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Abstract

Deterministic Lateral Displacement (DLD) is a method capable of sorting cells based on
size where mechanical interactions between a sufficiently large particle and obstacles in a
microfludic pillar array force the particle to follow a different trajectory than their smaller
counterparts, resulting in continuous lateral separation. To extend the capability of DLD,
electrical interaction between particles and pillars can be employed to complement the
mechanical interaction, making electrical/dielectric properties additional parameters for
sorting. Another idea is to exploit the morphologies of cells and as a concequence, their
dynamical properties, to sort them in DLD.The development of DLD cell sorting methods
based on those two ideas has brought forth five papers appended to this thesis: paper I,
III, and V (combination of electrokinetics and DLD), and paper II and IV (exploiting
morphology in sorting by DLD).

In the first topic, differences in electric properties or dielectric properties of particles
and cells are employed to extend the capability of DLD. In Paper I, an AC electric field
was applied across DLD devices having insulating pillars to sort similar-sized polystyrene
particles having different surface charge, viable from non-viable yeast cells, and viable from
non-viable E. coli bacteria. In Paper III, the same method was utilised on open channel
DLD devices, showing unaltered effectiveness but offering the ability to flexibly change the
distance between the electrodes. Also in the topic of combining electrokinetics and DLD,
Paper V introduced a new type of DLD device where the electrodes were defined locally
on every pillar, making it easier to generate a high electric field strength.

Besides electrical properties, morphology is another useful accompaniment to DLD.
In Paper II, pathogenic Streptococcus pneumoniae bacteria were fractionated in DLD devices
according to the difference in their morphology, viz. their chain length. It was also demon-
strated, in paper IV, that an AC field can be used to rotate non-spherical red blood cells
and in turn, change their trajectory in a DLD device. This implies an opportunity to sort
red blood cells from cells having different morphology, either spherical cells or parasites
like trypanosomes.
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Popular Summary in English

Most of the visible objects and tools around us are made from solid materials, which have
definite shape and high strength to withstand external forces from the surrounding envir-
onment. Fluids, on the other hand, are highly deformable and change shape easily under
an applied force, making it difficult to control or manipulate them. Nevertheless, there are
areas of science and technology where fluids can be constrained, controlled, and made use
of to bring out useful applications for human life. Microfludics is one such field.

Microfluidics refers to the study of liquids and gases at the micrometric scale – the
scale of things that are smaller than the resolution limit of a human’s eyes, the world of tiny
bio-particles like bacteria, parasites or red blood cells. There are several good reasons for
studying and engineering tools at such a minute scale. Firstly and straightforwardly, in or-
der to deal with cells and pathogens, we need to shrink our tools and devices down to their
size. Secondly, making tiny devices also means more economical use of rare samples from
patients or expensive reagents required for analysis, making diagnosis more affordable and
less painful. Last but not least, we might integrate many tiny tools and devices into a small
handheld chip which can perform a complete diagnostic task, a lab-on-a-chip, and distrib-
ute them to the patients’ home where they perform their own diagnostic procedures. This is
similar to the development where centralised building-sized computers became individual
handheld smartphones, with equal importance to the well-being in our society.

In the theme of microfludics for bio-medical applications, this work focuses on sep-
arating different kinds of cells by their physical properties, with the goal of making bio-
medical tools that are simpler, cheaper and more accessible to everyday life. The three
properties of interest in this work are size, electrical/dielectric properties, and morphology
of the cells that need sorting. Thanks to the disposability of the material, the simplicity of
the mechanism (no complicated chemical treatments needed), the prospects are bright for
making the devices available to each person’s home for them to perform the diagnosis by
themselves or to distant regions of the world to help local people conduct useful medical
tests which are currently inaccessible to them. The study presented here is a modest step in
the journey to that future.

v
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Chapter 

Introduction

There is plenty of room at the bottom.
— Richard Feynman

. Microfluidics

Humans have the tendency of miniaturizing their tools, making things smaller yet bet-
ter and even cheaper. One excellent example is the computer. The replacement of

bulky mechanical shafts and disks, or electromagnetic relays and vacuum tubes with semi-
conductor components has helped miniaturizing a computer from a room-sized machine
to a cell phone in people’s pockets nowadays, with far better performance at much lower
price. Microfluidics has developed in a way that is analogous to that of microelectronics:
microelectronics studies and makes use of solid state electronic circuits at micro and nano
scale, while microfluidics investigates and manipulates fluids in channels whose sizes are
smaller than the width of a human hair. In fact, just like microelectronics, microfludics
has emerged as a field, encompassing a large number of research publications, enormous
technological development and bringing about many patents and start-up companies.

Microfludics started in the late s with IBM ink jet printer nozzles  and Stan-
ford University’s miniaturized gas chromatography. The early works in microfludics till
the early s were closely related to Microsystem Technology (MEMS). In fact, most of the





earlymicrofludic products weremade in silicon or glass, the familiar materials of theMEMS
industry. A large portion of the research was focused on theory, modeling/simulation, or
the technological aspects (e.g. making of valves and pumps in silicon). Applications were
narrow and limited to flow sensors, ink jet printer nozzle arrays, micro-dosing systems and
microchemical analysis systems. The next stage of microfludics was marked with the in-
troduction of soft lithography using polydimethylsiloxane (PDMS) to fabricate devices,
transferring microfludics from a branch of MEMS into a distinct field of its own. The
main advantage of soft lithography is the ease to replicate new devices from an original
mold. Also, the transparency of PDMS to visible and ultraviolet light and its compatibility
to cells have made microfludics more friendly to biological and medical applications. The
“softness” of PDMS has also enabled the fabrication of flexible miniature pneumatic valves,
mixers, and pumps, broadening the capability of microfludic devices. Besides silicon, glass,
and PDMS, other materials like thermoplastics (polystyrene, cyclic olefin copolymer, poly-
methyl methacrylate, and polycarbonate) or familiar materials (paper, wax, and cloth), have
also been exploited for specific requirements.

Thanks to the maturity of the technology and the diversity of the materials used
for fabrication, microfluidics has found various applications in biological and medical re-
search,. Following are just some of the key applications:

◃ Point-of-care diagnostics (POC) is a promising area for microfludic applications since
it fits with the key aspect of microfludics: making low-cost and even disposable
lab-on-a-chip devices that can complete a specific task. There have been several mi-
crofludic POC products on the market with limited success. The development
of paper-based microfludics, together with the innovations in optical microfluidic
technologies, for example cell phone microscopy , will conceivably make micro-
fluidic POC devices readily available in everyday life.

◃ Droplet microfludic devices , can generate, at high speed, a large amount of micro-
scopic single-droplet containers that can be considered as tiny test tubes for a wide
range of applications such as: chemical reactions, therapeutic agent delivery, cell
culture, or molecular synthesis.

◃ Cell and bioparticle sorting devices fractionate a heterogeneous population of cells and
bioparticles into homogeneous ones, for preparative and analytical purposes. This
will be discussed in more details in the next section.





◃ Sensor applications cover a wide range of physical and chemical sensors, electrochem-
ical sensors, and biosensors. Examples include thread-based strain or pH sensors ,
paper-based electrochemical sensor , or yeast cell growth sensor using polymer mi-
crocantilever .

◃ Cell biology  is a fast-growing area of microfludics. Applications are diverse and
include: cell culture , neuroscience, stem cell or cancer cell research, drug discovery
and screening, microbiology, and clinical diagnostics, just to name a few. A typical
example is the immobilisation of C. elegans using microfluduics, which offers the
unprecedented ability to conveniently trap, manipulate, and image the worms –.

◃ Organ-on-a-chip mimics and constructs the complex structures of tissues or organs
on microfludic chips, for example: liver on chip, kidney on chip, or lung on
chip.

The above-mentioned diverse applications of microfluidics substantiate its importance and
visibility in today’s society. However, a phenomenal “killer application”, like the personal
computers or the smart phones as with microelectronics, has not yet arrived,. A large
proportion of research in microfluidics is still in the engineering fields. Sackmann et al.

made some well founded suggestions for making microfluidics a mainstream in biomedical
research: offering fundamentally new capabilities instead of only improving upon exist-
ing methods, keeping the devices as simple as possible, fostering collaborations between
physicists/engineers and biologists/medical experts, and finding the right problems. The
following section will attempt to convince the readers that biological particle sorting is one
of the right problems.





. Particle Sorting

Sorting is the process of regaining the order of a system, a quantity which universally de-
creases over time. This can mean either arranging individual objects in a predefined se-
quence or grouping similar objects together into specific groups. In biological and medical
fields, the latter definition is normally assumed. The objects of biomedical sorting are nor-
mallymicro- or nanoscale bioparticles and cells, for example tissue-derived cells, blood cells,
bacteria, parasites, and micro/nano vesicles. In terms of purpose, biomedical particle sort-
ing can be a preparative step where the sorted populations are reserved for further study or
analysis, or an analytical process where the distributions of the sorted populations provide
useful information for clinical diagnosis. To set the background for the rest of the thesis,
this section will briefly introduce some of the most popular sorting techniques employed
in biomedical applications nowadays.

The simplest yet most prevalent cell sorting techniques are filtering and centrifuga-
tion. The first method makes use of filters which have pore sizes in the micrometer range
to only allow cells of a predefined upper size limit to pass through. Examples of such filters
are disposable filter papers used in preparation of samples for cell culture or flow cytometry
analysis or nylon filters used in sorting adipocytes by size,. The second method, cent-
rifugation, takes advantage of the difference in sedimentation speed of particles, which is
a function of size and mass density, to sort them accordingly. Centrifuge machines are
indispensable in most clinical or research labs for separation of blood components or for
concentrating and collecting of particles in a liquid medium. Despite being simple, fast,
and easy to use, filtering and centrifugation only target size or density of the cells and as a
result, sorting by other physical properties or functional properties is impossible. Centri-
fuge machines are also rather bulky and require electric power to operate.

To target functional properties of cells, other methods, magnetic-activated cell sorting
(MACS) and fluorescence-activated cell sorting (FACS), make use of labeled probes to identify
the cells of interest. In these methods, antibodies are coated on magnetic nanoparticles
(MACS) or attached to fluorophores (FACS).The antibodies then bind to specific antigens
on the surface of the cells of interest, thereby tagging them with magnetic nanoparticles or
fluorophores. InMACS, the tagged cells may be retained in amagnetic column bymagnetic
force while other cells are eluted away. In FACS, by emitting and detecting the fluorescence





signals, tagged cells can be detected individually. They are then selectively charged and
sorted out from other cells by electrostatic force. While MACS and FACS are effective and
can target a wide range of cells, they also have limitations. For example, MACS requires
the use of magnetic nanobeads and magnetic columns, which are expensive. Furthermore,
since it only targets functional properties of cells, specifically surface-expressed proteins,
sorting by size or other physical properties is difficult. In case of FACS, besides the high
cost of reagents and equipment, the FACS machines are bulky, difficult to operate, and as a
result, cannot be deployed in remote areas. Many of those limitations of MACS and FACS
can be avoided by using microfluidic cell sorting techniques.

In general, microfluidic particle sorting technology makes use of micro- and nano-
fabrication to produce features as small as cells or biological particles to easily manipulate
them. In principle, cell sorting in microfludic devices can also exploit labels as in the case of
MACS or FACS, for example using magnetic beads to alter the size and compressibility of
cells for acoustophoretic sorting. However, a large proportion of research in microfluidic
particle sorting pursues the concept of label-free sorting. Instead of tagging the cells with
magnetic or fluorescence label, this group of techniques exploit intrinsic physical properties
to separate or enrich cells, and can be divided into two groups: active and passive methods.
Active methods require an externally applied force field, for instance dielectrophoresis or
acoustophoresis. Passive methods, on the other hand, rely on the internal intrinsic forces
– the steric force between the particles and the devices’ walls and the hydrodynamic force
that the fluid exerts on the particles – together with careful geometrical designs to perform
the sorting task. Below are some of the most popular microfluidic active and passive cell
sorting methods. More extensive reviews can be found elsewhere,.

Active methods:

◃ Electrophoresis exploits the difference in particles’ electrophoretic mobility in an elec-
tric field to sort them accordingly. Gel electrophoresis has long been used to sort
DNA in agarose or polyacrylamide gels according to their size since mobility of
longer molecules is reduced significantly due to their increased interaction with the
pores of the gel. Capillary electrophoresis, on the other hand, sorts particles based on
their effective charge (or more precisely, their zeta potential) as they travel along a
long, thin glass capillary under an appliedDC electric field. Capillary electrophoresis
has also been successfully miniaturised on a glass chip.





◃ Dielectrophoresis (DEP), makes use of the dielectrophoretic force acting on the
particles in a non-uniform electric field. The force is dependent on the particles’
size and effective polarisability (or more precisely, the Clausius-Mossotti factor, see
Section .). Therefore, the particles can be sorted by their sizes and/or their effective
polarisability. An example is shown in Figure ..

◃ Acoustophoresis employs an acoustic standing wave force to induce lateral displace-
ment of particles, perpendicular to the direction of flow. The force is dependent on
the particles’ size, density, and compressibility. Therefore, the particles can be sorted
according to size, density, and compressibility (Figure .).

◃ Field Flow Fractionation (FFF) utilises a force field perpendicular to the flow to
migrate particles into streams of different velocity in a parabolic flow profile, resulting
in separation in retention time at the end of the channel.

Passive methods:

◃ Pinched Flow Fractionation makes use of the fact that a particle cannot be closer to
a wall than its radius to separate particles based on size (Figure .).

◃ Deterministic Lateral Displacement (DLD) is in principle a size-based method with
the advantage of being continuous and high-resolution. A detailed description of
DLD can be found in Section ..

◃ Inertial microfluidics operates in the middle range of Reynolds number where the
flow is still laminar but the inertia of fluid and particles is considerable (see Section
. for a description of laminar flow and Reynolds number). The inertial Dean flow
in a curved channel and/or the inertial lift forces on particles are utilised to separate
particles based on their size (Figure .).

Let us now examine the possibility of label-free particle sorting being a mainstream
practice in biomedical research, according the criteria proposed by Sackmann et al.. First,
considering fundamental novelty, it can be seen that while some techniques, for example
microscale filters, improve upon the ideas which have been used to make their macro coun-
terparts, other approaches, for instance Inertial Sorting or Deterministic Lateral Displace-
ment, were completely new discoveries. When it comes to keeping the devices as simple as





a) Free �ow acoustophoresis b) Dielectrophoresis

c) Pinched �ow fractionation d) Inertial micro�uidics

Figure 1.1: Examples of active (a,b) and passive (c,d) microfluidic label-free particle sorting methods. a) In free flow acous-
tophesis, particles are sorted laterally based on their size, density, and compressibility. Reprinted (adapted) with
permission from Petersson et al. 35. Copyright 2007 American Chemical Society. b) Under dielectrophoresis, non-
viable yeast cells (stained dark blue) and viable yeast cells (transparent) migrate to different areas in a castellated
electrode device, according to the sign of the dielectrophoretic force acting on them. c) With pinch flow fractiona-
tion, particles of different size can be sorted because the centre of small particles can be closer to the wall than that
of big particles. Reprinted (adapted) with permission from Yamada et al. 37. Copyright 2004 American Chemical
Society. d) When the Reynolds number is larger than unity, particles experience inertia lift forces that are dependent
on their size and their position in the cross-section of a channel. This can be exploited to focus particles of different
sizes at different positions an separate them. Republished (adapted) with permission from Di Carlo 39. Copyright
2009, the Royal Society of Chemistry.

possible to lower the entrance threshold for biomedical technicians or end-users, most of
the passive techniques are good candidates since they usually need only a pressure generator,
which can be as simple as a syringe. Active mechanisms often need some sort of apparatus
to generate the required force field. However, those apparatuses can be redesigned and sim-
plified to adapt to the local infrastructure. The third and forth criterion – fostering collab-
orations between physicists/engineers and biologists/medical experts and finding the right
problems to solve – are open questions, since they are not dependent on the techniques but
rather are determined by the needs and the incentives of the professionals involved. Never-
theless, as the most important purposes of label-free particle sorting are to avoid using ex-





pensive reagents and to produce cheap and more widely available biomedical devices, this is
a promising yet challenging area, which can stimulate collaborations between scientists and
companies in multidisciplinary fields. An example of such collaborations was LAPASO, the
Label-free Particle Sorting research project funded by the People Programme (Marie Curie
Actions) of the European Union’s Seventh Framework Programme. The LAPASO project
has brought together a multidisciplinary consortium of eight full partners and seven asso-
ciate partners in Europe and Africa to solve current problems in the fields of bacteriology,
parasitology, and rare cells sorting, using label-free methods. Further information can be
found at its website: http://lapaso.org.

The work in this thesis is narrowed down to Deterministic Lateral Displacement.
The main focus is on extending the capabilities of this technique by exploiting, besides
size differences, the electrical/dielectric properties and the morphology of the cells. The
thesis is structured as follows. After this introduction, Chapter  presents the theory and
modeling of Deterministic Lateral Displacement and Electrokinetics. Chapter  describes
the methods and the practical details of the work. Chapter  summarizes the results of
the thesis work, the related published articles and manuscripts intended for publications,
and concludes the thesis. The appendix and the related papers are located at the end of the
thesis.
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Chapter 

Theory and Modelling

It’s easy to be complicated
but very difficult to be simple.

— Debasish Mridha

This chapter presents the theory of microfludics and electrokinetics, the two central
topics of this research work. It also gives an overview of the related modelling and

simulation work.

. Fluid Dynamics in Microfluidic Systems

Following is a brief summary of the physics of fluid dynamics in microfludic systems. Fur-
ther comprehensive reading may be found in several textbooks in fluid dynamics– or
theoretical microfluidics,.

The physics of continuum fluid dynamics is described by the Navier-Stokes equa-
tions. Despite their essence to many scientific and engineering fields, whether the general
solutions to them exists is an unsolvedmathematical problem. Fortunately inmany cases,
the equations can be simplified. The Navier-Stokes equations for an incompressible flow,
which is the case for microfluidic applications, consist of one vector equation describing
momentum conservation and one scalar equation describing mass conservation:





ρ
Du
Dt

= ρf −∇p+ η∇2u (.)

∇ · u = 0 (.)

Here, ρ is the density of the fluid, u is the velocity field, D
Dt =

∂
∂t + u · ∇ is the

material derivative, t is the time, f is the total body forces per unit mass, p is the pressure,
and η is the dynamic viscosity of the fluid. Essentially, Equation . is the Newton’s second
law applied to a unit volume of fluid: the term on the left hand side is the rate-of-change
of momentum while the terms on the right hand side are the body force (for example
gravity or dielectrophoretic force) and the surface forces (pressure force and viscous sheer
force). Since the density ρ is often uniform and known, the four unknowns (p and the
three components of u) can in principle be solved using Equation . and Equation ..
Nevertheless in practice, solving the general Navier-Stokes equations is hard because of the
nonlinerity coming from the convective derivative of the velocity, (u · ∇)u.

Fortunately, Equation . can be reduced in microfluidic systems where the ratio
between inertial effects and viscous effects, Re = ρuL

η (the Reynolds number), is normally
under unity. Here, L is the characteristic dimension of the microfluidic channel. In a

typical microfluidic device, assuming ρ = 1000
kg
m3, η = 0.001

kg
m.s

, u = 100
µm
s
, and

L = 10 µm, the Reynolds number is 10−3, well below unity. In this case, the inertial term

on the left hand side of Equation ., ρ
Du
Dt

, is negligible and the equation can be simplified
into the Stokes equation, which is linear:

0 = ρf −∇p+ η∇2u

The flow described by the Stokes equation is called Stokes flow or creeping flow. In
such a scheme, the flow consists of non-mixing, turbulent-free parallel layers of fluid.
In fact, the Stokes flow is a subset of a broader low-Re flow regime called laminar flow,
where the Reynolds number is low enough for the fluid to be smooth, orderly, and free
of any turbulent vortices (Re ≤ 800) . Laminar flow is the underlying mechanism for
Deterministic Lateral Displacement (DLD), which will be discussed in the next section,
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Figure 2.1: Principle of Deterministic Lateral Displacement. a) A schematic of a typical DLD device. The device consists of three
parts: the inlet reservoirs on the top, the pillar array in the middle, and the outlet reservoirs at the bottom. It
is capable of sorting a mixture of big (red) and small (green) particles into homogeneous populations. b) Periodic
streamlines in the channel due to the pillar array. c) The underlying mechanism of size-dependent separation in DLD.
The centre of mass of the green particle resides within the blue stream, whereas the centre of mass of the red one
locates outside of the blue stream. Therefore, the two particles follow two different trajectories. (The streamlines
in b) and c) are based on actual simulations.) d) Colour-coded micrograph of polystyrene beads, 2.1 µm (green) and
4.3 µm (red), in a pillar array having an estimated critical diameter, DC = 2.8 µm.

to be “deterministic”. As DLD is a continuous hydrodynamic particle sorting technique,
it relies on the flow behaviour being predictable in time and space. Consequently, DLD
relies on being operated in the laminar flow regime.





