportamiento de diferentes tipos de partículas poliméricas fue
caracterizado una vez atrapadas en el microcanal en condiciones de presión constante
y voltaje variable. Para esto, proponemos un modelo Gaussiano que describe
exactamente la distribución espacial de las partículas a lo largo del canal en función
del voltaje aplicado. Este modelo aporta información relevante a cerca del proceso de
atrapamiento, incluyendo el rango de potencial en el que las partículas con un
determinado tamaño y carga se mantienen atrapadas y el voltaje especifico en el que
el proceso de atrapamiento es óptimo. La capacidad de preconcentración de esta
técnica también se evaluó utilizando los parámetros de atrapamiento optimizados
experimentalmente.

En segundo lugar, evaluamos la implementación de este modelo de distribución para
el fraccionamiento cuantitativo de suspensiones binarias de micropartículas en canales
de geometría no uniforme. Para esto, las curvas de distribución de partículas de
distinto tamaño o carga eléctrica fueron registradas en función del voltaje aplicado.
La eficiencia de fraccionamiento fue comparada para distintas suspensiones a
distintas presiones en base a dichas curvas de fraccionamiento. Partículas de diferente
tamaño demostraron una mejor separación a baja presión, mientras que partículas
con distinta carga lo hicieron a presiones más altas. Esto evidencia la clara distinción
de dos mecanismos bien definidos (hidrodinámico y electrocinético) coexistentes en el
proceso de atrapamiento por FIET.

Finalmente, la aplicabilidad de este modelo se probó con el fraccionamiento de
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suspensiones ternarias. Los efectos hidrodinámico y electrocinético descritos
anteriormente se utilizaron de forma combinada con programas crecientes y
escalonados de potencial distribuidos en dos tramos diferentes de presión. Se
definieron dos dimensiones de separación basadas en estos dos mecanismos. Este
efecto combinado da lugar a un principio de separación ortogonal único, descrito por
primera vez en este trabajo.
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