. Deterministic Lateral Displacement - Basic Principle

A typical device based on deterministic lateral displacement (DLD) (Figure .a, not to
scale) consists of three parts: the inlet reservoirs on the top, the sorting array in the middle,
and the outlet reservoirs at the bottom. The middle inlet reservoir – the sample reservoir –
contains a heterogeneous sample suspended in a running medium. The two inlet reservoirs
on the sides – the buffer reservoirs – help maintain straight flow throughout the sorting
array. The sorting takes place in a section consisting of an array of micrometre-sized pillars
in a shallow channel of rectangular cross-section. The pillars are positioned so that the
principle direction of the pillar array lattice forms an angle with respect to the channel
wall. The outlet reservoirs accommodate the homogeneous populations being separated.
The size of a DLD device is dependent on the intended application but its dimensions are
typically on the order of length ∼ 1 cm, width ∼ 1 mm, and depth ∼ 10 µm. Detailed
information about the devices in this thesis work is given in the Appendix (Chapter ).

The arrangement of the pillars and the laminar nature of the flow are fundamental
to the operation of DLD. The presence of the pillar array, tilted with a specific angle with
respect to the overall flow direction, bifurcates and diverts the otherwise straight flow into
many “zigzagging” streams around the pillars, as illustrated by the simulated streamlines
in Figure .b. If the pillar array is periodic, thanks to the turbulence-free and predictable
nature of laminar flow, a flow stream would appear at the same lateral position after every
period, as exemplified by the black streamline in Figure .b.

This laminar and periodic flow pattern is the underlying mechanism for particle
separation. As can be seen in Figure .c, since pillar  is shifted to the right of pillar , it
bifurcates the flow into two streams: one to its left (light blue) and one to its right (white).
When spherical particles are transported near to the surface of pillar , the distance from the
wall to the centre of a small particle is less than to the centre of a large particle. Depending
on whether the centres of the particles reside within the blue stream (the green particle) or
outside the blue stream (the red particle), they will travel through the DLD array in either
a zigzag trajectory or a displacement/bumping trajectory, repectively. Particles traveling in
zigzag mode return to the same lateral position after each period while particles traveling in
displacement mode are transported along the tilting angle of the pillar array. This results in
separation. As an example, Figure .d shows the trajectories of 2.1 µm (green) and 4.3 µm





(red) polystyrene beads in a DLD array having the gap width between pillars of 6 µm and
the period of 10.

The critical diameter above which particles traveling in displacement mode can be
calculated assuming laminar flow with parabolic velocity profile between two posts of a
row. Beech and Tegenfeldt came up with a close-form analytical approximation for the
critical diameter:

DC = 1.2GN−0.5 (.)

where DC is the critical diameter, G is the gap between two posts in a row (Figure
.c), and N is the period of the array. Another estimation for the critical diameter was
proposed by John Davis, based on an empirical study:

DC = 1.4GN−0.48 (.)

For the pillar array shown in Figure .d, Equation . and Equation . giveDC =

2.3µm andDC = 2.8µm, respectively, differing by around 20%. For the case exemplified in
Figure .d, the actual critical diameter was experimentally found to be larger than 3.1 µm,
meaning that Equation . in this case gives a more realistic estimation of the resulting
separation. This equation is also more commonly used when fabricating DLD devices.
However, it should be stressed that both equations only give approximations of the resulting
separation. Further studies are required to reveal a more accurate relationship between the
critical size and the device geometries and the properties of the liquid and the particles.





. Deterministic Lateral Displacement - Status of Theory,

Technology, and Applications

.. Theory and Simulation

Theoretical work on DLD can be categorised broadly into two main branches. One branch
focuses more on the structure of the flow and the other focuses more on the particle-obstacle
interaction. In the first approach, the authors base their calculations on laminar flow to de-
termine the flow profile and the distribution of flow streams in a pillar array. The flow
profile and flow stream distribution are then employed to infer the trajectories of particles
according to their size, without any explicit assumption about the interaction between the
particles and the obstacles besides the impenetrability condition. This approach was em-
ployed in the first DLD paper to explain the working principle of DLD and later in other
works to estimate the critical diameter in a circular pillar array or in a triangular pillar
array. The second theoretical approach, on the other hand, attempts to describe the ir-
reversible particle-obstacle contact by a characteristic parameter while making no reference
to the structure of the flow. This approach, so called “directional locking”, was also suc-
cessful in correlating theoretical calculations with experimental results, obtained in macro
scale DLD arrays–. In addition, a model based on advection-diffusion theory claiming
to bridge the two main aforementioned approaches has been published..

Numerical simulation research on particle separation using DLD can be sorted into
two main groups: Finite Element Method or a combination of Lattice Boltzmann Method
(LBM), Finite Element Method (FEM), and Immersed Boundary Method (IBM). In the
first approach, the Navier-Stokes equations are solved for the fluid flow, the mechanical
deformation of the solid particles is also solved, and the fluid and the solid phase are
connected using Fluid-Structure Interaction (FSI) algorithms,. In cases where the
particles are hard spheres and are small compared to the gap between pillars, the two-
way coupling scheme (FSI) can be simplified into a one-way coupling scheme where the
particles were modeled as point-like objects whose minimum distance to pillar walls equals
the actual particles’ radius,–. The second simulation approach employs the Lattice
Boltzmann Method to resolve fluid velocity instead of solving the Navier-Stockes equa-
tions. The membranes/surfaces of the particles are modeled as a spring network and solved
using FEM whereas the fluid-structure interaction is solved using the Immersed Bound-





ary Method–. In addition to the FEM or LBM/FEM/IBM approach, researchers also
employed Finite Difference Method + IBM, Fictitious Domain Method, or Smoothed
Dissipative Particle Dynamics (SDPD) for numerical studies of DLD. Most notably,
Henry et al. showed qualitative agreement between the dynamics of Red Blood Cells in
their models with the dynamics of the cells in DLD.

Future works on numerical simulations of DLD should preferably attempt to cor-
relate with experimental data to help with the designing and optimising process. It is also
of interest to accurately capture the behaviour of arbitrary particles (e.g. bacteria or other
bioparticles with complex properties) in DLD devices to explore new sorting schemes.

.. Technology

Chip materials

The two most popular materials for fabrication of DLD devices are silicon,, and
polydimethylsiloxane (PDMS)–. Silicon etching techniques allow fabrication of well-
defined pillars and very narrow gaps but the process can be complicated and difficult to
replicate. Soft lithography using PDMS, on the other hand, allows for rapid and cheap
device prototype fabrication, but high-aspect ratio pillars can often be difficult to achieve
due to limitations in the processing steps. To reduce the cost of making chips and to im-
prove scalability, attempts have also been made to produce DLD chips in plastic,.

Design

Much of the attention on the design of DLD has been paid to optimising pillar shape, both
experimentally and numerically. In general, it has been proven that if the cross-section of
the pillars is a triangle,–, a square,, an I shape/L shape,–, a diamond shape,
an egg shape, or a specific topological optimised shape, the same critical diameter is
achieved at a larger gap width than in the case of circular pillars. As a consequence, theDLD
array is less prone to clogging and at the same time, the volumetric throughput will increase.
There are also other added benefits of using special shapes. For example, the airfoil shape

was believed to reduce deformation of soft particles. The I-shape/L-shape pillars were found
to induce rotational movement of non-spherical cells,, which in turn helps distinguish
particles based on their morphology. Another way which has been successful at sorting





Flow

Figure 2.2: Two ways of implementing array’s tilting angle: rhombic array (left), where the rows are perpendicular to the flow,
and rotated square array (right), where the rows are perpendicular to the columns.

particles based on their morphological differences is to impose an orientational constraint
by decreasing the channel depth down to below the largest dimension of a particle with
aspect ratio larger than unity (i.e. long or thin particles). This has been employed to sort
trypanosomes from blood, or Circulating Tumour Cell (CTC) clusters from blood.

At a larger scale, researchers have been working on improving the performance of
the whole pillar array. There are two ways of implementing the tilting angle of the array:
rhombic configuration and rotated square configuration (Figure .). Themajority of DLD
publications use the rhombic configuration. The advantage is that it is easier to correct for
boundary effects near the edges of the device, as well as, to interface two sections having
arrays of different angles. However, it has been pointed out recently that the rotated square
configuration is more immune to anisotropic permeability.

Attempts have been made to reduce unwanted effects in DLD caused by the tilt-
ing angle of the array, including the wall effect  and the anisotropic permeability ef-
fect,–. The wall effect is due to the finite width of the array while the anisotropic
permeability effect is because of the array tendency to induce a lateral pressure gradient
perpendicular to the overall flow direction. To increase throughput, Loutherback et al.
proposed mirroring an array next to the other and this idea has been appreciated by
other researchers ,.

Driving Mechanisms

While most of DLD experiments employ a pressure difference across the device to induce
the flow and in turn to transport the particles, it has been demonstrated that other driving
mechanisms also have their benefits. For example, gravity-driven,, centrifugal force-





driven, or capillary force-driven DLD  may conceivably be useful in distant places
where pressure pumps or syringe pumps are impractical. Electroosmotic-driven DLD,,
due to the plug flow profile, can yield smaller critical diameters than in the pressure-driven
DLD.

Tuning critical diameter or sorting by parameters other than size

Not limited to improving DLD by optimising design or employing new physical mech-
anisms, researchers have also attempted to extend its capabilities by adding tunability. In-
teresting examples include tuning the critical diameter of a DLD array by deforming the
device or by applying electrokinetic forces . These implementations on one hand com-
plicate the operation of DLD devices, but on the other hand, extends the dynamical range
of the device. The critical diameter can also be altered if a non-Newtonian fluid is used
instead of aqueous media.

It has further been shown that DLD is capable of discriminating between particles
based on properties additional to size. For example, the deformability of Red Blood Cells
has been shown experimentally  and numerically,,, to affect their trajectories in
a DLD device. Similarly, morphology of RBCs and trypanosome, S. pneumoniae , or
D-printed macro objects has been shown to be an effective marker for separation using
DLD.

.. Applications

Since its inception, DLD has been employed to effectively separate a wide range of particles
for biological and medical research. At the lower spectrum of size, around and below 1 µm,
DLD has been used to concentrate exosomes, separate microvesicle from blood ,, sort
DNA of different length, or fractionate bacteria based on chain length . On the order
of 10µm, the technique has been employed for separation of nucleated RBC from blood ,
trypanosomes from blood,, epithelial cells from fibroblasts , fungal spores from debris
background , cardiomyocytes from heart tissue digest , MCF- cancer cells by size,
viable Jurkat cells from nonviable apoptotic cells and their remnants , or droplets based
on size ,.





A large part of DLD applications have been focused on the preparative or analyt-
ical separations of blood samples. Preparative separations comprise separations where the
common goal is to enrich a certain subpopulation of the samples for further processing or
downstream analysis. Examples include the separation of WBC from RBC or from blood
as a whole,, and furthermore, to take different blood components apart,,. The
other direction is analytical particle sorting where the sorting itself is the end goal of the
analysis. This includes either analysing the distribution of a certain property among the
cells in the sample, or detecting the presense of a certain cell in the sample, such as in the
case of rare cell isolation and detection. A wide range of rare cells including parasites,,
PC cancer cells, or Circulating Tumour Cells (CTC),,,, have been enriched
and detected using DLD.

In summary, during fourteen years, DLD has been central to a wide range of the-
oretical, engineering, and biomedical studies. Thanks to the relative maturity of the field,
it can be hypothesised that future work will lean towards development of products based
on DLD. Examples could be inexpensive point-of-care diagnostic chips, integrated chips
where DLD is one component, or high throughput DLD chips which can process whole
blood,,. From a technological point of view, DLD devices which can sort nano-
particles or DLD devices which can specifically enrich rare cells from background would
be highly appreciated. It should be noted that although the throughput of DLD devices
can be improved by running at high pressures and/or by using parallelisation, the main
strength of DLD is high resolution and this should be exploited in more applications.





. Electrokinetics

In this section, the term Electrokinetics is used as an umbrella term to refer to three phe-
nomena which can be used for transport (-kinetics) under application of an electric field
(Electro-):

◃ Electroosmotic flow: the transport of aqueous solutions using an electric field

◃ Electrophoresis: the transport of a charged particle using an electric field

◃ Dielectrophoresis: the transport of a dielectric particle using a non-uniform electric
field

Electrophoresis is fundamentally caused by electroosmotic flow around a particle. Both
electroosmotic flow and electrophoresis are related to the charges at the interfaces between
an electrolyte solution and a solid wall, which can be the wall of a device or the surface of a
particle. Dielectrophoresis is related to the polarisation the particles and the medium and
does not require the particles to be charge. To keep this section at reasonable length, dielec-
trophoresis will be discussed in the section. More detailed treatment of AC electrokinetics
can be found in the book by Morgan and Green .

.. The Electrical Double Layer

The electrical double layer is the basic concept underlying electroosmotic flow and elec-
trophoresis. When a charged object is embedded into an electrolyte solution, the ions of
opposite polarity from the solution, counter-ions, are attracted to the surface of the ob-
ject and electrically screen it. Over a century, scientists have proposed, developed and
refined theories to explain and quantify the double layer. The most commonly used model
nowadays was proposed by Bockris et al.  . According to this model, as illustrated
in Figure .a), the region of electrolyte solution closest to the object surface consists of
solvent dipoles, usually water molecules, and ions of both polarities (co-ions and counter-
ions). The plane passing through the loci of bounded dipoles and ions is called the inner

Even a neutral object, for example a glass or PDMS surface, can become charged in aqueous solution. In
case of glass or PDMS, the terminated –OH group will dissociate into –O− and H+ in an aqueous solution.
This creates the necessary asymmetry between the stationary charge (the negative ionised hydroxyl groups) and
the mobile ions in the double layer.





Helmholtz plane. Farther away from the surface is a region of hydrated counter-ions. The
plane passing through the loci of hydrated ions is named the outer Helmholtz plane. The
layer residing between the object surface and the outer Helmholtz plane, consisting of mo-
lecules and ions bounded to the object surface, is called the Stern layer. Outside the Stern
layer, hydrated ions can move relative to the object surface. The counter-ions in this outer
layer “diffuse” into the bulk electrolyte solution, or in other words, the charge density re-
duces exponentially to zero, reaching neutrality. Therefore, this layer is called the the diffuse
layer. The term double layer refers to the Stern layer and the diffuse layer.

The electric potential in the electrical double layer – the Poisson - Boltzman equation.

The electric potential in the diffuse layer can be described by the Possion equation:

∇2ϕ = −
ρq

ε
(.)

Where ρq is the volume charge density and ε is the permittivity of the medium. The
volumetric charge density can be calculated applying the statistical Boltzman law, which

states that the likelihood that a particle possesses an energy UE is proportional to e−
UE
kBT ,

where e is the Euler’s number, kB is the Boltzmann constant, and T is the absolute temper-
ature. Therefore the number density of the ions can be written as:

n = n0e
− UE

kBT (.)

Where UE is the electric potential energy of the ions, and n0 is the number density
of ions in the bulk solution. The electric potential energy can be expressed in the electric
potential by: UE = zqϕ, where z is the charge number, and q is the elementary charge.
Equation . becomes:

n = n0e
− zqϕ

kBT (.)

And since ρq = nzq, Equation . becomes:

∇2ϕ = −zq
ε
n0e

− zqϕ
kBT (.)





When there are many ionic species in the electrolyte solution, one has:

∇2ϕ = −q
ε

∑
zjn0je

−
zjqϕ
kBT (.)

which is known as the Poisson-Boltzman equation. Here the subscript j denotes the
ions of type j. Since the potential ϕ appears at both sides of the equation, an analytical
solution is difficult. However, approximations can be made in some special cases.

The Debye-Hückel theory. If we assume that the potential ϕ is small, we can approx-
imate the exponential term by first order Taylor approximation: ex ≈ 1 + x for small x.
Thus, Equation . becomes:

∇2ϕ = −q
ε

∑
zjn0j(1−

zjqϕ
kBT

) (.)

Due to the charge balance,
∑

zjn0j = 0, we come up with a linear ordinary differ-
ential equation:

∇2ϕ =
ϕ

kBT
q2

ε

∑
z2j n0j (.)

Denoting κ2 = q2
εkBT

∑
z2j n0j, Equation . can be simplified to:

∇2ϕ = κ2ϕ (.)

The Debye-Hückel theory is equivalent to the thick double layer limit, applied for
ions. Thus, it should be solved using spherical coordinates. To illustrate, we simplify the
problem to D, then Equation . has solution of the form: ϕ(r) = ϕ1eκr + ϕ2e−κr.
Solving this ODE with appropriate boundary conditions (ϕ(r = ∞) = 0 and ϕ(r = 0) =
ϕ0) yields:

ϕr = ϕ0e−κr = ϕ0e−r/λD (.)
Here a model simpler than the one in Figure .a is assumed. The outer Helmholtz plane is supposed to

coincide with the surface, and so: ϕd = ϕ0 .





One can see that at a distance of λD, called the Debye length, the potential falls off
to 1

e of its maximum value. Also, λD is inversely proportional to
√

1
2
∑

z2j n0j, the square
root of the ionic strength of the electrolyte solution. Increasing the concentration of the
electrolyte will increase the ionic strength of the solution and as a result, decrease λD.

For a symmetric monovalent electrolyte solution like KCl, the Debye length can be
calculated as:

λD = κ−1 =

√
εkBT
2q2n0

(.)

where ε is the permittivity of the solution, kB is the Boltzmann constant, T is the
absolute temperature, q is the elementary charge, and n0 is the number density of the ions
in the bulk. For a M KCl solution at room temperature: ε = 80 × 8.85 × 10−12 F/m,
kB = 1.38 × 10−23 J/K, T = 293 K, q = 1.60 × 10−19 C, n0 = 6.02 × 1026 m−3, the
Debye length is 0.305nm. For a 1mM KCl solution at room temperature (σ ≃ 15mS/m),
λD = 9.6 nm.

The Gouy-Chapman theory. If we assume that the thickness of the double layer is
much smaller than the curvature of the charged object (the think double layer limit), the
object can be considered planar, then Equation . can be reduced to D problem and
solved analytically. The solving method can be referenced from the book “Colloidal Dis-
persions” of Russel et. al.  (page ). The potential is found to be:

ϕ =
2kBT
q

ln
(
1+ γe−κy

1− γe−κy

)
≈

4kBT
q

γe−κy (.)

where γ = tanh
(

qϕ0
4kBT

)
. We can see that when ϕ0 → 0, Equation . becomes

Equation ., the Debye-Hückel approximation with D assumption.
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Figure 2.3: The electrical double layer and its relation to electroosmotic flow. a) Structure of the electrical double layer; b)
Mechanism of the electroosmotic flow

.. Electroosmotic Flow

It has been known for more than two hundred years that an applied voltage can be used
to transport an electrolyte solution in a channel with charged walls . This phenomenon
can be explained by the theory of the electrical double layer. Due to the structure of the
electrical double layer, for the case in Figure .a, the potential drops exponentially (in
absolute value) from the outer Helmholtz plane into the bulk electrolyte solution. The
charge density also decreases exponentially from the outer Helmholtz plane into the bulk
electrolyte solution. Therefore, there is a net charge in the diffuse layer. If an electric field
is applied tangential to the wall, as illustrated in Figure .b, at some certain plane in the
diffuse layer, called the slipping plane, the counter charges will move, dragging the fluid with
them to form a plug-like flow profile. In essence, the slipping plane separates mobile fluid
from stationary fluid that remains attached to the surface. The potential at the slipping
plane is called the zeta potential (ζ − potential). The electroosmotic flow velocity is related
to the zeta potential of the wall via the Helmholtz– Smoluchowski equation:





ueof = −εζw
η

Et (.)

Here ueof is the electroosmotic flow velocity, ε is the permittivity of the fluid, ζw
is the zeta potential of the wall, η is the viscosity of the fluid, and Et is the electric field
component tangential to the wall.

It is convenient to define the electroosmotic mobility, which is the ratio between the
electroosmotic velocity and the tangential electric field:

µeof =
ueof
Et

= −εζw
η

.. Electrophoresis

The electrical double layer also forms when a charged particle is in contact with an elec-
trolyte solution. In this situation, the relation between the size of the particle and the
thickness of the double layer needs to be considered. If the particle is roughly one mi-
crometer or bigger, which is typically much larger than the thickness of the double layer
(several nanometers), similar arguments as with electroosmotic flow can be used and the
electrophoretic velocity can be calculated as ,:

uep =
εζp

η
E (.)

Here uep is the electroosmotic flow velocity, ε is the permittivity of the fluid, ζp is
the zeta potential of the particle’s surface, η is the viscosity of the fluid, and E is the applied
electric field. This equation is very similar to the equation of electroosmotic flow (.),
only with the difference in sign. It is because in both cases, the physical chemistry effects
are the same, only that Equation . expresses fluid velocity with respect to a wall while
Equation . calculates the particle (wall) velocity with respect to the fluid, hence the sign
difference.





It is, again, convenient to define the electrophoretic mobility,which is the ratio between
the electrophoretic velocity and the electric field:

µep =
uep
E

=
εζp

η

When the particle size is comparable to the Debye length, which is in the limit of a
thick double layer, a different equation for electrophoresis should be used :

uep =
2εζp
3η

E (.)

which has similar form to the case of the thin double layer, only that the coefficient
has changed from 1 to 2

3 .

.. Measurement of Phase Lag between Electroosmotic Flow and Electric
Field

The normal situation in electrokinetics, which is also the case in capillary electrophoresis, is
that electroosmotic flow and electrophoresis take place simultaneously. Conceivably, they
must have different response time because the inertia of the volume of a fluid is much larger
than that of a single particle. If there is any phase lag between the movement of a bead when
applying, for example, an AC sinusoidal field, it would be attributed to the slower response
of electroosmotic flow.

To investigate this matter, electrokinetic experiments were performed in a DLD
device with carboxylate-modified beads of 2 µm in diameter suspended in a 1.7 mM KCl
solution, having the conductivity of 25mS/m. No electroosmotic suppressor (PVP or Plur-
onic F) was used and the device was not exposed to elevated temperature after bonding
(Section .), all is to enhance the electroosmotic flow during the experiments. The high
intensity LED lamp used to expose the fluorescent beads was synchronised with the AC
voltage applied across the device. The electrical setup performing this task is shown in
Figure ..

The output sinusoidal signal from a function generator ( MHz function/arbitrary
waveform generator, model A, Hewlett Packard, Palo Alto, CA, USA) was amplified
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100 times by a Bipolar operational power supply/amplifier (BOP M, Kepco, Flush-
ing, NY, USA) whose output was applied across the device. The sinusoidal signal from
the function generator was synchronized with a rectangular signal from a pulse generator
(TGP MHz Pulse generator, ThurlbyThandar). The duty cycle of the rectangular sig-
nal was adjustable, capable of providing a very short pulse to the LED. An op-amp voltage
adder circuit was used to raise the lower level of the rectangular signal to a value above zero,
making the beads visible even between the peaks. As a result, an observer would see the
beads at high intensity of light for a short period of time and at low intensity between peaks.
The trigger of the pulse generator was adjusted to coincide with the beginning of the sine
wave (Figure .b). The phase lag between the electrokinetic oscillation of the beads (due
to electroosmotic flow and particle electrophoresis) and the sinusoidal signal, if exists, can
be pinpointed by the phase lag between the high intensity period and the starting point of
each oscillation.

The results are shown in Figure .. First of all, since the electroosmotic flow has
positive mobility in PDMS channels , and since the terminal electrode was on the left
and the ground electrode was on the right, the electroosmotic flow would be from the left
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Figure 2.5: Experiments to measure the phase lag between electroosmotic flow and electric field. a) Schematic of the setup.
b) Kymographs showing the positions of the beads as a function of time. The original videos were taken at 2100
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the bead at different time points have been drawn to guide the eyes.

to the right during the positive half cycle of the sinusoidal signal applied on the device.
Here we also see the beads lit up before they move from the left to the right (most visible
at  Hz), which confirms that the electroosmotic flow was dominant over the particle
electrophoresis, which is in the opposite direction for the negatively charged beads used
here. Second of all, the beads lit up precisely at the beginning of their motion from the left
to the right at all frequencies up to 200 Hz, which implies that there was no visible lagging
between the beads’ oscillation (mainly due to electroosmotic flow) and the electric field.
This may also be valid at 500 Hz, although the small amplitude of the oscillation at this





frequency made it difficult to confirm. In conclusion, electroosmotic flow is fast enough
to keep pace with the electric field at all frequencies up to 200 Hz.

. Dielectrophoresis

This section aims to give a brief overview of dielectrophoresis. More detailed treatments of
the topic can be found in several textbooks in this field ,.

.. Simple Picture - a Dielectric Particle in a Dielectric Medium in a Static
Electric Field

When a neutral dielectric particle is immersed into a dielectric fluid under a static electric
field, both the particle and the fluid are polarised and charge of opposite sign accumulates
at either sides of the interface. If the particle is so small that the electric field does not
vary significantly across its dimensions, the induced polarisability can be approximated as
a dipole moment and the force acting on it can be written using a linear approximation of
the field:

F = (P · ∇)E (.)

Here P is the dipole moment and E is the electric field. Equation . shows that
the force is non-zero only if the field is non-uniform.

To approximate the particle as a dipole, the effective moment method is employed .
The effective dipole moment of a spherical particle, for example, is the moment of a dipole
which will produce an identical electrostatic potential, if placed at the centre of the particle.
This method has been used to derive the effective dipole moment of a spherical dielectric
particle in a dielectric medium :

P = 4πr3εm
εp − εm

εp + 2εm
E (.)
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Figure 2.6: Numerical simulation of a rod-shape particle in a uniform or a non-uniform electric field. On the background is the
magnitude of the field, on the boundary of the particle is the Maxwell surface stress tensor. Inside the particle, the
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Here r is the particle radius, εm and εp are the permittivity of the fluid medium and
the particle, respectively. It can be seen that the effective dipole moment is proportional to
the volume of the particle and a term representing the “contrast” in permittivity between
the particle and the medium, known as the Clausius-Mossotti factor: fCM =

εp−εm
εp+2εm . Since

∇×E = 0 and∇(A ·B) = (A · ∇)B+ (B · ∇)A+A× (∇×B) +B× (∇×A),
Equation . and Equation . can be combined to yield:

FDEP = 2πr3εm
εp − εm

εp + 2εm
∇|E|2 (.)





When the particle has complicated shape or when the field varies significantly across
the particle, the effective moment approximation can be erroneous. Instead, the dielec-
trophoretic force can be integrated from the Maxwell surface stress acting on the particle.
Such calculations can be done in a numerical Finite Element Analysis software, for ex-
ample COMSOL Multiphysics (Figure .). Figure . illustrates the D simulation of
a hypothetical rod-shape particle in a uniform and a non-uniform field. Several remarks
can be made regarding the simulated results. First of all, it is clear that the DEP force in
the uniform field is negligibly small, four to six orders of magnitude smaller than in the
non-uniform field, although the Maxwell stress at the surface has comparable magnitude.
Second of all, the DEP force points to the region of higher field when the permittivity of
the particle is larger than that of the fluid (positive DEP) and to the region of lower field
when the permittivity of the particle is smaller than that of the fluid (nDEP). Lastly, in all
cases there are torques of the same order of magnitude which tend to rotate the particle
counter-clockwise so that its length aligns parallel with the field.

.. Practical picture - the Particle and the Medium have Non-zero Conduct-
ivity, and an AC Field is Applied

In a typical microfludic device, the medium is an electrolyte solution and the ions within
the solution contributes to its conductivity. The particle may also have a surface conduct-
ance (polystyrene beads) or internal conductivity (cells). Furthermore, the field is normally
not a simple DC static field but an AC field, whose frequency in the range of kHz or
MHz. Therefore, the dielectrophoretic force in Equation . is modified to include the
conductivity of the particle and medium and the time average value of the field:

FDEP = 2πεmr3Re
(

ε̃p − ε̃m

ε̃p + 2ε̃m

)
∇|Erms|2 (.)

where ε̃m, ε̃p are the complex permittivities of the particle and the suspending me-
dium, defined as: ε̃ = ε − iσ/ω (ε denotes the permittivity, σ denotes the conductivity,
and ω is the angular frequency of the electric field).





For polystyrene beads, the bulk conductivity σb is negligibly small and their con-
ductivity comes from the surface conductivity σs :

σp ≃ σs =
2K
r

(.)

where r is the radius and K is the surface conductance of the beads.

In the cases where cells are studied, their complicated structures can be modeled as a
two-shell or three-shell sphere and the effective Clausius-Mossotti factor can be calculated
from the contribution of each layer .

. Simulation

When the geometry is complicated or when the mathematics is too complex to produce
an analytical solution, especially when many physical mechanisms are involved, a numer-
ical simulation based on differential equations and proper boundary conditions provides
a rather direct, engineering way to look at the problems at hand. Simulation is also ad-
vantageous for approving or disproving novel ideas, since prototyping in microfludics is
costly and time consuming. All the simulations in this work were built using COMSOL
Multiphysics. The physics used are summarized below and more details can be found in
Table ..

i. Stokes flow is used for calculating the velocity profile of the fluid in the devices.
Since the Reynolds number of microfluidic devices is well below unity, the inertial com-
ponent can be neglected. Also, since the fluid velocity is well below the speed of sound, the
flow is assumed incompressible. The wall boundary condition can be non-slip (pressure
driven flow) or slip boundary condition (electroosmotic flow).

ii. Wall distance is useful when calculating the distance from the centre of mass of a
particle to a wall to apply a wall force. It is described using an Eikonal equation.

The physics here are the names of the modules in COMSOL, which do not necessarily coincide with the
concepts they suggest.





Table 2.1: Physics used in simulations. Meaning of symbols can be found at the List of Symbols on page xiii.

Physics Differential equations/Boundary conditions Meaning

0 = ∇.
[
−pI+ η

(
∇u+ (∇u)T

)]
+ ρf

Inertial term neglected (left hand side); surface forces

and body forces adds up to zero (right hand side).

Stokes ρ∇.u = 0 Incompressible flow

flow u = 0 |walls No-slip boundary condition

u = µeofEt |walls Electroosmotic flow boundary condition

p = p0 |inlet, p = 0 |outlet Pressure at the inlet and outlet of the device

Wall |∇Dw| = 1 The norm of the gradient of wall distance is unity

distance Dw = 0 |wall Wall distance is zero for the points on the wall

∇.J = 0 Continuity equation of current

J = σE Ohm’s law in steady state

J = (σ + iωε0εr)E Ohm’s law in frequency domain

Electric J =
(
σ + εεr

∂
∂t

)
E Ohm’s law in transient state

current E = −∇V Definition of electric potential

V = V0 |inlet, V = 0 |outlet Voltage at the inlet and outlet of the device
d
dt
(
mpv

)
= Ft Newton’s second law

Fd =
1
τp
mp (u− v) Drag force, Stokes form used for laminar flow

Particle
τp =

ρpd2p
18η

Particle velocity response time for spherical particles

tracing in a laminar flow

for Fw = Fw0 × step
(
Dw − rp

)
× (−Ddir) Wall repulsive force

fluid flow FDEP = 2πr3pεmRe {fCM}∇ |Erms|2 Dielectrophoresis force

fCM =
ε̃p−ε̃m
ε̃p+2ε̃m

The Clausius-Mosotti factor

ε̃ = ε− j
σ

ω
Complex permittivity

iii. Electric current provides solutions to the electric field in the device, which will
be used later as an input to calculate electroosmotic flow and dielectrophoretic force. In
this work, it is assumed that there is no current source or external current density.

vi. Particle tracing for fluid flow provides a computationally reasonable way to sim-
ulate dynamics of the particles in a DLD device under the combined action of pressure
driven flow, electroosmotic flow, electrophoresis and dielectrophoresis.





Chapter 

Device Fabrication and
Experimental Setup

If you optimise everything,
you will always be unhappy.

— Donald Knuth

The research methodology is illustrated in Figure .. The research ideas can come
from either a technological-driven approach (literature and our previous work) or an

application-driven approach (biological or medical needs). To probe the feasibility of the
ideas, a modelling or simulation step can be performed (Section .), but can be skipped
if the implementation of the ideas is straightforward. The next step, device fabrication, in-
cludes several sub steps: designing and making photolithographic masks, making moulds,
and finally casting and bonding devices. The details can be found in section .. The exper-
iments are then performed on the fabricated devices with model particles (e.g. polystyrene
microspheres) or with cells and bioparticles. The results will be documented and recorded
via a microscope equipped with optics and cameras (Section .). In the next step, experi-
mental data will be processed, analysed, and compared with simulation results. Normally,
it takes several iterations through the previous steps before the results of the study can be
ready for dissemination.
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Figure 3.1: Typical methodology flow chart used for the work presented within this thesis.

. Device Fabrication

All devices were cast from a silicon-based organic polymer called polydimethylsiloxane, nor-
mally abbreviated as PDMS. The material is transparent, non-toxic, impermeable to water
but permeable to air and other gases, making it suitable for biomedical microfluidic devices.
The making of a PDMS device is termed soft lithography . It is relatively simpler and less
equipment intensive than a conventional lithography process. However, tomake themould
for soft lithogaphy, a conventional clean room lithography process using a photosensitive
resist is required. The complete device fabrication procedure includes:

◃ Drawing of the devices’ features on an electronic file. The CAD software named
Tanner L-Edit (Mentor Worldwide LLC, Santa Barbara, California, USA) was used.





◃ Fabrication the chromium-coated glass mask. For the work presented within this
thesis, the masks were outsourced to a mask manufacturing company (Delta Mask
B.V., Enschede, The Netherlands). The mould for soft lithography was fabricated in
Lund NanoLab by using a 10− 50 µm thick layer of the negative photoresist SU-
on a silicon wafer. The SU- layer has the counterpart features of the features of the
device, for example holes on the SU- mould correspond to pillars in the device. An
antisticking step with trichloro (H,H,H,H-perfluorooctyl) silane (PFOTS) (Sigma
Aldrich, Saint Louis, MO, USA) in vapour phase on the mould is needed to facilitate
demoulding of PDMS. Several moulds can be fitted on a single -inch wafer, as
illustrated in Figure ..

◃ Generation of the PDMS imprint by soft lithography. This was carried out bymixing
the monomer (Sylgard , Dow Corning Inc., USA) with its curing agent at a ratio
of 10 : 1 (w/w) and pouring it on the mould. The liquid PDMS on the mould is
then cured at 80◦C for an hour. The hardened PDMS layer is then peeled off from
the mould, trimmed, perforated with access holes, treated with oxygen plasma, and
bonded on a PDMS-coated glass slide. Thereafter, silicon tubing is added to act both
as liquid reservoirs and as an interface to the pressure controller (Figure .).

◃ An additional surface treatment of the DLD devices may be required for specific
applications. In Paper II, to reduce sticking of S. pneumoniae to the PDMS walls,
the devices were filled with PLL()-g[.]-PEG() solution after bonding for 
minutes. In Paper I, the bonded devices were left in an oven at 120◦C for  hours 

to bring the PDMS surface back to its native hydrophobic state, making it stable for
electrokinetic experiments.

The last three steps described above have been developed and optimised previously
in our group and more details can be found in other publications,. The first step, the
drawing and designing of DLD devices, is often the most time-consuming step due to the
vast amount of features of a DLD array which need to be positioned precisely. However,
this step can be sped up significantly by the implementation of software script into L-Edit,
which automate the process. The script also reduces human errors when designing the
separation arrays.
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Figure 3.2: An SU-8 silicon wafer and a bonded PDMS device on a standard microscope slide.

.. Implementing Scripts for Automated Device Drawing

Although the finer details can be more complicated, a typical design of a DLD device is
illustrated in Figure .a. Unless internal electrodes are needed (Paper V), the device can
be drawn on one single layer, corresponding to one single lithography mask. The green
areas are hollow space where liquid can flow while the white areas are PDMS obstacles or
walls. A typical device consists of inlet and outlet reservoirs, a pillar array where separation
takes place, and channels connecting the array and the reservoirs. Within the array, the
pillars are arranged inclined to the overall flow direction, facilitating deterministic lateral
displacement (more details can be found in Section .). Edge correction  is implemented
to minimise wall effects and to ensure a symmetric flow pattern throughout the array. Two
additional straight pillar arrays are positioned between the tilted array and the connecting
channels to ensure that the particles move as they are expected when they enter and exit
the tilted arrays.

L-Edit is a CAD software which allows users to draw basic shapes (rectangulars,
circles, polygons, etc.) whose dimensions can be specified precisely, via a graphic user in-
terface (GUI). It also provides various functions to transform these shapes. A complicated
geometry, for example a DLD array, can be constructed from basic shapes via a hierarch-
ical organisation. In this organisation, every design feature, from a basic shape to a whole
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Figure 3.3: Design of DLD device. a) A typical design of a DLD device, b) The design is structured in a hierarchical order using
cells in L-Edit.

device, is called cell and a cell at a higher hierarchical level can be built by populating it with
instances of cells at a lower level, making it easy to modify or reuse a design. It also supports
programmable drawing mode via T-cell (Template cell), in C language, allowing users to
draw shapes of parameterised size or clone an array of shapes with parameterised quant-
ity. Both the GUI and the programmable interface have their own advantages. The GUI
provides flexible drawing and positioning of shapes in specific cases where programming is
impossible, whereas the programmable interface enables designing and placing features in





a parametric and automatic manner. The two approaches can be combined to optimise the
designing process.

A simplified process of designing the devices is described in the diagram of Figure
.b. The cells with green background are T-cells while the cells with orange background
are created using the GUI. The reservoirs can be drawn either by code or by the GUI,
depending on the specific situation. The design task starts with creating posts (pillars)
(Generate Posts) and then arranging posts into arrays without or with a tilt with respect to the
overall fluid direction (Generate Straight End and Generate Period ). The straight ends and
the periods are then combined into the array (Generate Array) and the connecting channels
are also generated (Generate In/Outlet Channel). The reservoirs have some parts which can
be programmed, but also some parts which can be done easier with GUI. A Device is then
constructed by combining the array, the connecting channels, and the reservoirs. Finally,
the devices are arranged so that they fit onto a Wafer of suitable size (e.g. a -inch wafer).

Although the procedure was described in a bottom upmanner, when all the modules
(T-cells) have been prepared, the designing process is carried out top down. For example,
generating an array is performed by calling the corresponding T-cell with its own parameters
without paying any attention to the T-cells at a lower levels (Generate straight end, Generate
period or Generate posts), which makes the designing task easy and convenient. 

. Experimental Setup

A typical experimental setup is shown in Figure .. A pressure gradient was created by
letting the outlet reservoir be open to the ambient air while connecting inlet reservoirs to
an overpressure controller or a syringe pump. The setup presented here uses a MFCS −
4C pressure controller (Fluigent, Paris, France), connected to the reservoirs of the device
via silicone tubes and T-connectors. To bias the device with a voltage, holes were drilled
through the elbow connectors and platinum electrodes were pushed through the holes,
glued and embedded into the fluid in the reservoirs (Figure .a).

The source code for the T-cells used in this work to draw a DLD array can be found at bit.ly/DLDScript
(case sensitive), and is free to use under CC . BY-NC.



http://bit.ly/DLDScript
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To generate DC or AC fields, a function generator (15MHz function/arbitrary wave-
form generator, model A, Hewlett Packard, Palo Alto, CA, USA) was used and the
signals were amplified 100 times by a Bipolar operational power supply/amplifier (BOP
M, Kepco, Flushing, NY, USA) to give a maximum voltage of 1000Vpp at 1 kHz. Al-
ternatively, a high-frequency, 50× amplifier (WMA-, Falco Systems, Amsterdam, The
Netherlands) can be used to give a maximum voltage of 300 Vpp at 1MHz.





The voltage was measured using an oscilloscope (Hewlett Packard B 60MHz),
via a 10× probe (Kenwood PC-, 600 Vpp). An inverted microscope (Nikon Eclipse
TE-U, Nikon Corporation, Tokyo, Japan) and an Andor Neo sCMOS camera (DC-
Q-FI, Andor Technology, Belfast, Northern Ireland) were used to acquire the images
and videos of the experiments. A colour camera (Exmor USB ., USB UXG M)
was used to capture colour video if necessary, for example in the experiments with non-
fluorescen viable/non-viable yeast cells or with fluorescence viable/non-viable E. coli. The
images captured from the camera were recorded into a computer hard drive using NIS
Element software (NIS Element Advanced Research v., Nikon).





Chapter 

Summary of Results and Outlook

If I have seen further than others,
it is by standing upon the shoulders of giants.

— Isaac Newton

This chapter summarises the motivations and the main results of the papers and of the
ongoing adipocyte sorting project, and discusses some conclusions and outlook.

. Electrokinetic Deterministic Lateral Displacement (Paper I)

Size is probably the most common parameter in label-free particle sorting. Nevertheless,
particles derived from an initial population, for example viable and non-viable cells of some
kind, can be quite homogeneous in size. In those situations, parameters other than size
need to be employed. Although DLD was originally a size-based method, it has been
demonstrated that the effective size of polystyrene beads in a DLD device could be tuned
with an AC voltage . This suggests that electrical and dielectric properties of particles can
be exploited as new parameters for separation in DLD devices.

In Paper I, we employed surface electric properties and dielectric properties of particles
and cells to sort them in a DLD device. We have shown that by combining electrokinetics
with DLD (Section .) and tuning the AC frequency, similar-sized polystyrene particles





of differently modified surface properties could be sorted. Interestingly, using the same
principle, viable and non-viable yeast cells and viable and non-viable E. coli bacteria could
also be separated with high purity.
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Figure 4.1: Separation of viable and non-viable E. coli using Electrokinetic DLD. a) Actual device sorting viable from non-viable
E. coli. b) Distribution of E. coli at different gaps. First graph: inlet; second graph: outlet of a device having
DC = 1.24 µm, no applied voltage; third graph: outlet of a device having DC = 0.64 µm, no applied voltage; fourth
graph: outlet of a device having DC = 1.24 µm, when a voltage of 1 Hz, 138 Vpp was applied.

Figure .b illustrates the benefit of electrokinetic DLD in sorting viable and non-
viable E. coli. A mixture of bacteria was injected into the DLD array through five lanes close
to the left wall. In the normal DLD mode (pressure driven flow, no voltage applied), at the
outlet of a device having DC = 1.24 µm, both types of cells displayed zigzagging tendency,
with non-viable cells appearing to be slightly larger and having a broader distribution. On
the other hand, in a device having DC = 0.64 µm, also in normal DLD mode, both types
of cells displayed displacing tendency, with non-viable cells appearing to be slightly larger
and both types of cells having broad distributions. In both cases, separation of viable and
non-viable E. coli at high purity was deemed to be difficult. However, if an AC voltage of
1Hz, 138 Vpp was applied along the device having DC = 1.24 µm, viable and non-viable
bacteria could then be separated laterally with a small overlap at the outlet. In this case,
non-viable cells, interestingly, exhibited lower effective size.





. Sorting Bacterial by Chain Length (Paper II)

Many bacteria are pathogenic, causing serious diseases in humans. Among them, S. pneu-
moniae is a major cause of pneumonia which leads to more than one million deaths world-
wide annually, and is thus the subject of many biomedical studies. S. pneumoniae bacteria
exist in their colonies as either single bacteria (cocci), diplococci, or chains of many cocci
with varying length. It is believed that longer chains can adhere more to epithelial cells in
the lung while shorter chains and single cocci are able to evade the immune system ,.
It is therefore of strong interest to sort these different morphologies of S. pneumoniae for
further microbiological studies.

Figure 4.2: Sorting of S. pneumonia based on chain length. A)-E) Different trajectories of S. pneumoniae bacteria in a DLD
device. F) Summary of the position a S. pneumoniae morphology can appear at the outlet, as a result of its width,
length, and shape. Image taken from 109 (https://doi.org/10.1016/j.aca.2017.11.050, Creative Commons Attribution
License (CC BY).

Different hydrodynamic behavior of long and short chains of S. pneumoniae in a
DLD device, besides size, can be exploited for separation. It has been observed previously
that in DLD a non-spherical particle would rotate to minimise its hydrodynamic resistance



https://doi.org/10.1016/j.aca.2017.11.050
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


and the smallest dimension would decide the particle’s trajectory (i.e. zigzag or displace-
ment),. This is the case for the zigzagging thin diplococci exemplified in Figure .A.
However, when the length of the bacterial chains increase, the effective sizes of the chains
are no longer their smallest dimension, due to their dynamical motions. For example, in
Figure .B and Figure .C, the difference of fluid velocity between the two ends of a
chain induces a flipping motion and leads to a displacement trajectory. In Figure .D
and Figure .E, the chain became bent and appeared much larger than its width and as
a result, travel in the displacement trajectory. In conclusion, the position of a single cocci
or a chain at the outlet is dependent on its width, length, and shape (i.e. straight or bent
chain) (Figure .F).

In Paper II, with a device having the critical diameter approximately the size of a
single coccus, we were able to enrich single cocci in the outlets corresponding to small ef-
fective sizes and long chains in the outlets corresponding to large effective sizes, for two
different strains of S. pneumoniae: R (non-encapsulated) and D (encapsulated). Dur-
ing the experiments, we also managed to separate the two strains from each other. The
separation might be contributed by their difference in size (width and chain length) or
their surface property (R was found to be much more hydrophobic than D).

Paper II proves that separation of different morphologies of S. pneumoniae is feasible
with DLD. The next step is to scale up the number of bacteria sorted. A high throughput
device is desirable due to two main reasons. First of all, to study a population of single cocci
or a population of chains using RNA extraction and analysis, a large quantity of bacteria
needs to be sorted, which is around - million colony-forming unit (CFU), within a time
scale shorter than the bacteria’s doubling time, which is around - minutes. This is far
beyond the capability of the device presented in Paper II. Second of all, due to the inherent
overlapping between the size distribution of singles and diplos and betweet chains and dip-
los, to obtain sufficiently pure population of single cocci, the critical diameter needs to be
sufficiently small so that most of, if not all, diplo cocci are filtered out. Similar argument
applies to sorting chains, but in this case the critical diameter should be large enough to
remove diplo cocci from longer chains. This requirement on purity further reduces the
quantity of bacteria can be collected after sorting. Inspired by the benefits a high through-
put DLD device can bring, we have designed and fabricated such a device and tested it with
polystyrene beads (Figure .). The device was able to enrich 1.1 µm beads at high purity
from a mixture of 1.1 µm and 2.1 µm beads (Figure .c). The volumetric throughput
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Figure 4.3: A high throughput DLD device intended for enrichment of single cocci. a) Design of device. The device has only
one inlet reservoir and one outlet reservoir, with its sole purpose to enrich around half of all small particles in the
mixture from the inlet reservoir into the outlet reservoir. There are 64 DLD arrays placed in parallel to increase the
throughput. b) Actual image of the device. c) 1.1 µm beads were successfully enriched from the mixture into the
outlet reservoir.

when running at 200mBar over pressure was 43mL/minute and the quantitative through-
put into the outlet reservoir is roughly 25000 beads/second. This means to obtain a million
beads, the running time is only  seconds, which is a promisingly short running time,
with regards to the bacteria doubling time of around 20− 30 minutes.





. ElectrokineticDeterministic LateralDisplacement on anOpen

Channel Device (paper III)

Conventional DLD devices, and microfluidic devices in general, employ pressure pumps
or syringe pumps to drive fluid through an enclosed channel. While this configuration
provides stable and well-controlled fluid flow, in some cases, an open channel DLD device
is preferable. In such device, one of the walls (i.e. the lid) is removed and the pillars and
the fluid are open to the environment. This new configuration offers two main advant-
ages: simplicity, since lid bonding and fluid pumping are avoided, and reusability, since
the DLD channel can be washed and stored for reuse. When open DLD is combined with
electrokinetics, an additional benefit emerges: adjustability of electrodes.

Figure 4.4: Combination of electrokinetics and open DLD. A) Setup of an electrokinetic open DLD where electrodes are placed
directly on the pillar array surface. (Scale bar: 3mm.) B) By tuning the voltage, 3.1 µm and 4.8 µm beads can be either
separated or both displaced in a open DLD device with DC = 5.1 µm (Scale bar: 100 µm). Image taken from 106,
Published by The Royal Society of Chemistry.

The combination of electrokinetics and closed-channel DLD requires the electrodes
to be embedded in the reservoirs (Beech et. al , paper I) and so, the distance between
electrodes is fixed. In paper III, we tested the idea of placing electrodes directly on the
surface of an open DLD device and as a result, were able to reduce the distance between
electrodes from 30 mm down to 3 mm (Figure .A). The placement of the electrodes on
top of the array did not disturb the fluid flow and the separation of 3.1 µm and 4.8 µm
beads in an open DLD device with DC = 5.1 µm was demonstrated (Figure .B).





. Electrokinetic Rotation of Red Blood Cells in Deterministic

Lateral Displacement (paper IV)

It has been proven that by controlling the depth of a DLD device, the orientation of red
blood cells and thus their effective size can be changed. This effect was exploited to sep-
arate RBC from trypanosomes,, the parasites which cause the sleeping sickness disease.
Nevertheless, it is of interest to explore other methods which can also alter the orientation
of red blood cells, as an alternative to fabricating DLD devices with the specific depth.

E = 0

E = 177 VRMS/cm, f = 100 Hz

Figure 4.5: Effect of electric field on orientation of RBCs in a DLD device. a) In the absence of an electric field, when the cells
travelled close to the pillars, they will lean against the pillars with their width, exhibiting a small effective size. b)
When the field was on, the cells aligned horizontally like a disc, exhibiting larger effective size.

In paper IV, it was demonstrated that by applying a low frequency AC voltage
(100 Hz) of a nominal value of around 177 VRMS/cm, the orientation of red blood cells
in deterministic lateral displacement (DLD) devices could be altered (Figure .). Ex-
periments showed that, due to this orientation change, the effective size of RBC can be
increased by a factor of around 1.5, from below 3.47µm to 4.44 µm. In a future work,
Trypanosoma cyclops. parasites can be tested in the same device and their displacement, as a
function of voltage, can be compared with that of RBCs. If the difference in the effective





critical diameter of the RBCs and the parasites can be increased, then they can conceiv-
ably be separated by applying an AC voltage in DLD, as an alternative to fabricating DLD
devices with specific depth. This would open up for deeper devices and therefore higher
throughput.

. ElectrokineticDeterministic LateralDisplacementwithMetal-

coated Pillar Array (paper V)

~

0V @ 1Mhz - zigzag

3V @ 1Mhz - displacement

Flow DC

2mBar

FlowA

2mBar + 3V @ 100KHz

B

Figure 4.6: Trajectories of 2 µm carboxylate modified polystyrene particles in a metal DLD device having DC = 5.2 µm. A) The
particles went zigzagging when no voltage was applied. B) The particles went displacing when a 3 VPP, 100 kHz
voltage was applied. C) Comparison of the trajectories of the same type of bead, with and without an applied
voltage of 3 VPP, 1 MHz. D) Numerical simulation of |E|2 in the metal-coated DLD array. Since the polystyrene
beads experienced nDEP in our experimental conditions, they were repelled from the high field regions (red/yellow)
and attracted to the low field regions (dark blue). If the flow is weak or the applied electric field is high, the beads
will be trapped at the dark blue regions. Tweaking the flow and the applied field can result in particle being released
from trapping, travelling with the flow but never crossing the red/yellow regions. Therefore, they will travel in
displacing trajectories, following the orientation of the pillar array,

In Paper V, DLD devices with electrically connected metal-coated pillars were fabricated.
Using this approach, a high field could be generated with a much smaller voltage than
using macro electrodes embedded in reservoirs. By changing the applied voltage, tunable
particle separations were achieved. At a voltage as low as 3 Vpp, it was possible to displace
2 µm polystyrene beads in a DLD device with a critical diameter of 5.2 µm, showing a large





dynamical range (Figure .). Interestingly, by ramping up the voltage, separation of sub-
micron polystyrene beads was achieved. This opens up the opportunity to sort bioparticles,
for example viruses and exosomes, that are in the submicron range. The ability to displace
exosomes with DLD has been demonstrated byWunsch et al. using a nano-DLD device,
with a rather complicated fabrication process and low volumetric throughput.

. Sorting of Adipocytes according to Size (project in progress)

Adipocytes (a.k.a. lipocytes or fat cells) are specialised cells making up the adipose tissue –
the energy storage of humans and animals. The size of mature adipocytes vary significantly,
∼ 20 µm − 200 µm in diameter. Enlarged adipocytes are linked to insulin resistance and
can be used to predict type  diabetes. Since the cells have lower mass density than water,
to sort out different population of cells according to size, researchers allow the cells to float
through nylon filters with appropriate pore size,. Although the method is practical and
simple to perform, collecting of cells smaller than 50 µm is difficult since a large fraction
of the smallest cells are lost in the process.

A setup has been built to fractionate adipocytes based on size using a DLD device.
It was demonstrated that by using a device with Gap = 50 µm, Period = 14, adipocytes
larger and smaller than the critical diameter, DC = 20 µm, could be sorted (Figure .).
Near the outlet, most of the adipocytes, which were larger than 20 µm, were displaced
toward the right wall, while a few cells which were smaller than 20 µm traveled in zigzag
mode and stayed close to the left wall. In future work, a device with larger gap and as a
result, larger critical diameter, can be used to fractionate the adipocytes into two separate
populations of larger and smaller than 50 µm. In this way we can study the effects of
adipocyte size on insulin resistance.

In collaboration with Dr. Karin Stenkula, Faculty of Medicine, Lund University.
The original master was designed and fabricated by Dr. Miguel Xavier, with help from Dr. Stefan Holm

and Dr. Jason Beech.
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Figure 4.7: Sorting adipocytes by size using DLD. a) The device used to sort adipocytes has a gap width of 50 µm and a critical
diameter of 20 µm. b) The adipocytes have a wide size distribution, ranging from below 20 µm to over 100 µm in the
sample at the inlet. c) Near the outlet, most of the cells, which have a diameter of larger than 20 µm were displaced
toward the right wall of the device while some of the cells which are smaller than 20 µm traveled in zigzag mode
and stayed closer to the left wall. The image is a “minimum projection” of 853 frames taken at the outlet, 33 ms
apart.





. Conclusions and Outlooks

There is no “one-size-fit-all” approach in particle sorting. First of all, the parameters for
sorting, which will decide the suitable methods, will be dependent on the intrinsic prop-
erties of the particles of interest. For example, while size can be an apparent criterion for
sorting spherical cells, this parameter is somewhat ambiguous for S. pneumoniae (Paper II)
since different morphologies of the bacteria have similar widths but different lengths. In
other cases, for example viable/non-viable E. coli (Paper I), sorting by size is practically im-
possible and other properties must be exploited. Second of all, even when the same type of
input samples and sorting parameters are given, different approaches can be used and each
approach has its own advantages and disadvantages. An example could be sorting cells by
their electrical/dielectric properties. While the metal DLD (Paper V) can offer a very high
dynamical range to easily sort sub-micron particles, the fabrication is rather expensive and
complicated. Insulating pillar electrokinetic DLD (Paper I) relaxes the need of metal layer
deposition and etching, but requires a high voltage, and thus, an amplifier to operate. Elec-
trokinetic open DLD (Paper III) requires simpler setup and offers reusability, but efforts
should be made to stabilise the setups and the open device is prone to evaporation. In con-
clusion, the choice of the sorting methods should be considered based on both factors: the
properties of the cells and bioparticles and the availability of sorting devices or equipment
at the field.

Although my focus has been on applications (chain length sorting in Paper II and
adipocyte sorting), the work described in this thesis concerns more the technical aspects
of sorting techniques and efforts have been made to fractionate particles based on elec-
trical/dielectric properties and morphologies. A future direction for this work could be
applying the methods developed to sorting problems identified by researchers and profes-
sionals within the biomedical field. The adipocyte sorting project, which stemmed from
discussions with diabetes researchers, is an example. In addition, there is room for improve-
ment and development of the investigated techniques. For example, the device used to sort
S. pneumoniae in Paper II has been enlarged and put in parallel to increase the throughput.
Pilot experiments have been performed on the device with polystyrene microspheres and
for the next step, bacterial sample can be tested. Paper III demonstrates a proof of principle
of combining electrokinetic DLD with open DLD but to make this approach applicable
for biological samples, more effort is required in designing an application-oriented integ-





rated device and improving the electrode-DLD channel contact, for example an electrode
which has flat surface at the end would ensure better stability for running the experiments.
The experimental work in Paper IV could be expanded to sorting Trypanosoma cyclops from
RBCs, given the rotational effect induced on them by an AC field is different. Paper V is
the beginning chapter of a promising series of study on employing the metal DLD device to
sort a wide range of bioparticles, especially sub-micron ones like exosomes. For the adipo-
cyte sorting project, new devices with larger gap and critical diameter have been made,
targeting size thresholds required by biomedical researchers studying diabetes.

This chapter concludes the thesis but more details of the work can be found in the
appendix and the papers attached at the end.





Chapter 

Appendix: DLD devices

This chapter provides finer details into the DLD devices used throughout this work, mainly
for Paper I and Paper II.TheDLDdevices used in Paper III and Paper V have been described
in their ESI. The DLD device used in Paper IV has been documented by Holm .





DLD devices used in Paper I, for beads and yeast cells

A dummy SU-8 line 
intended to strengthen 
the array’s edge.

Filtering array 

Inlet reservoir

Bu�er reservoir Bu�er reservoir

Outlet 
reservoir

• Device used in Paper I for polystyrene beads:

• Devices used in Paper I for yeast cells:

10 mm
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•  The devices are for analytical purpose with only one 
single stream of inlet sample and one outlet reservoir.

•  There are 33 di�erent devices, having similar lengths 
and reservoir designs, but di�erent gap widths 
(from 2 - 25 μm) and period (5, 10, and 20) to give a 
wide range of critical diameters (not all combinations 
were implemented). Four of them were used in Paper I.

Wafer level

Device level

Gap width(µm) Pillar diameter (µm) Period Critical diameter (µm)
6 20 10 2.8

Gap width (µm) Pillar diameter (µm) Period Critical diameter (µm)
10 20 10 4.6
11 20 10 5.1
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Gap width (µm) Pillar diameter (µm) Period Critical diameter (µm)
4 12 23 1.24
3 15 50 0.64

Gap width(µm) Pillar diameter (µm) Period Critical diameter (µm)
4 12 23 1.24

DLD devices used in Paper I and Paper II, 
for sorting E. coli and S. pneumoniae
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• Device used in Paper II for S. pneumoniae :
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•  There are 7 di�erent devices, having critical diameters
varying around 1μm. Two of them were used for sorting 
E. coli  and one for  S. pneumoniae.
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Abstract 

We report a thorough investigation of the combination of Electrokinetics and Deterministic Lateral 

Displacement (DLD). We show how an Electrokinetic DLD device can sort polystyrene particles by 

the difference in their surface charge. We also demonstrate that this type of device can sort viable from 

non-viable yeast cells and viable from non-viable E. coli bacteria. In particular for the case of E. coli, a 

50/50 ratio of viable/non-viable cells population can be separated into different reservoirs with more 

than 90% purity. We experimentally realise that each type of particles has its own range of optimised 

sorting frequencies: ~1 𝐻𝐻𝐻𝐻 for viable/non-viable E. coli, ~100 𝐻𝐻𝐻𝐻 for different types of polystyrene 

beads, and ~20 𝑘𝑘𝐻𝐻𝐻𝐻 for viable/non-viable yeast cells. We present our best understanding of the 

mechanism underlying sorting, which may involve various contributing phenomena. 
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1. Introduction 

The separation, sorting, and enrichment of cells and bioparticles are important to many biomedical 

applications, especially diagnostics, therapeutics, and cell biology. Conventional cell sorting methods, 

including fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS) [1], 

have been available for several decades and are familiar to biomedical researchers and technicians. 

However, those methods have several limitations: they require user specialization and training; the 

initial costs, operating costs, and reagent costs are high; and labelling with antibodies and fluorophores 

may alter the functions of cells. For this reason, alternative cell sorting methods that are simple, low 

cost, and reagent-free are highly attractive.  

Label-free cell sorting, instead of tagging the cells with chemical labels, exploits intrinsic 

physical properties of the cells to fractionate them. There exists a wide range of different label-free 

techniques targeting different physical properties of cells and bioparticles, including but not limited to 

size [2-5], shape, compressibility [5], density [5, 6], dielectric properties [7], and surface charge [6, 8]. 

In 2004, Huang et al. proposed a novel label-free method named Deterministic Lateral Displacement 

(DLD) for sorting particles based on size [3]. In a DLD device, sorting is made possible by an array of 

pillars placed inside a shallow rectangular channel (Figure 1, not for scale). The pillar array is arranged 

in a rhombic configuration, tilted with an angle to the flow direction of the fluid (from top to bottom in 

Figure 1). This asymmetric arrangement of the pillars splits the flow into many streams. Particles which 

are small enough to fit into a single stream travel zigzagging along the channel and exhibit zero 

displacement at the outlet. Large particles, on the other hand, will continuously bump into the pillars 

they encounter, switch from one stream to another and exit at different positions than the small particles. 

At the end of the array, the large and the small particles can be collected in two different outlets. The 

critical diameter, the threshold diameter at which particles are separated, can be estimated by the 

empirical formula proposed by Davis [9]: 

𝐷𝐷𝐶𝐶 = 1.4𝐺𝐺𝑁𝑁−0.48 (1) 

Where 𝐷𝐷𝐶𝐶 is the critical diameter, 𝐺𝐺 is the gap between two pillars, and 𝑁𝑁 is the period of the pillar 

array. 
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Figure 1: Schematic of a DLD device capable of sorting a mixture of big (red) and small (green) 
particles into two sub-populations. The particles that are smaller than the critical diameter travel in a 
zigzag trajectory, having zero displacement at the end of the array, while the ones larger than the 
critical diameter travel in a displacement trajectory. The two size fractions are collected in different 
outlet reservoirs.  

DLD has been employed in various microfluidic devices to sort a wide range of cells and 

bioparticles, for example WBC from RBC and plasma [10-12], circulating tumour cells from blood [13, 

14], or trypanosomes from blood [15, 16]. Although originally being a size-based method, DLD has 

also been enhanced to sort particles based on other properties, for example shape [15-17], length [18], 

deformability [17, 19], and electrical properties [20, 21]. In this article, we employ a hybrid device 

combining AC electrokinetics and DLD to sort particles based on electrical and dielectric properties, 

with the focus on its application to cells and bioparticles. 

Electrokinetics has previously been used in combination with DLD to transport media and 

particles. It was in the first DLD paper that bacterial DNAs of different sizes (61 and 158 kb) were 

transported by a DC field along a DLD channel and separated at the end of the device [3]. Similarly, 

Hanasoge et al. employed a DC voltage to drive silica and glass beads of different sizes through a pillar 

array and found that the angles between the trajectory of the beads and the direction of the field are 

size-dependent [21]. Not limited to DC field, Beech et al. combined AC electrokinetics with DLD to 

flexibly tune the critical diameter at which separation occurs, by up to 50% [20]. Different from the 



4 
 

aforementioned DC methods, the flow was driven by pressure instead of DC field while the AC field, 

applied simply via platinum wires dipped inside inlet and outlet reservoirs, provided the tuneable 

nudging force. Similarly, Tran et al. separated different-sized beads in an open channel DLD device 

where the beads were transported by capillary driven flow and the AC field was applied directly on the 

surface of the DLD pillars via platinum electrodes [22]. In another work, Chang and Cho combined AC 

electrokinetics with DLD in their virtual pillar array devices where 2D circular gold electrodes, instead 

of 3D pillars, were deposited at the bottom of a microfluidic channel to displace particles using 

dielectrophoretic force [23].  

Previous research on Electrokinetic DLD hybrid devices chiefly employed particle size as the 

sorting criterion and electric field strength as the tuneable physical variable. Our work extends the 

usability of the device by showing that surface charge and dielectric properties can be additional sorting 

parameters and in this case, the frequency of the field is an important factor. We demonstrate separation 

of similar-sized polystyrene beads having different surface modifications, similar-sized viable/non-

viable yeast cells, and similar-sized viable/non-viable E. coli bacteria. In the case of E. coli, we sorted 

a 50/50 mixture of viable/non-viable cells into separated populations with purity of more than 90 %. 

2. Results and Discussion 
2.1. Sorting of polystyrene microspheres based on surface charge 
2.1.1. Characterization of polystyrene microspheres 

To study the effect of surface charge, six types of polystyrene beads of similar size but different surface 

charge coating were used (Table 1).  There are three groups of beads in the table: plain beads, having 

sulphate groups on their surface due to the nature of polystyrene sphere production; carboxylate 

modified beads, having carboxylate groups grafted on the surface; and amine beads, with grafted amine 

groups. The bead diameters were reported by the vendors, while the zeta potential were measured with 

a Zetasizer NanoZS instrument (Malvern Instruments, Ltd., Worcestershire, U.K.). The zeta potentials 

correlate with the surface charge density at the shear plane – the effective surface charge – of the 

particles. In the zeta potential measurements, the beads were suspended in 1.7 mM KCl, 0.1% w/v 

Pluronics F127 (σ = 25 mS/m). 
 

Surface type Diameter Zeta potential Product number, Vendor Emission colour 

Sulphate #1 2.1 µm  -32.1 ± 0.9 mV B0200, Duke Scientific Blue 

Sulphate #2 2.1 µm  -35.5 ± 0.6 mV B0200, Fisher Scientific Blue 

Carboxylate #1 2.0 µm  -15.9 ± 0.3 mV F8888, Invitrogen Green 

Carboxylate #2 1.9 µm  -13.5 ± 0.4 mV F8827, Invitrogen Green 

Carboxylate #3 2.1 µm  -22.2 ± 0.7 mV 09847, Polyscience Green 

Amine 2.0 µm  +22.9 ± 0.1 mV L9529-1ML, Sigma Orange 
 

Table 1: Polystyrene spheres used in this work 
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Besides surface electrical properties, dielectric property of particles is also of interest for 

studying their behaviours in sorting device. The method for characterising dielectric property using 

dielectrophoretic (DEP) force is described in Section 3.4 (The theory of dielectrophoresis is presented 

briefly in Subsection 2.4.1.). The polarity of the DEP force on the Sulphate #2 and the Carboxylate #2 

beads at different frequencies (Figure 2) reveals that both types of beads experienced negative DEP at 

almost all combination of conductivity and frequency, with the exception of the sulphate beads at very 

low conductivity (1 mS/m) from 1 kHz to 200 kHz experiencing positive DEP. 

 
Figure 2: Polarity of DEP force on Sulphate beads #2 and Carboxylate beads #2 in either a DLD 
device, a castellated device, or a quadrupole device. The force is of negative polarity (nDEP) in most 
cases. 

2.1.2. Sorting of polystyrene microspheres 

The beads of six different types, all having diameters close to 2 𝜇𝜇𝜇𝜇, were run in analytical DLD devices 

having critical diameter 𝐷𝐷𝐶𝐶 = 2.8 𝜇𝜇𝜇𝜇, at pressure 𝑃𝑃 = 10 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 and applied voltage 𝑉𝑉𝑃𝑃𝑃𝑃 = 300 𝑉𝑉 

(See Subsection 3.1.1 and Figure S7 of the ESI). The frequency of the voltage was scanned from 10 Hz 

until 5 kHz. Videos of the beads’ trajectories at the end of the DLD array were captured as image stacks. 

The image stacks were then processed to produce the plots that show the integrated fluorescence 

intensity of each type of beads at each gap (Figure 3). For fluorescence polystyrene beads, the integrated 

fluorescence intensity is proportional to the bead count. Details of the data analysis are presented in 

Section 3.2. 
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Figure 3: Displacement of six types of bead when varying frequencies while the applied pressure and 
the applied peak-to-peak voltage were kept the same. 

It was clear that there is a correlation between zeta potential (Table 1) and the beads’ 

displacement (Figure 3). The Sulphate #1 and Sulphate #2 beads, which have much higher absolute 

values of zeta potential, displace much more than the carboxylate beads. Among the carboxylate beads, 

the carboxylate #3 beads, having slightly higher zeta potential than carboxylate #1 and #2 beads, show 

slightly higher displacement but not enough to make the switch to a displacing tendency like that of 

sulphate beads. The amine beads, which have a positive zeta potential, show little displacement. 

The results suggest that beads with different zeta potential/surface coating can be sorted out in 

an Electrokinetic DLD, at frequencies from 20 Hz to 200 Hz. At the frequencies from 1 kHz and above, 

there is almost no displacement although the same peak-to-peak voltage was applied. 
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2.2. Sorting of viable and non-viable yeast cells 
2.2.1. Characterization of viable and non-viable yeast cells.  

Yeast cells can be modelled as a sphere of cytoplasm coated with either a single shell, two shells, or 

even three shells externally. In this paper, we adopt the two-shell model, which assumes that the 

cytoplasm is enveloped by a plasma membrane and a cell wall (Figure S1 of the ESI). The size/thickness 

and the permittivity of the cytoplasm, the plasma membrane, and the cell wall appear to change 

insignificantly after the cells are heat-treated. Their electrical conductivities, on the other hand, change 

and contribute to the difference in electrical properties of viable and non-viable cells. After the cells 

have been heat-treated, their cytoplasmic conductivity decreased while their membrane conductivity 

increased. This fact, according to Pethig [24], is a result of membrane damage due to heat: high 

temperature degrades the structure of the cell membrane, decreases its resistance to the leakage of ions 

from the cytoplasm down the concentration gradient into the surrounding medium. Therefore, the 

membrane conductivity increases and the cytoplasmic conductivity decreases after heat treatment. The 

conductivity of the cell wall is dependent on that of the external medium. Asami et al. [25] pointed out 

that the ratio of the cell wall conductivity to the medium conductivity can vary from 0.1 to 0.24, 

depending on the medium conductivity. 

As a basis for separation of viable and non-viable yeast cells using Electrokinetic DLD, we first 

characterise and compare their DEP response at different combinations of medium conductivities and 

voltage frequencies (Figure 4). Figure 4a shows examples of the DEP characterisation experiments of 

yeast cells in the three devices used for this task: a DLD device, a quadrupole device, or a castellated 

electrode device (see Section 3.4 for details). In Figure 4b, the results of these experiments, plotted as 

star (nDEP), plus (pDEP), and circle (cross-over between nDEP and pDEP) data points, are shown on 

the background of the DEP force signs – green for nDEP and red for pDEP – calculated using 

parameters measured by Hölzel et al. [26]. Hölzel et al. reported a wide varying range of the membrane 

conductivity of both viable and non-viable yeast cells. In plotting the graphs of Figure 4b, we chose the 

membrane conductivity to be 0.02 mS/m and 0.16 mS/m for viable and non-viable cells, respectively. 

In Figure S2 (ESI), we also plot the same graph but choose the lowest values in the reported ranges 

(2×10-5 mS/m and 0.01 mS/m, for viable and non-viable cells, respectively). In that case, our data do 

not match with the model for some values of medium conductivity (5 – 10 mS/m for viable cells, and 

10 – 25 mS/m for non-viable cells) at low frequency range (up to roughly 100 kHz), but correlate with 

the model at other data points. 
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Figure 4: Electrical characterisation of yeast cells based on DEP. a) Images of viable/non-viable yeast 
cells being characterised in a DLD device, a quadrupole device, and a castellated device, respectively. 
b) The sign of DEP force on viable/non-viable yeast cells, from our experiments versus from 
calculations using the parameters measured by Hölzel et al. [26]. The conductivity of membrane was 
chosen to be 0.02 mS/m and 0.16 mS/m for viable and non-viable cells, respectively. 

2.2.2. Sorting of viable and non-viable yeast cells 

From Figure 4b, it can be assumed that separation of viable/non-viable yeast cells in a DLD device 

based on DEP is most effective at medium conductivity ranging from 15 to 25 mS/m and at frequency 

ranging from 100 Hz to below 100 kHz, where there DEP force signs are different. During experiments 

in DLD, at 100 Hz both viable and non-viable yeast cells were displaced with displacement proportional 

to the applied voltage (Figure 5a). Separation was, however, infeasible at this frequency. When the 

frequency was increased while the voltage was kept unchanged, the displacement was decreased, as 

exemplified in Figure 5b and by comparing Figure 5b with Figure 5a. By varying the medium 

conductivity from 10 –  50 𝜇𝜇𝑚𝑚/𝜇𝜇 and the frequency from  100 𝐻𝐻𝐻𝐻 –  50 𝑘𝑘𝐻𝐻𝐻𝐻, we observed that the 

separation was best achieved at a combination of 𝜎𝜎 = 50 𝜇𝜇𝑚𝑚/𝜇𝜇,𝑓𝑓 = 20 𝑘𝑘𝐻𝐻𝐻𝐻, as shown in Figure 5c. 
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Figure 5: Displacement of viable/non-viable yeast cells when either voltage, frequency, or conductivity 
was varied. The critical diameters of the device used in Figure 5a: DC = 5.6 µm, Figure 5b: DC = 4.6 
µm, Figure 5c: the first two graphs DC = 5.1 µm, the last four graphs DC = 4.6 µm. 

2.3. Sorting of viable and non-viable E. coli 
Non-viable (heat-treated) E. coli appear to be slightly larger than viable ones in a DLD device; however, 

the difference is inadequate to separate them using a conventional DLD device. In a device having the 

critical diameter of 1.24 µm (Gap = 4 µm, Period = 23), both types of cells would travel in a zigzag 

manner (Figure 6b, plot #2 from the top). On the other hand, in a device having the critical diameter of 

0.64 µm (Gap = 3 µm, Period = 50), both types of cells would travel in a displacing manner (Figure 

S4a, ESI, plot #2 from the top). Details of the devices can be found in Section S8 of the ESI. 
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Figure 6: E. coli sorting with Electrokinetic DLD. a) Image of the device, b) Distribution of viable and 
non-viable cells at the end of the DLD array at different combinations of frequency and voltage. The 
conductivity here is 100 mS/m. c) Ratio between viable and non-viable cells recovered from different 
outlet reservoirs. Each repetition was performed on a different device (of the same design but can vary 
slightly due to manual fabrication steps) 

Therefore, it is of great interest to explore the potential of electrokinetics in extending the 

capability of DLD. For this purpose, a DLD device capable of sorting sample into three reservoirs at 

the outlet was used (Figure 6a). The reservoirs are named: “zigzag reservoir”, “mixed reservoir”, and 

“displacing reservoir”, corresponding to the trajectories of the particles they can collect. Efforts were 

made to first sort bacteria into the reservoirs and later recover them and test for viability.  
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The whole set of experiments includes two steps: scanning and searching for an optimised 

combination of conductivity and frequency for sorting, and then running actual sorting experiment at 

the optimised combination just found. In the first step, three values of conductivity were tested (20 

mS/m, 100 mS/m, and 500 mS/m) in a DLD device having a critical diameter of 1.24 µm and the applied 

pressure was 20 mBar. During those experiments, it was observed that in general the viable cells were 

displaced more than the non-viable ones. Therefore, at each frequency, the voltage was adjusted so that 

almost all viable cells were displaced into the “displacing outlet” or the “mixed outlet”. The degree of 

displacement of the non-viable cells would then indicate the efficiency of sorting (the more zigzag 

tendency, the higher sorting efficiency). The plots for the experiments performed at σ = 100 mS/m – 

the conductivity giving the best sorting – are shown in Figure 6b.  

There are two interesting revelations from the plots of Figure 6b. First of all, as the frequency 

was increased from 1 Hz, a higher voltage was needed to keep the viable cells at the same degree of 

displacement. At 1 kHz, even a voltage of more than 300 Vpp (the limit of our amplifier) could not 

fully displace viable bacteria. Second of all, although the non-viable cells, when the power was off, tend 

to displace slightly more than viable cells, the trend was reversed when the power was on, allowing 

collecting of non-viable cells into the “zigzag reservoir” and the “mixed reservoir”, and the viable ones 

into the “mixed reservoir” and the “displacing reservoir”. It can be seen that 1 Hz was the best frequency 

for sorting, at the conductivity of 100 mS/m. At the conductivity of 20 mS/m or 500 mS/m, similar 

trends were observed but the sorting capability was not as good as at 100 mS/m (Figure S4b, S4c in the 

ESI). We therefore chose the conductivity of 100 mS/m for the second step – actual sorting experiments. 

In the second step, we ran a new device at the parameters found in the first step, in 1 hour 30 

minutes (DC = 1.24 µm, P = 20 mBar, σ = 100 mS/m, f = 1 Hz, Vpp = 130 ±10 V. The variation of the 

optimised voltage for separation is due to the variation between devices, since for example, the holes 

for the reservoirs were perforated manually.). The populations of the bacteria in the three outlet 

reservoirs were recovered and counted. Furthermore, an additional re-staining step with propidium 

idode (dead cell stain) was performed on the population in the “displacing reservoir”, which was 

expected to contain mostly viable cells. The results are shown in Figure 6c, showing high purity of non-

viable cells in the “zigzag reservoir” and high purity of viable cells in the “displacing reservoir”. 
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2.4. Mechanism of sorting 
The mechanism of sorting is intricate and may be a combination of many phenomena. A short review 

of the possibly involved phenomena is presented below. After that, we will discuss the contribution of 

each phenomenon into sorting mechanism. 

 

2.4.1. Review of involved phenomena  

a) Dielectrophoresis (DEP) refers to the transport of dielectric particles in a non-uniform electric 

field [7]. The DEP force on a spherical particle of radius r in a non-uniform electric field E is calculated 

as:  

𝑭𝑭𝐷𝐷𝐷𝐷𝑃𝑃 =  2𝜋𝜋𝜀𝜀𝑚𝑚𝑚𝑚3𝑅𝑅𝑅𝑅 �
𝜀𝜀�̃�𝑝 − 𝜀𝜀�̃�𝑚
𝜀𝜀�̃�𝑝 + 2𝜀𝜀�̃�𝑚

�𝛻𝛻|𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓|2         (2) 

where 𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓 is the root mean square value of the field,  𝜀𝜀�̃�𝑝, 𝜀𝜀�̃�𝑚 are the complex permittivity of 

the particle and the suspending medium, defined as: 𝜀𝜀̃ = 𝜀𝜀 − 𝑖𝑖𝜎𝜎/𝜔𝜔. Here 𝜀𝜀 is the permittivity, σ is the 

conductivity, and ω is the angular frequency of the electric field. The term in the brackets is called the 

Clausius-Mossotti factor.   

For polystyrene beads, the bulk conductivity 𝜎𝜎𝑏𝑏 is negligibly small and their conductivity 

comes from the surface conductivity 𝜎𝜎𝑠𝑠 [27]: 

𝜎𝜎𝑝𝑝 ≈  𝜎𝜎𝑠𝑠 =
2𝐾𝐾
𝑚𝑚

         (3) 

where 𝑚𝑚 is the radius and 𝐾𝐾 is the surface conductance of the beads. 

In the cases where cells are studied, their complicated structures can be modelled as a two-shell 

or three-shell sphere and the effective Clausius-Mossotti factor can be calculated from the contribution 

of each layer [24]. 

 

b) Electroosmotic flow and electrophoresis refer to the transport of an electrolyte or a charged 

particle, respectively, using an electric field. Both phenomena can be explained by the theory of the 

electrical double layer. The term electrical double layer refers to the two layers of charge at the interface 

between a charged surface (charged wall, charged particle) and an electrolyte in contact with this 

surface. The first layer is the charge layer attached to the surface while the second layer consists of 

mainly the charges of the opposite polarity to the first layer, coming from the electrolyte and screening 

the first layer. The applied electric field exerts electrostatic force on the excessive charges in the second 

layer, and these charges in turn transfer the momentum they acquire via viscous drag to the element that 

is mobile in relation to the field (the liquid medium in the case of electroosmotic flow and the particles 

in the case of electrophoresis). This results in the movement of the liquid medium relative to the wall 

(electroosmotic flow) or the movement of charge particles relative to the liquid (electrophoresis). 
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The electroosmotic velocity or the electrophoretic velocity is quantified by the Helmholtz–

Smoluchowski equation [28, 29]: 

𝒖𝒖𝑒𝑒𝑒𝑒𝑒𝑒 =  −𝜀𝜀𝜁𝜁𝑤𝑤𝑬𝑬/𝜂𝜂      (4) 

  𝒖𝒖𝑒𝑒𝑝𝑝 =     𝜀𝜀𝜁𝜁𝑝𝑝𝑬𝑬/𝜂𝜂      (5) 

where 𝜀𝜀 is the permittivity of the medium, 𝜁𝜁 is the zeta potential at the shear plane, the plane 

between the immobilised and the mobilised charge layers (the subscripts 𝑤𝑤 and 𝑝𝑝 denote the wall and 

the particle, respectively), 𝜂𝜂 is the viscosity of the medium, and 𝑬𝑬 is the applied field. 

 Electroosmotic flow and electrophoresis cause the fluid and the particles to oscillate at low AC 

frequencies. At high frequencies, they are damped. It was observed in our experiments with a high 

frame rate camera that the oscillation of polystyrene beads are visible at up to 2 kHz. 

c) Saffman lift force.  

The velocity of the particles in the device, in both cases of pressure driven flow and electrokinetic 

motion, is on the order of several hundred microns per second. Therefore, the Reynolds number is well 

below unity and inertial effects [30] on the fluid and on the particles can be neglected. However, in case 

the velocity of the particles is different from the bulk fluid (due to electrophoresis) and the fluid velocity 

has a gradient (i.e. parabolic flow profile), a Saffman lift force may exist [31]. The formula for the 

Saffman lift force is given as [32]: 

𝐹𝐹𝑆𝑆 = 81.2𝑚𝑚2𝑢𝑢𝑟𝑟�𝛾𝛾/𝜈𝜈      (6) 

 where 𝑚𝑚 is the radius of the particle, 𝑢𝑢𝑟𝑟 is the velocity of the particle relative to that of the fluid, 

𝛾𝛾 is the shear rate (velocity gradient), and 𝜈𝜈 is the kinematic viscosity. The effect of the Saffman lift 

has been reported in case a DC voltage and a pressure difference is applied across a microfluidic channel 

[32, 33]. 

d) Dielectrophoretic-like wall force  

It has been reported that due to the presence of an insulating wall, there is a repulsive, dielectrophoretic-

like force acting on particles close to the wall [34-38]: 

𝐹𝐹𝑊𝑊 ∝ 𝑓𝑓(𝑚𝑚,𝐷𝐷𝑤𝑤)𝑚𝑚2𝐸𝐸2         (7) 

 where 𝑚𝑚 is the radius of the particle, 𝐷𝐷𝑤𝑤 is the wall distance, and 𝐸𝐸 is the applied electric field. 

The wall force decays quickly as the particles evade the wall. 

2.4.2. Opinions on sorting mechanism 

a) Dielectrophoresis 

It has been proposed by Beech et al. [20] that the mechanism behind sorting in Electrokinetic DLD is 

dielectrophoresis. This is a valid argument, since we observed that beads and yeast cells, depending on 

the frequency of the applied voltage, were attracted to either high field regions (pDEP) or low field 

regions (nDEP). In simulation (Section 6, ESI), a lateral shift of the beads away from the wall is visible 

when a DEP force is applied. However, the DEP force might not be the dominant phenomenon, or at 
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least not the only phenomenon that contributes to the sorting mechanism, based on the following two 

arguments. 

First of all, the displacement of the beads (Figure 3) appears to vary with frequency. This can 

also be seen from the trajectories in Figure 7a and the outlet distribution in Figure 7b of 2 µm 

carboxylate-modified polystyrene beads in a DLD device having  𝐷𝐷𝑐𝑐 = 2.3 µ𝜇𝜇, when the frequency 

and the applied voltage were varied.  

 

Figure 7: Trajectories of a 2 µm carboxylate-modified beads in a DLD device having Dc=2.3 µm are 
dependent on frequency. a) Influence of AC frequency on trajectories of a bead. The trajectory of the 
bead at 100 Hz (dotted black line) was added to all images as a reference. b) Displacement of the beads 
at the outlet of the device, as a function of the AC frequency, at different voltages. 

Similar trend can also be seen in the video: “Oscillation of beads – 100 Hz (red) – 500 Hz 

(green) – 5000 Hz (white).wmv” (ESI). The video was superimposed from three videos of the 

experiments at three different frequencies. In these experiments, the beads were first transported by a 

pressure driven flow towards the walls of the pillars. The pressure was then turned off, leaving the beads 

near the walls, before an AC voltage was switched on. The videos were captured just after the AC 

voltage was switched on, showing the electrokinetic oscillation of the beads. The video illustrates that 

the lower the frequency, the faster the beads evade the pillar. If it was only DEP force, the trajectories 

of the beads should be frequency-independent, as will be shown below.      

From Figure 2, it can be deduced that the conductivities of the beads are around 1 mS/m. The 

charge relaxation time can be calculated as: 

𝜏𝜏 =
𝜀𝜀
𝜎𝜎

    (8) 
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 For beads and for fluid, 𝜏𝜏𝑝𝑝~20 𝑛𝑛𝑛𝑛 and 𝜏𝜏𝑚𝑚~30 𝑛𝑛𝑛𝑛, respectively, which correspond to a 

frequency well above 10 MHz. The applied frequencies shown in Figure 3 are well below this value 

and thus, the DEP force in Equation (2) becomes: 

  

𝑭𝑭𝐷𝐷𝐷𝐷𝑃𝑃 =  2𝜋𝜋𝜀𝜀𝑚𝑚𝑚𝑚3 �
𝜎𝜎𝑝𝑝 − 𝜎𝜎𝑚𝑚
𝜎𝜎𝑝𝑝 + 2𝜎𝜎𝑚𝑚

�𝛻𝛻|𝑬𝑬𝒓𝒓𝒓𝒓𝒓𝒓|2         (9) 

 Which is independent of frequency. Therefore, DEP force may not be the only factor. 

 

Figure 8: Anomalous behaviour of non-viable yeast at 2 kHz: instead of going to the high field regions 
like the non-viable cells at 20 kHz or to the low field regions like the viable cells at 2 kHz and 20 kHz, 
the non-viable cells at 2 kHz were located at the medium field regions in the middle of the gaps. The 
simulation of the square of the field strength is shown on the right for reference. The voltage was applied 
between the left and the right side of each figure (See Section 3.1 for the detailed experimental setup). 

Second of all, during experiments with yeast (Figure 8), it was observed that at low frequencies, 

while the non-viable cells appeared to experience pDEP, there is an unknown force pushing them into 

the middle of the gaps. This may be the combination of the pDEP towards the pillars and some other 

force away from the pillars. 

b) Electroosmotic flow and electrophoresis 

In general, in a symmetric sinusoidal AC field, the time average effect of electroosmotic flow or 

electrophoresis should be zero. This can be seen in the simulation in Section 6, ESI. 

 

c) Saffman force 

Similarly, the Saffman lift force is alternating in the direction perpendicular to the flow. The simulation 

in Section 6 of the ESI shows that this lift force has small effect on overall trajectory of particles. 
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Figure 9: Frequency dependence of particle motion away from a straight wall. (a) Setup of the 
experiments. A particle was transported by a pressure driven flow into the straight channel, close to 
the wall. The flow was then turned off, leaving the particle stationary close to the wall before an AC 
voltage was turned on and the motion of the particle due to the applied field was recorded. (b) The 
distance the particles travelled in the direction perpendicular to the wall, after 1, 2, 3, and 4 seconds. 
The distance was zero at time 0. At each frequency, three different particles were investigated. Their 
displacements are represented by the closed circular markers. Each open squared marker was the 
average of three different closed circular markers. 

d) Dielectrophoresis-like wall force 

The wall effect can be investigated by an experimental setup shown in Figure 9a). Carboxylate 

beads (6.3 µm) were led into a straight channel by a pressure driven flow. The pressure was then 

switched off so that the beads remain stationary and close to the channel wall before an AC voltage was 

applied. High-magnification, high-speed videos were acquired and the MosaicSuite Particle Tracker 

[39] was used to extract the positions of the particles as a function of time. The results are shown in 

Figure 9b). It was clear that the wall force pushes the particles away from the wall and it decays quickly 

away from the wall. However, since the y-displacement at 5 kHz and at 100 Hz is not so different, this 

may not explain the result observed in Figure 3. Note that the particles in experiments in Figure 9 have 

been chosen to be three times larger than the ones used in Figure 3 to enhance the DEP-like wall force 

(In Equation 7, the force is proportional to the square of the radius).  

In conclusion, since the displacement of the polystyrene beads in Electrokinetic DLD is 

strongest at below 1 kHz, coinciding with the range of electroosmotic flow and electrophoresis, it may 

be related to these two electrokinetic effect, besides DEP. However, the exact mechanism is still open 
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and can be a topic of interest. It should be noted that Burt et al. [40] observed similar trend of high 

(arguably) DEP response at low frequency of yeast cells, bacteria, and silicon powder. The authors 

hinted that the low frequency dielectric dispersion (LFDD) can be the cause. However, we were unable 

to relate this phenomenon with our experimental data. 

 

3. Materials & Methods 

3.1. Experimental setups  
3.1.1. Devices  

The DLD devices used throughout this paper were fabricated in polydimethylsiloxane (PDMS) using 

soft lithography [41] (specific details can be found in Section 3 “Device fabrication” in the ESI), 

including two types of design: analytical devices and sorting devices. In an analytical device, only a 

narrow, single stream of sample is allowed to enter the DLD array and is buffered on the sides (Figure 

10b). If the sample is monodisperse in size and in electrical/dielectric properties, they would exit as a 

single stream at the outlet, allowing precise quantification of displacement. There is only one outlet for 

the sake of simplicity and also to ensure well-balanced outlet fluidic resistance. In the second type of 

device – the sorting device – there are five parallel streams of sample entering the DLD array to increase 

throughput, comparing to the analytical device, and at the outlet, there are three reservoirs to collect 

particles experiencing different degree of displacement (Figure 6a). The designs of the two types of 

devices are shown in Section 7 of the ESI. 

3.1.2. Equipment and setup  

Both pressure and electrical interconnections are required for each Electrokinetic DLD experiment. An 

over pressure (1 – 100 mBar), regulated by a pressure controller (MFCS-4C, Fluigent, Paris, France, 

check this), was applied to all inlet reservoirs while an ambient pressure was applied to the outlet 

reservoirs (Figure 10a). Electrical signals, generated by a function generator (33120A, Hewlett Packard, 

Palo Alto, CA, USA) and amplified using either a bipolar operational power supply/amplifier (BOP 

1000M, Kepco, Flushing, NY, USA) or a high-frequency amplifier (WMA-300, Falco Systems, 

Amsterdam, The Netherlands), were applied along the length of devices via platinum wires embedded 

inside the inlet and the outlet reservoirs. The voltage is measured using an oscilloscope (54603B 

60MHz, Hewlett Packard) with a 1x/10x probe (Kenwood PC-54, 600Vpp). The conductivities of the 

media and the suspensions used in all experiments are measured using a B-771 LAQUAtwin Compact 

Conductivity Meter (Horiba Instruments). 

The device was positioned on the stage of an inverted microscope (Nikon Eclipse TE2000-U, Nikon 

Corporation, Tokyo, Japan). Image sequences of fluorescence particles/cells exiting the DLD array into 

the outlet reservoirs were captured using an Andor Neo CMOS camera (Andor Technology, Belfast, 

Northern Ireland) and transferred into a lab computer via NIS Element software (NIS Element 
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Advanced Research v4.60, Nikon).  A colour camera (Exmor USB 3.0, USB29 UXG M) was also used 

to capture colour video if necessary, for example in the experiments with non-fluorescent viable/non-

viable yeast cells or with fluorescent viable/non-viable E. coli. They were then analysed using FIJI 

(ImageJ 1.52f, Nation Institutes of Health, USA), as described below. 

 

Figure 10: Details of the experimental setup. a) Side view of a device and the experimental setup.            
b) Sketch of a DLD device of the analytical type, and a summary of the data analysis steps.  
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3.2. Data Analysis 
Performance of a sorting experiment was assessed at the end of the array or in the outlet reservoirs. 

3.2.1. Particle distribution at the end of the array 

The particle distribution at the end of the DLD array can be quantified by manual counting or by 

assessing average fluorescence intensity of image stacks. In the first method, the number of particles 

exiting at each outlet gap was counted and a “gap number – count” graph can be constructed. This was 

done for viable/non-viable yeast cells. However, counting of the moving particles can be a daunting 

task when the number of image stacks to work on is large and/or the concentration of the particles is 

high. If the particles are fluorescent, the average fluorescence intensity of the image stacks can be used 

to quantify the number of particles. More specifically, given the background noise is low and the 

particles are uniform in size and fluorescent intensity, the fluorescence trace of each particle exiting the 

DLD array contributes equally to the average fluorescent intensity of the image stack. Therefore, the 

number of particles exiting at each gap is proportional to the integration of the average fluorescent 

intensity across the gap. The image processing was done with ImageJ and MATLAB as follows: (also 

see Figure 10b) 

- To remove the background, the average of an image stack is subtracted from the image stack 

itself. Furthermore, a threshold is applied to make the new image stack binary.  

- The new binary image stack is then averaged into a single image where the brightness of a trace 

at each gap reflects the number of particles contributing to the trace. 

- The average fluorescence intensity was integrated across each gap and plotted. 

A comparison between manual counts and integrals of fluorescence intensity of different types of beads 

and at different randomly chosen voltage frequencies (Figure S3 in the ESI) show satisfactory 

agreement between the two methods. In general, integration of intensity slightly over estimate the 

number distribution of the beads at the gaps corresponding to high lateral displacement because the 

particles exiting there usually have larger size than average and thus, contributing a wider trace, as can 

be observed during experiments with Carboxlylate #3 beads. 

In the case of fluorescence viable/non-viable E. coli, one would expect that the integration of 

intensity deviates further away from the actual counts due to higher dispersity of their size and their 

fluorescence intensity than polystyrene beads. Nevertheless, this measure can still give useful 

estimation of the number distribution to help select the most appropriate parameters for separation. 

When such parameters are chosen, more time consuming yet more accurate assessing method can be 

performed on the sorted populations – manual counting of the population collected from the outlet 

reservoirs. 
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3.2.2. Particle distribution in the outlet reservoirs 

In the experiments with E. coli, the ratio of viable/non-viable cells in the outlet reservoirs was assessed 

by manual counting. 

3.3. Sample Preparation 
3.3.1. Polystyrene beads  

Beads were suspended into a medium containing 1.7 mM KCl, 0.1% w/v Pluronic F127 at the 

concentration of 0.02 % v/v (48×106/mL). Pluronic was found to markedly reduce non-specific sticking 

of polystyrene beads to PDMS device walls and also suppress electroosmotic flow [42]. The 

conductivity of the medium with or without beads was 25 mS/m. 

3.3.2. Yeast cells 

Baker’s yeast cells (Saccharomyces cerevisiae) in dry form (Jästbolaget AB, Sollentuna, Sweden) was 

suspended in Glucose 5% w/v at 32 ⁰C in 30 minutes, for activation. Half of the sample was then heat 

treated at 62 ⁰C in 15 minutes to kill the cells. The viable and heat treated sample was mixed at ratio 

1:1 and stained with Trypan Blue at concentration of 0.2% w/v, in 5 minutes. Trypan Blue is a popular 

dead cell stain, which permeate compromised cell membrane and leaves the dark blue colour on the 

cells, enabling distinguishing between viable and non-viable cells. The mixed sample was then washed 

several times with the running media, consisting of KCl and Pluronic F127 0.1% w/v at different 

conductivities. The conductivity of the running media can be adjusted by changing the molar 

concentration of KCl. The sample was then pipetted into the inlet reservoir and the running medium 

into the buffer reservoirs and the device was run at low pressure (1 – 2 mBar) at different voltages and 

frequencies. Videos were captured at the end of the array. Viable and non-viable cells exiting at different 

gaps were manually counted. 

3.3.3. E. coli  

Green fluorescent E. coli (2566/pGFP) was cultured and stored at -80 ⁰C in culture medium + 20% w/v 

glycerol. Prior to experiments, the bacteria were allowed to thaw naturally to room temperature. The 

concentration of the bacteria was measured at 8.2E8/mL. The bacteria were then spinned down and 

suspended in running medium (6.8 mM KCl + 0.1% w/v Pluronic F127, σ = 100 mS/m) at the same 

concentration. Half of the sample was heated at 70 ⁰C in 20 minutes to kill the cells and then both halves 

were stained with Propidium Iodide (PI) at the concentration of 20 µg/mL in 5 minutes. Propidium 

Iodide is a dead cell stain which can penetrate compromised cell membranes. Viable E. coli bacteria 

will appear green due to the GFP, prior and after PI staining. The heat treated E. coli bacteria will appear 

dark prior PI staining and orange after PI staining, enabling distinguishing between viable and non-

viable heat treated cells. The viable and non-viable population were mixed with the ratio 1:1 and 

pipetted into the inlet reservoir. The running medium was also pipetted into the buffer reservoir and the 
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device was run at an applied pressure of 20 mBar and an applied voltage of 130 ± 10 Vpp, 1 Hz. The 

variation in the applied voltage is due the variation between devices.  

 After running for 90 minutes, the sorted populations in the three outlet reservoirs were pipetted 

out on a glass slide, covered with a cover slip. Pictures of the bacteria were taken and later manually 

counted. To check the viability of the sorted cells in the displacing reservoirs, an additional PI staining 

step was also performed. 

3.4. Particle Dielectric Characterisation based on Dielectrophoresis 
The sign of the dielectrophoretic force acting on particles, given the electric field is known, can gives 

information about the dielectric or electrical properties of the particles. A particle experiencing negative 

DEP will travel to regions of low electric field strength whereas a particle experiencing positive DEP 

will migrate to the places where the field strength is high. The characterisation can be done either in a 

DLD device [20], a quadruple or a castellated electrode device [27]. While a quadruple or a castellated 

device, which has microelectrodes fabricated on the bottom of an enclosed microfluidic chamber, has 

been a standard in characterising DEP forces acting bioparticles, they are prone to AC Electroosmosis 

at low frequency [43]. A DLD device with insulating pillars is immune to AC Electroosmosis and thus, 

can bridge the gap at low frequency (< 100 kHz). An illustration of the DEP characterisation 

experiments on yeast cells in three different devices has been shown in Figure 4a. 

4. Conclusion and Outlook 

We have presented an application of an integrated device that combines DLD and electrokinetics to sort 

particles of different surface charge; viable from non-viable yeast cells; and viable and non-viable E. 

coli. We have successfully demonstrated proof of principle. We envision that our approach can be used 

in applications such as drug screening. However, we understand that further investigations are necessary 

to ensure that microorganisms killed by drugs can also be detected using our methods, as the heat 

treatment may not have the same effect. 
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1. Electrical properties of Yeast cells 
The table in Figure S1 lists dimensions and dielectric/electrical properties of yeast cells, obtaining from 

the work of Hung et al. [1], Höltzel et al. [2], and Asami et al. [3].  

 
Figure S1: Properties of yeast cells. 
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2. Comparison between our data with Hölzel et al. [2]’s model at the 

lowest values of membrane conductivity in the ranges they reported 

 
Figure S2: Comparison between our data with Hölzel et al.’s model at the lowest values of membrane 
conductivity in the ranges they reported (2×10-5 mS/m and 0.01 mS/m, for viable and non-viable yeast 
cells, respectively). 

3. Device fabrication 
There are two steps in making a device: fabricating SU-8 mould using lithography and moulding a 

PDMS device using soft lithography. In the first step, SU-8 (MicroChem, Newton, MA, USA) was 

dispensed onto a 3-inch silicon wafer and spun at a well-defined speed according to the manufacture’s 

manual to obtain the desired thickness of the SU-8 layer, which is also the depth of the devices that will 

be moulded later. The wafer was then exposed to UV-light in a contact mask aligner (Karl Suss MJB4 

soft UV, Munich, Germany) with a mask designed using L-Edit 2016 (Mentor Graphics Corporation, 

Wilsonville, Oregon, United States) and printed by an external mask making company (Delta Mask, 

Enschede, The Netherlands). After the SU-8 was exposed and developed, a monolayer of trichloro 

(1H,1H,2H,2H-perfluorooctyl) silane (PFOTS) (Sigma Aldrich, Saint Louis, MO, USA) was applied 

by molecular vapour deposition onto the wafer to reduce surface energy, preventing PDMS from 

sticking to the mould later. In the second step, PDMS base and PDMS curing agent (Sylgard 184, Dow 

Corning, Midland, MI, USA) was mixed at the ratio of 10:1, poured onto the SU-8 mould, and cured in 

an oven at 80 ⁰C in 1 hour. The moulded device on the cured PDMS slab was cut out, perforated at 

reservoir positions, and oxygen plasma bonded on a PDMS-covered glass slide (ZEPTO, Diener 

Plasma-Surface Technology). Silicone tubes of 5 mm outer diameter (228-0707, VWR International 

LLC, Radnor, PA, USA) were glued (Elastosil A07, Wacker Chemie AG, Munich, Germany) onto the 
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device as inlet and outlet reservoirs. The bonded devices were left in an oven at 120⁰C for 24 hours to 

bring the PDMS surface back to its native hydrophobic state, making it stable for electrokinetic 

experiments [4]. Finally, the devices were stored for future use. 

4. Comparison between counting by hand and integrating average 

fluorescence intensity 

 
Figure S3: Comparison between manual counts and integrals of fluorescence intensity. 
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5. Soring of E. coli in other DLD device or at other conditions 
In the main text, sorting of E. coli bacteria in a DLD device with 𝐷𝐷𝐶𝐶 = 1.24 𝜇𝜇𝑚𝑚 at the medium 

conductivity 𝜎𝜎 = 100 𝑚𝑚𝑆𝑆/𝑚𝑚 was presented. Here we presented sorting results in other cases. 

 

 

Figure S4: Viable and non-viable E. coli outlet distribution in different devices and at different 
conductivities. a) In a device having small Dc, both viable and non-viable cells were displaced even 
when there is no applied voltage. b) and c) When the medium conductivity was either 20 mS/m or 500 
mS/m, both viable and non-viable cells were displaced but their separation was not as good as in the 
case σ = 100 mS/m (See main text). 
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6. Simulation  
The simulations was done using COMSOL Multiphysics 5.3a and in 2D instead of 3D to reduce 

complexity, taking advantage of the fact that the device has a uniform cross section in the z-

direction. Three dimensional simulations are needed if the position of the particle in the z-

direction matters. For simplicity, we can assume that the particles are neutrally buoyant and 

flowing at mid-pillar height. 

The simulations (Table 1) was done at different length scales (Figure 5) to compromise 

between accuracy and computational resources. The most computationally expensive 

simulation was done at the device scale to obtain the actual pressure and voltage drop on the 

DLD array. It also solves the electric field at the inlet channel, which together with 

experimental data, is needed for calculating the particle electrokinetic mobility. At the smaller 

scale – the array scale – electric currents, pressure driven flow, and electroosmotic flow were 

resolved. This scale is needed to reflect the actual anisotropic permeability of the device. If 

only few periods are simulated, the flow is pushed more to the displacing side than what would 

be the case in a real experiment. The smallest scale, several periods, is where the particle 

trajectories were simulated, at different experimental conditions, using the “Particle tracing for 

fluid flow” module. A “Wall distance” study is needed for application of wall force. 

 

Scale Physics Study type 

Device 
Electric current Frequency dependent 

Pressure driven flow Stationary 

Array 

Electric current Frequency dependent 

Pressure driven flow Stationary 

Electroosmotic flow Stationary 

Several periods 
Wall distance Stationary 

Particle tracing for fluid flow Time dependent 
 
Table S1: Simulation scheme. Different physics (i.e. modules in COMSOL) were explored. 
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Figure S5: Simulations were done at different spatial scales to optimise the computing time. 

The “Particle tracing for Fluid flow” module used the electric field and the flow field 

calculated in at the array scale to apply appropriate forces on the particle. In all cases, a 

fictitious wall force was applied when the centres of the particles are one radius apart from the 

pillar wall to keep them from penetrating the wall. Also in all cases, a Stokes drag force was 

applied on the particles. Figure 6 shows simulations in four different cases: 

- Case 1 (PD): Pressure driven flow only (10 mBar), no voltage applied: the Stokes drag 

used velocity field from the pressure driven flow physics. 

- Case 2 (DEP): Pressure driven flow, an AC field was applied and the DEP force was 

added: the DEP force on a sphere was applied on the particle, in this case a polystyrene 

bead. The value of its conductivity was chosen to be 1 mS/m, based on Figure 2 in the 

main text. 

- Case 3 (EK): Pressure driven flow, an AC field was applied but only electrokinetic 

(EK) effects was added. Here we use the term “electrokinetics” to refer to both 

electrophoresis and electroosmotic flow. An electrophoretic mobility (deduced from 

the zeta potential of Sulphate #2) was used to prescribe the relative velocity of the 

particle to the fluid. The electroosmotic flow was setup by imposing a wall slipping 

velocity with an electroosmotic mobility (this value was calculated based on the 
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velocity of the Sulphate #2 beads when a -50 VDC was applied). The Stokes drag is 

derived from the velocity field from the sum of pressure driven flow velocity and the 

electroosmotic flow. 

- Case 4 (EK+Saffman): Like case 3, but the Saffman lift force was also added. 

Results and discussion:  

 

Figure S6: Simulations result for four cases stated above. The beads was 2.1 µm Sufphate beads. The 
pressure was 10 mBar, the voltage was 300 Vpp, 100 Hz. 

It can be seen in Figure 6 that overall, all beads go zig-zagging, except for DEP bead has 

some displacing tendency. In the zoomed view, the EK and PD trajectories are quite close to 

each other, confirming that the time average of the AC electroosmotic and electrophoretic 

effects is close to zero. Also, the Saffman trajectory is close to the EK trajectory, showing that 

the time average of the Saffman force is close to zero. 
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However, there is room for improvement. In order for the simulation results to be 

conclusive, more extensive studies should be carried out: 

- More values of frequency and electrophoretic mobility should be studied and compared 

with the results shown in Figure 3 of the main text. 

- Since the trajectories of the particles are dependent on their initial releasing position 

and time, different releasing positions and time should be investigated. 

- Here only one period of the DLD array is simulated. This should be extended to more 

periods, so that a larger picture of the trajectories of the particles can be observed. 
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7. Devices 
7.1. Analytical DLD devices 

 

 
Figure S7: Analytical DLD devices having only one inlet stream and one outlet reservoir. 
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7.2. Sorting DLD devices 

 

 

Figure S8: Sorting DLD devices having only five inlet streams and five outlet reservoir. 
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8. Videos 
A selection of the videos of the results are available at: bit.ly/ElectrokineticDLDVideos (case 

sensitive) 

• Polystyrene beads: 

o “Sulphate2 (red) – Carbox2 (green) - 100 Hz.avi”: real-time, colour-coded video showing 

the separation of the Sulphate #2 (red) and Carboxylate #2 (green) beads at the end of 

the DLD array having DC = 2.8 µm. The result has been plotted in Figure 3. 

o “Oscillation of beads – 100 Hz (red) – 500 Hz (green) – 5000 Hz (white).wmv”: colour-

coded, slow motion video showing the oscillation of the same type of bead at different 

frequencies, when an AC voltage was applied along a DLD device (no pressure applied).  

• Yeast cells:  

o “50 mS_m - 0 Vpp - 1d2 mBar - 2x.wmv”: viable (transparent) and non-viable (dark) 

yeast cells exiting at the end of a DLD array having 𝐷𝐷𝐶𝐶 = 5.1 𝜇𝜇𝑚𝑚. The video was cut out 

from the original video used to produce the first graph of Figure 5c (main text) and sped 

up 2 times. The original video is 10 times longer. 

o “50 mS_m - 20 kHz - 300 Vpp - 1d2 mBar - 2x.wmv”: similar to the previous video, but 

an AC voltage of 20 kHz, 300 VPP was applied. The video was cut out from the original 

video used to produce the second graph of Figure 5c (main text) and sped up 2 times. 

The original video is 7.5 times longer. 

• E. coli: 

o “100 mS_m - 20 mBar - Inlet.wmv”: viable (green) and non-viable (orange) E. coli 

bacteria entering a DLD array having 𝐷𝐷𝐶𝐶 = 1.24 𝜇𝜇𝑚𝑚. The video was recorded in real-

time using the Exmor USB colour camera. In the same experiment, the Andor Neo 

monochrome camera was used to obtain the videos from which the results were processed 

and plotted in the first graph of Figure 6b (main text). 

o “100 mS_m - 20 mBar - Outlet.wmv”: similar to the previous video, captured at the 

outlet. 

o “100 mS_m - 20 mBar - 138 Vpp - 1Hz - Outlet.wmv”: video captured at the outlet, with 

an AC voltage applied. Separation of viable and non-viable cells is visible. 
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� Fractionation of the human bacterial
pathogen, Streptococcus pneumoniae,
into subpopulations based on
morphological type.

� The results open up for detailed
studies of the association of
morphology and virulence mecha-
nisms among bacteria.

� The fractionation tool is based on
microfluidics and deterministic
lateral displacement.
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a b s t r a c t

Using Deterministic Lateral Displacement devices optimized for sensitivity to particle length, we separate
subpopulations of bacteria depending on known properties that affect their capability to cause disease
(virulence). For the human bacterial pathogen Streptococcus pneumoniae, bacterial chain length and the
presence of a capsule are known virulence factors contributing to its ability to cause severe disease.
Separation of cultured pneumococci into subpopulations based on morphological type (single cocci,
diplococci and chains) will enable more detailed studies of the role they play in virulence. Moreover, we
present separation of mixed populations of almost genetically identical encapsulated and non-
encapsulated pneumococcal strains in our device.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Streptococcus pneumoniae

Streptococcus pneumoniae is a major human pathogen respon-
sible for over a million deaths per year worldwide. The gram-
positive S. pneumoniae is a round-shaped bacterium (coccus) that

grows as a mixed population of various morphological types: single
cocci, diplococci and chains of various lengths (Fig. 1). It is a com-
mon colonizer of the nasopharynx of preschool children but is also
the causative agent of various invasive diseases such as pneumonia,
septicemia and meningitis [1]. The different cell arrangements
(single cocci, diplococci and chains), are thought to contribute
differently to virulence and colonization. Previous studies show
that long chains promote adherence to human lung epithelial cells
in vitro and in colonization in a mouse model [2] while short chains
better evade the complement, a component of the immune system
[3]. One of the main virulence factors of S. pneumoniae is its
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polysaccharide capsule that surrounds the bacterium [4]. More
than 97 capsular serotypes of S. pneumoniae have been described to
date, some of which are predominately associated with invasive
disease or with colonization [5,6].

1.2. Microfluidics separation - deterministic lateral displacement

Deterministic Lateral Displacement (DLD) [7] is a microfluidic
separation technique that has been applied to the label-free and
continuous sorting of various biological particle systems. DLD de-
vices contain ordered arrays of obstacles through which particles
flow, see Fig. 2. As particles flow through the device, interactions
with the obstacle arrays cause them to follow trajectories that
depend on a combination of their size [7,8], shape [9e14],
deformability [9,15,16] and dielectric properties [17]. Typically, the
relative effects of these particle parameters on the particles' tra-
jectories are determined by array parameters such as inter-obstacle
distance and array tilt angle [7,8,18,19], obstacle shape [13,20,21]
and device depth [9e11]. Tweaking these array parameters at the
design stage allows us to choose which particle property (or
properties) will dominate the particle behaviour and allows us to
perform separations accordingly.

1.3. DLD for S. pneumoniae separations

Gaining a deeper understanding on how different

morphological types contribute to the virulence of S. pneumoniae
requires their separation into individual subpopulations. We
designed DLD devices with the aim of sorting cultured
S. pneumoniae cells into subpopulations based on cell size and
morphological type, something that is otherwise impossible to
achieve as this organism naturally grows as a mix of these
morphological types. Ranjan et al. [12] showed some difference in
the behaviour of differently shaped bacteria in DLD, using examples
of cocci, coccobacilli and bacilli cells. They used H-shaped pillars
and looked at how the rotation of single cells affected their tra-
jectories. Many important human pathogens such as Streptococcus
pneumoniae, Staphylococcus aureus and Neisseria meningitidis do
not grow as single cells and are rather found in pairs, clusters or
chains. We have previously separated trypanosomes (long thin
microorganisms) from red blood cells (discoid cells) using DLD
[10,11]. While hard spheres move in one of two trajectories deter-
mined by their diameter, long, thin particles (such as trypano-
somes) move in a variety of modes with various rotational and
morphological effects contributing to their trajectories, see Fig. 3.
We used a similar approach here in designing a device that would
be sensitive to different morphological types. We used the non-
encapsulated S. pneumoniae strain R6 and the closely related
encapsulated serotype 2 strain D39. Both are reference strains used
asmodels for studying pneumococcal genetics and pathogenesis. In
our device we separated genetically identical bacteria into
morphological subpopulations and genetically similar strains from
one another based on the presence of a capsule.

2. Methods

2.1. Device design

Our device was designed to focus a bacterial sample stream and
collect 5 fractions that are laterally displaced by varying amounts,
see Fig. 2 and the ESI for more details. The DLD array has circular
posts with a diameter Dp ¼ 12 mmwith a gap width G ¼ 4 mm. The
period of the array N ¼ 23. This gives us the critical diameter [18]:

DC ¼ 1:4� G� N�0:48 ¼ 1:24 mm

The critical diameter was designed to be larger than single cocci
(e1 mm) but smaller than the length of diplococci and chains. The
depth of the device was chosen to bee10 mm. Based on our previous
experience of the behaviour of long thin particles in DLD devices we
expected this depth to increase the effective size of the chains such

Fig. 1. Morphology of pneumococcal cells. (A) Phase-contrast micrograph of
S. pneumoniae R6 (a non-encapsulated strain) showing i) single coccus ii) diplococcus
and iii) chain of 4 cells (next to a diplococcus). (B) Definitions of different morphologies
used in this work.

Fig. 2. Overview of a DLD device fabricated in PDMS. (A) and (B) DLD devices consist of pillar arrays through which particles flow. (C) Devices are fabricated in PDMS using replica
moulding and bonded to glass slides. Tubes are attached to reservoirs and overpressure applied to both inlet reservoirs to generate flow. Separated fractions can be collected in the
outlet reservoirs. (D) The mechanism of DLD causes particles to follow trajectories that depend primarily on their size and shape. (E) In this device 1.1 mm and 2.1 mm polystyrene
beads are input into the array. The two different sized bead populations are completely separated and can be collected at different outlets (see ESI for more details).

J.P. Beech et al. / Analytica Chimica Acta 1000 (2018) 223e231224



that longer chains become more displaced than shorter chains,
diplococci and single cocci of the same width.

The geometry of the DLD array and the positions of the outlet
reservoirs were chosen such that the non-displaced fraction would
be collected in reservoir 1, the fully displaced fraction (for hard
spheres this would be the fraction with a diameter > Dc ¼ 1.24 mm)
would be collected in reservoir 5, and reservoirs 2e4 would collect
the fractions with intermediate displacements.

2.2. Device fabrication

L-Edit 11.02 (Tanner Research, Monrovia, CA USA) was used for
device design and photolithographic masks were ordered from
Delta Mask (Delta Mask, Enschede, The Netherlands). Masters for
replica moulding were fabricated in SU8 (SU8-2010, Microchem
Corp., MA, USA) spun onto 300 silicon wafers using UV-lithography
(Karl Suss MJB4, Munich, Germany). After treatment of the mas-
ter with an anti-adhesion layer of 1H,1H,2H, 2H-per-fluorooctyl-
trichlorosilane (ABCR GmbH & Co. KG, Karlsruhe, Germany) [22] to
facilitate demoulding, replicas were created in PDMS (Sylgard 184,
Dow Corning, Midland, MI, USA) by standard replica moulding [23].
PDMS casts were oxygen plasma bonded to microscope slides spun
with a thin layer of PDMS (Plasma Preen II-862, Plasmatic Systems
Inc., North Brunswick, NJ, USA) to obtain devices with all internal
surfaces consisting of PDMS. To prevent the sticking of cells to the

internal surfaces of devices, their surfaces were treated immedi-
ately after bonding by filling the devices with 0.2% (w/v) PLL(20)-g
[3.5]-PEG(2) (SuSoS AG, Dubendorf, Switzerland) in deionized
water and allowing them to rest for at least 20 min before flushing
themwith deionized water for another 20 min. Silicon tubing with
3 mm inner and 5 mm outer diameter (228e0725 and 228e0707,
VWR International LLC, Radnor, PA, USA) were glued (Elastosil A07,
Wacker Chemie AG, Munich, Germany) onto the devices as
reservoirs.

2.3. Experimental setup

Flowwas generated in the device using an overpressure applied
at the inlets with an MFCS-4C pressure controller (Fluigent, Paris,
France) and the outlet reservoirs kept at ambient pressure. All
images were taken through (1) An inverted Nikon Eclipse Ti mi-
croscope (Nikon Corporation, Tokyo, Japan) with an Andor NEO
sCMOS camera (Andor Technology, Belfast, Northern Ireland) and
Lumencor SOLA light engine™ (Lumencor Inc, OR, USA) with a FITC
filter, or brightfield and (2) an inverted Nikon Eclipse Ts2 micro-
scope (Nikon Corporation, Tokyo, Japan) with built in GFP opti-
mized epifluorescence filter, or brightfield, and an Exmor USB 3.0
monochrome industrial camera (USB29 UXG M). In both cases 10x
(Nikon, 0.25 NA, 7.23 WD), 20x (Nikon 0.40 NA, 3.9 WD), 60x water
immersion (Nikon, 1.00 NA, 2.0 WD) or 100x oil immersion (Nikon
1.25 NA, 0.23 WD) objectives were used. All movies were acquired
at 10 frames per second.

2.4. Bacterial strains, growth conditions and sample preparation

Streptococcus pneumoniae strains R6, R6 hlpA-gfp_Camr

(BHN1226) and D39 hlpA-gfp_Camr (BHN1224) were grown in
blood agar plates and incubated overnight at 37 �C in 5% CO2.
BHN1224 and BHN1226 were constructed by transforming a PCR
product containing the hlpA-gfp_Camr locus [24] provided by J.-W.
Veening into D39 and R6 as described in Ref. [24]. In order to
minimize the adhesion of bacteria to the DLD device, cells were
scraped from the plates and resuspended in a PBSþ1% BSA solution
at a final optical density (OD) of 1 (measured at 620 nm). Thanks to
the surface coating of PLL-g-PEG (see above) we were able to run
separations for several hours without any problematic clogging.

2.5. Hydrocarbon adherence assay

Pneumococcal surface hydrophobicity was determined by bac-
terial adherence to hexadecane as described elsewhere [25]. Briefly,
three 5 mL cultures of each strain were grown to mid-log phase in
Todd-Hewitt Broth supplemented with 0.5% Yeast Extract (THY),
collected by centrifugation, washed twice and resuspended in 1 mL
of PBS. The OD620nm was measured and used as the control value
(C0). 200 mL of hexadecane was added, the mixture was vortexed
for 1 min and the phases allowed to separate. The OD620nm of the
aqueous phase was measured (CH). The percent hydrocarbon
adherence (HA) was calculated as: HA ¼ [(C0 - CH)/C0] x 100.

2.6. Bacterial cell count and viability

For counting bacterial cells, serial dilutions of the input sample
and the fractions collected in the outlet were prepared in PBS. 10 mL
of each dilution was spotted on blood agar plates and plates were
incubated overnight at 37 �C in 5% CO2. Colony forming units (CFU)
were counted manually and the bacterial concentration (CFU/mL)
was calculated. The impact of passage through the DLD device on
bacterial cell viability was determined by counting the number of
viable cells in the input sample and in each outlet. Survival was

Fig. 3. Principles of sorting bacteria by morphology. (A) Displacement is a function of
both cell width and chain length, longer particles are displaced more and fractions are
generated at the device outlets. (B) Strains that grow in differing chain lengths can be
separated. The presence of a capsule also affects trajectories (black colour illustrates
non-encapsulated and red colour encapsulated cells). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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expressed as the percentage of cells of the input sample recovered
in the outlet. Survival was measured repeated twice with different
input samples.

2.7. Bacterial cell size analysis

Size measurements of R6 and D39 cells were performed on
microscopy images taken of the cells mounted on a standard mi-
croscope slide under a cover slip using a 100� oil immersion
objective. A full description of the process can be found in the ESI.

2.8. Counting morphological types in separated fractions and
unsorted samples

Separation results were determined by visual inspection of the
cells collected in the outlet reservoirs of the device or from samples
prior to separation. For counting in the outlets, images of 10se100s
of cells in each reservoir were randomized and analysed in a blind
fashion (no knowledge of reservoir number) by experienced mi-
crobiologists. The microbiologists gave the cells the designation

single cocci (for single cells), diplococci (for two cells attached
together), or chains (for strings of 3 attached cells or more). The
data was then compiled and plotted. More details can be found in
the ESI. For experiments on the separation of R6 and D39 the
fluorescence of the D39 cells was used to distinguish between the
two strains.

3. Results

3.1. Morphology of S. pneumoniae

The D39 strain was found to have somewhat wider
(1.09 ± 0.13 mm) and longer (1.43 ± 0.17 mm) cocci than R6
(0.92 ± 0.13 mm) and (1.32 ± 0.18 mm) respectively. D39 was also
found to build longer chains (4.82 ± 1.17 mm) than R6
(3.78 ± 1.37 mm) in the culturing conditions used. The width and
length distributions (irrespective of morphology) for the two
strains are shown in Fig. 4A and B. Fig. 4C and D shows a breakdown
of lengths for the different morphological types (single cocci,
diplococci and chains). Interestingly there are significant overlaps

Fig. 4. Cell-size measurements. (A) Length of R6 and D39 cells. (B) Width of R6 and D39 cells. Each point represents a measured cell from 146 (R6) and 226 (D39) data points. The
means are statistically different, based on an unpaired t-test analysis. The red lines represent the average and standard deviations for each group. (C) Length of R6 single cocci,
diplococci and chains. (D) Length of D39 single cocci, diplococci and chains. Average and standard deviations are indicated. Red boxes indicate the overlap in sizes between different
morphological types. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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between the sizes of cocci and diploccoci, and diploccoci and chains
for both D39 and R6. These differences might be due to cells being
in various states of their replicative cycle and to variations in
nutrient availability during growth andwill be discussed in relation
to the separation results in sections 3.5 and 3.6 below.

3.2. Surface properties of S. pneumoniae

Using a hydrocarbon adherence assay a previous study [25]
showed that D39 and one of its non-encapsulated variant had
significantly different hydrophobic characters, where the non-
encapsulated strain was shown to be significantly more hydro-
phobic. We performed the same assay to confirm that we observed
the same properties in our strains. As expected, the non-
encapsulated strain R6 displayed much higher hydrophobicity
(42.4 ± 2.10% adherence) than the encapsulated D39 strain
(2.7 ± 0.16% adherence). These results corroborate the previously
published data [25] and indicate that R6 and D39 could potentially
be affected by different interactions with the device during
separation.

3.3. Viability

We assessed the viability of two bacterial cell samples run
through a device and collected during 2.5 h. We diluted the sample
in the outlet and plated the bacterial cells on blood agar plates.

Viability of both samples was >87%.

3.4. Sample recovery and throughput

We assessed the number of bacterial cells that could be recov-
ered in the 5 outlets of our device by plating the samples recovered
on blood agar plates and counting the CFU. After a 3-h run, during
which the device was maintained upside-down (this facilitates
sample recovery), we recovered between 15 and 1850 bacterial
cells in the different outlets (specifically, outlet 1: 260; outlet 2:
250; outlet 3: 1850; outlet 4: 37; outlet 5: 15), in total 2412 bacterial
cells. We estimated the volumetric throughput to approximately
1.0 mL/h based on measurements of the flow velocity of fluorescent
beads in the device.

3.5. Chain length separations

For the non-encapsulated strain R6, specific morphological
types were enriched in the different outlets of the device. Single
cocci showed zero displacement and were enriched in outlet 1,
whereas chains showed the most displacement and were enriched
in outlet 5 (Fig. 5A). Diplococci, however, were found in all outlets
(see discussion below in section 4). For the D39 strain results were
similar (Fig. 5B). With both strains we significantly enriched single
cocci and chains in outlets 1 and 5, respectively, when compared to
unsorted samples (Fig. 5C and D).

Fig. 5. Distributions of single cocci, diplococci and chains in outlet reservoirs after separation and in unsorted samples. (A) Distribution after separation, R6. Microscopy pictures of
representative R6 single cocci, diplococci and chains in different outlets of the device are shown. (B) Distribution after separation, D39. Asterisks indicate that no chains were found.
Distribution of each morphological type in unsorted R6 (C) and D39 (D) samples. Ratios were calculated by dividing the number of cells of each morphological type by the total
number of cells in each sample or outlet.
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3.6. Separation of R6 and D39

As shown in Fig. 6 the pneumococcal strains R6 and D39 could
be separated. The majority of the D39 cells were displaced into
outlet reservoirs 4 and predominantly 5, whereas almost all R6
were collected in reservoirs 1 to 3.

4. Discussion

Our device separates pneumococcal strains into morphologi-
cally different fractions. It is able to do this for both strains tested,
R6 and D39, but the same approach should work for any bacteria
that grow in chains, or indeed any long thin cells or particles. The

mechanism of separation differs from that of hard, spherical par-
ticles that are bimodally separated into two fractions, one smaller
than the critical size and one larger. Non-spherical entities move
through the DLD array in a variety of modes, see Fig. 7, that lead to
trajectories between zero displacement and maximum displace-
ment. As shown in Fig. 7A, a diplococcus can move with zero
displacement, despite one of its dimensions (length) being greater
than Dc. This is due to a rotation of the cells (e180� per row) that
ensures that this dimension aligns with the flow and that the
smaller width of the cells defines the effective size, which in this
case is smaller than Dc. Fig. 7B and C shows a slightly larger
diplococcus and a chain of 6 cells being displaced. In both cases the
cells rotate 180� between each post in a motion that is reminiscent

Fig. 6. Separation of R6 and D39. (A) A scanned image of the entire DLD array taken during a separation experiment. The mean trajectories of the fluorescent D39 cells can be seen.
Note that the image is compressed in the x-direction. The length of the device is 9.5 mm and the width is 0.4 mm. (B) D39 cells predominantly exiting the device into outlet 5. (C)
Fluorescent images taken in reservoirs show D39 cells. (D) In brightfield both R6 and D39 can be seen. (E) Strains can be identified by comparison of fluorescence and brightfield
images. (F) Ratio of non-encapsulated (R6) and encapsulated (D39) cells in each of the 5 outlets of DLD device 8. Ratios were calculated by dividing the number of cells of each strain
by the total number of cells in each outlet. Asterisks indicate that no D39 cells were found.
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of a flick-flacking gymnast and has been called the flipping mode.
Fig. 7D shows another mode that is common for very long and
flexible particles. In this case a chain of 8e10 (narrow depth of focus
compared to the length of the chain makes it hard to determine
exactly) is bent into a parachute shape. Locked in this orientation
the chain has the largest possible effective size. Fig. 7E shows a bent
chain but in this case it appears to be too short or too bent to move
in the parachute mode. The bent chain can be seen to rotate and
move in the flipping mode. The movies from which the images in
Fig. 7AeE were extracted can be found in the ESI.

The reason that a distribution of morphologies can be generated
in a device with only two size-dependent modes can be understood
in the following way. Long particles move in a variety of modes

(flipping, parachuting), some of which cause displacement and
some of which do not. The DLD array is long and a particle will
sample several modes during transit through the device. Transi-
tions from one mode to another can be triggered by random fluc-
tuations of particle shape, by bending due to viscous forces, by
interactions between particles or possibly by local fluctuations in
the fluid flow. The wider or longer a particle is, the more likely it is
to spend time in modes that lead to displacement and the greater
the accumulated displacement will be at the end of the device as
illustrated in Fig. 7F. This is evident in the greater displacement of
the marginally larger D39 cells compared to the R6.

It is interesting that diplococci were found in all outlets in the
experiments done with both R6 and D39. We were expecting some

Fig. 7. Different transport modes for long thin particles in DLD. (A-E) Show a selection of the most common modes of transport for rod-like particles through the array (these images
are extracted from movies that can be found in the ESI). (F) While hard spherical particles move in either displacement or zero displacement modes, rod-like diplococci and chains
are distributed between the two based on length.
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overlap in the populations of cocci and diploccoci and of diploccoci
and chains based on the size measurements shown in Fig. 4C and D
where the sizes are seen to overlap. Upon analysis of the sizes of
diplococci we found that we had actually separated the diplococci
into size-based sub-populations. This difference in size was seen in
the individual cells making up all morphological types (Figure S4 in
the ESI). This size difference can likely be attributed to the cells
being in various stages of their replicative cycle, or to varying levels
of access to nutrients during growth. We can conclude that our
approach has the power to resolve small differences in cells
belonging to the same morphological type.

While we are able to greatly enrich the concentration of cocci in
reservoir 1 and chains in reservoir 5 the presence of the diplococci
is a problem. The performance of the device could be improved by
emphasizing the purity of only one fraction. By increasing the size
of the gaps in the array, diplococci would be less likely to displace
than longer chains and purity could be improved. Conversely if a
more pure fraction of cocci were required then a small decrease in
the gap would cause diplococci to displace more and the purity of
cocci would be improved. In both cases increasing the length and
width of the array (with all other array parameters unchanged)
would also improve separation since the probability that two
morphologically different particles follow the same trajectory
would decrease with the length of the path. A longer, wider device
would also have space for a greater number of outlets and therefore
a greater number of distinct populations could be resolved and
collected.

The two strains of S. pneumoniae, R6 and D39, are almost
genetically identical except for the presence of the capsule and a
fluorescent marker: R6 (non-encapsulated, non-labeled) and D39
(capsulated, GFP-labeled). Despite this seemingly small difference
the separation of the two strains was extremely efficient in our
device, as can be seen in Fig. 6. While the separation results shown
in Fig. 5 show that for each strain the different morphologies are
distributed in all outlets this figure only shows the ratios of mor-
phologies in each outlet, not the absolute number, which is harder
to determine. The separation in Fig. 6 can be explained by a com-
bination of the cell sizes and the distribution of morphologies for
the two strains. Individual D39 cells are larger than R6 cells, as
shown in panels A and B of Fig. 4 and, as can be seen in panels C and
D, there is a much higher prevalence of larger diplococci and chains
present for the D39 than the R6 strain. It is also possible that pa-
rameters other than size could influence the behaviour of the
strains. It is unknown whether the mechanical properties of the
diplococci and chains, specifically the stiffness, differs between the
two strains. Further studies will show whether our method is
sensitive to the rigidity of long particles or not but since DLD has
been shown to be sensitive to the deformation of other particles
[9,15], this is quite likely to be the case. What is more, as discussed
in section 3.2, as measured by the hydrocarbon adherence assay,
the presence of the capsule affects the hydrophobicity of the cells.
Cells of the non-encapsulated R6 strain are much more hydro-
phobic than the capsulated D39 cells. Again, further studies will
show whether hydrophobicity plays a role in the separation, or if it
can be leveraged as a separation parameter. Here it is interesting to
note that interactions between particles and posts, other than hard
steric interactions, have been shown to greatly affect particle
behaviour in DLD devices [17,26].

To summarize, Fig. 8 shows, by way of an illustration of a sep-
aration phase diagram, an overview of how our device works. Hard
spherical particles fall along the diagonal line and are, if we neglect
diffusion, either displaced (red zone) or not (green zone). Defor-
mation causes particle to move away from the diagonal. Very
deformable particles are able to move through the device even if
they are larger than the gaps between the posts. Near to the critical

size Dc trajectories are more likely to be sensitive to effects such as
diffusion, particle post interactions and any other applied force,
intentional or not. For long thin particles, even if they are narrow
enough to theoretically move with zero displacement, the
increasing length leads to higher probabilities that they spend time
in modes that are associated with displacement.

5. Conclusions

We have shown the separation of cultured, pathogenic pneu-
mococcal cells into fractions predominantly defined by their mor-
phologies. We can enrich for single cocci or chains of 3 cells or
longer and we describe strategies for the further improvement of
future devices. We show the separation of two genetically similar
strains, non-encapsulated R6 and encapsulated D39, based on small
differences in size, possibly due to the presence of the capsule, and
on differences in chain length. We successfully demonstrate
collection of viable cells after sorting. While the throughput is
moderate in this work, we expect it to be quite straightforward to
increase the throughput to the levels necessary for detailed bio-
molecular studies of the resulting fractions by careful optimization
of the device parameters, using wider devices, larger spacing be-
tween posts and parallelization. Overall, we believe that our work

Fig. 8. An illustration of a separation phase diagram for a DLD device. On the axis are a
and b, particle width and length. Dc,sphere is the critical diameter in the device (the
diameter at which a switch in trajectory occurs for hard spherical particles) and G is
the gap between posts. The diagonal shows the bimodal separation of particles with
a ¼ b < Dc,sphere from those with a ¼ b > Dc,sphere. The coloured quadrants show i)
Green, no displacement for particles with a,b < Dc,sphere. ii) Red, full displacement for
particles with a,b > Dc,sphere. iii) Green/Red, mixed modes for a or b > Dc,sphere. As either
a or b increases the trajectory of the particle approaches full displacement. The red
area at top right (a,b > G) is unavailable for hard particles that are unable to pass
between posts. However for deformable particles transit through the array is possible.
Deformable particles become less spherical upon deformation and move away from
the diagonal. This can cause them to move from the displacement to non-displacement
modes. The blue dashed line illustrates where particles with a or b close to Dc,sphere are
sensitive to the effects of perturbations, particularly those arising from forces with a
component perpendicular to the flow direction such as diffusion or non-steric in-
teractions with posts.
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will allow us to study virulence factors that have hitherto been
difficult to study. What is more, our approach is not limited to the
study of bacterial chains but opens up for separation of any high
aspect ratio particles such as parasites and inorganic structures.
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Figure S1. Device parameters. (A) An overview of the device taken from the mask design file. The blue circles 
indicate where inlet and outlet reservoirs are attached. (B) The DLD array dimensions. (C) The dimensions of the 
array itself and how they combine to give a give a critical diameter for particle separation. 

 
1. DLD device parameters 

Figure S1 gives an overview of our device parameters. Figure S1A shows the overall 
design with inlet and outlet channels. One of the inlet channel is denoted the sample 
inlet and the other the buffer inlet. The blue circles denote the positions of reservoirs 
that are attached to the PDMS/glass device. Figure S1B shows the dimensions of the 
separation array and Figure S1C shows the DLD array parameters.  
Our device has gap width G = 4 µm and post diameter Dp = 12 µm. The center-to-
center distance of the posts is given by λ = G + Dp = 16 µm. Each row is shifted by 
Δλ  =  0.7 µm and the period of the array N = λ/Δλ = 23. Using the equation for the 
critical diameter given by Davis [1]: 

𝐷! = 1.4×𝐺×𝑁!!.!" = 1.24  𝜇𝑚 

In order to test the device we first ran an experiment with fluorescent polystyrene 
microspheres 1.1 µm and 2.1 µm in diameter. A mixture of the two bead types in 
0.1% SDS (to prevent adhesion of particles to the surface of the device) was 
introduced into the device via the sample inlet and a water solution of 0.1% SDS into 
the buffer inlet, both at 30 mBar. 400 frames @ 20 fps were captured using different  
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fluorescence filter sets to image each microsphere type individually. Averages were 
then created to show the trajectories of the particles. Colourised images of the 
particles at the beginning and end of the device are shown in Figure 2 of the main 
text. The 1.1 µm beads show zero displacement and the 2.1 µm beads are displaced 
by the maximum amount possible in this particular device geometry. We can 
conclude therefore that the critical size in the device lies between 1.1 µm and 2.1 µm. 
Due to lack of suitable sizes of microspheres we did not determine the exact critical 
size in the device. However, we conclude from our initial characterisation that the 
critical size in the device (in relationship to the size of the bacteria we are interested 
in) is in the correct range. 

The depth of the device is 9.8 µm. 
 

2. Morphology - Analysis of separated fractions 
Separation results were determined by visual inspection of the cells collected in the 
outlet reservoirs of the device. Separations were run until the concentration of cells in 
the reservoirs was sufficiently high to obtain statistically significant results but low 
enough that individual cells could be identified. Movies of 200 frames were taken 
with a 60x long-working distance objective (Nikon, NA 1.00, WD 2.0). The focus 
was moved up and down slowly during the movie, which makes it easier to determine 
the morphology of cells that do not lie perfectly in the image plan. At least 4 movies 
per outlet reservoir were taken for each separation experiment with 10s to 100s of 
cells per movie. The movies were designated random names and then analyzed in a 
blind fashion by experienced microbiologists (coauthors: GG and VO). The 
microbiologists gave the cells the following designations: single cocci (for single 
cells), diplococci (for two cells attached together), or chains (for strings of 3 attached 
cells or more). The data was then compiled and plotted. 

 
3. Cell size measurements 

Size measurements of R6 and D39 cells were performed on microscopy images taken 
of the cells mounted on a standard microscope slide under a cover slip using a 100x 
oil immersion objective (Nikon 1.25 NA, 0.23 WD). The width and total length of 
units (cocci, diplococci and chains) was measured used NIS Elements software, as 
shown in Figure S2A. The pixel size was calibrated using an image of a ruler with 10 
µm gradations using the same optical setup, Figure S2B. Cells appear larger when 
below or above the focal plane. In order to avoid errors due to this effect only in-focus 
cells were measured. Cells were deemed in-focus when they appeared dark with a 
minimal bright ring as shown in Figure S2A, inset, and the dark areas can be 
considered as the silhouettes of the cells where cell size can be measured, which can 
be confirmed in the superimposition of the bright field image and the fluorescence 
image of some R6-gfp bacteria in Figure S2C, where the green areas match with the 
dark areas in size. 
To measure the width and the length of a cell, two pairs of parallel lines are 
positioned right at the boarder of the dark area of such cell, as shown in the inset of 
Figure S2A. If the cocci of a diplo or a chain did not line up, the length of each coccus 
were measured and then added up. 

11
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Figure S2. Cell-size measurements. (A) Both R6 and D39 were imaged on a microscope slide with a 100x oil 
immersion objective (Nikon 1.25 NA, 0.23 WD). To ensure that only cells in the correct focal plane were included, 
only those that appear dark with a small bright outlet were measured. (B) The pixel values were converted to 
lengths after calibration based on imaging of a ruler using the same imaging setup. (C) Superimposed bright field 
and fluorescence images of R6-gfp. 
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4. Hydrocarbon adherence assay 

 
Figure S3.  Pneumococcal surface hydrophobicity was determined by bacterial adherence to hexadecane as 
described elsewhere [2]. Bars represent the average of three measurements made on three cultures and standard 
deviations are indicated.  

 
5. Size variation of diplococci in sorted fractions 

 
Figure S4. Size variation in sorted fractions of diplococci. 

	  
6. Movies 

The movies in the ESI show the dynamics of the bacteria as they move through a 
device. They correspond to Figure 7A-E in the main text. 
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We present the use of capillary driven flow over patterned surfaces to achieve cheap and simple, but pow-

erful separation of biologically relevant particle systems. The wide use of microfluidics is often hampered

by the propensity for devices to clog due to the small channel sizes and the inability to access the interior

of devices for cleaning. Often the devices can only be used for a limited duration and most frequently only

once. In addition the cost and power requirements of flow control equipment limits the wider spread of

the devices. We address these issues by presenting a simple particle- and cell-sorting scheme based on

controlled fluid flow on a patterned surface. The open architecture makes it highly robust and easy to use.

If clogging occurs it is straightforward to rinse the device and reuse it. Instead of external mechanical

pumps, paper is used as a capillary pump. The different fractions are deposited in the paper and can subse-

quently be handled independently by simply cutting the paper for downstream processing and analyses.

The sorting, based on deterministic lateral displacement, performs equivalently well in comparison with

standard covered devices. We demonstrate successful separation of cancer cells and parasites from blood

with good viability and with relevance for diagnostics and sample preparation. Sorting a mixture of soil and

blood, we show the potential for forensic applications.

Introduction

Cell separation is a critical process in cell biology, disease di-
agnostics and prognosis. While standard techniques such as
FACS and MACS are widely used, there is a need to miniatur-
ize systems in order to minimize sample and reagent use,
simplify systems for the user, and integrate components into
comprehensive analysis tools. Depending on the exact appli-
cations, different types of microfluidic sorting schemes may
be utilized. Inertial1 and acoustophoretic methods2 give high
volumetric throughput but with a relatively low size resolution
and must be operated at low particle concentrations. Deter-
ministic lateral displacement (DLD) is a method of particle
separation, based on the continuous flow of particles through
an array of obstacles that exhibits exceptional resolution in
size-based separations.3 DLD has been used for cell and bio-
particle separations such as blood fractionation,4–8 trypano-
some enrichment from blood,9,10 cancer cell isolation11–13

and CTC cell cluster isolation from whole blood,14 DNA and
exosome separation,15 and the separation of cells based on
parameters other than size, namely shape and

deformability,16,17 and dielectric properties.18 Early theoretical
work by Inglis et al.19 and Davis et al.20 describing the critical
size in DLD arrays has been improved upon by studying the
effects of post shape.21,22 Further improvements to theoretical
descriptions have been made by considering other parameters
such as diffusion,23 dynamical properties,17 and alternative
trajectories through DLD arrays.23–25 Being a passive method
its basic operation does not require any application of exter-
nal fields, like those used in acoustophoresis, and because it
functions at high particle concentrations and low flow rates,
relevant throughput can be achieved without the pressures re-
quired to generate the high particle velocities needed for
inertial-effect based approaches. Even at high volume flow
rates (10 mL min−1) DLD has been shown to separate a variety
of cells with minimal effect on viability.12 Taken together,
these qualities make DLD our method of choice for the devel-
opment of a simple, cheap but effective approach to particle
separation.

Here we show that by removing the lid of the DLD devices
and using capillary flow we are able to perform separations,
equally powerful as those in closed devices, but with many
added advantages. While the benefits of open fluidics in gen-
eral26,27 and of capillary driven DLD has been demonstrated
previously,28,29 we here show proof of principle of their use-
fulness for sorting of biologically relevant particles not only
based on size but also based on morphology and dielectric
properties with relevance for e.g. medical diagnostics and
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Tel: +46 46 222 8063

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7lc00707h

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

0/
12

/2
01

8 
4:

20
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue



Lab Chip, 2017, 17, 3592–3600 | 3593This journal is © The Royal Society of Chemistry 2017

forensics. What is more, this can be done in devices that are
cheaper and easier to fabricate, since oxygen plasma and
bonding is not required, and also cheaper and easier to run
since pressure controllers are not required. A common limita-
tion of standard fluidics devices, based on sealed small chan-
nels, is a propensity to clog, especially when handling com-
plex samples. The difficulties to clean these closed devices
make them unsuitable for prolonged and repeated use. We
show that our open devices are easy to clean and reuse,
which together with the use of the paper capillary pumps fur-
ther contributes to the lowering of the costs. While standard
pumps and pressure control units are ultimately more versa-
tile, they are bulky, power consuming and expensive. We
show that paper capillary pumps are compatible with open
DLD devices allowing us to handle larger volumes than can
fit into a device alone, and that they have the added advan-
tage of doubling as sample collection substrates, further sim-
plifying downstream process steps and analyses.

Results and discussion
Device fabrication and assembly

Both open and closed devices are fabricated in PDMS using
replica molding on SU8 masters (see Materials and methods
section). The final step in fabricating closed devices is to
bond a glass slide to the PDMS cast and to then attach fluid-
ics connectors. Open devices are much simpler in that they
require neither of these two last steps. In order for the open
device to function, PDMS must be rendered hydrophilic using
e.g. oxygen plasma or, alternatively, prewetted by submersion
in water. Fig. S3† in the supplementary material shows an
overview of hydrophobic, hydrophilic and pre-wetted devices.
Pre-wetting is much simpler to perform and negates the re-
quirement of an oxygen plasma system, helping to keep the
method cheap and simple. When a device is submerged in
water the device features (channels and arrays) will fill with
water after 5 minutes. When the PDMS slab is removed from
submersion, water runs off of all flat areas and the only liq-
uid remaining is that which is trapped within the patterned
areas constituting the device. Sample can now be applied to
the inlets and paper to the outlets and the sample will flow
through the patterned areas of the device, confined to within
the defined height of the features.

DLD devices in open configuration

Fig. 1A and B show a typical configuration of a closed DLD
device. PDMS is bonded to glass to form closed channels and
a pump or pressure control unit is used to drive flow through
the device. As shown in Fig. 1C and D, our approach is to re-
move the glass lid and replace the pressure-driven flow with
capillary flow. Provided the channels are hydrophilic, any
aqueous solution placed at the inlet of the device will flow
into the channels until they are filled. For our typical DLD devices
(e.g. device 1, 20 mm length, 4 mm width and 24 μm depth, see
ESI,† Fig. S1) the array volume is approximately 1.1 μL.

To run the device, reservoirs are mounted at the device
inlets and tested for volumes up to 60 μL using the paper
capillary pump. At the beginning of the device there is a
transition in liquid height from the reservoir to the bulk of
the separation array. In this transition zone the sample
flows across the top of the array, but the liquid height falls
to that of the posts within 1–5 mm. Fig. 1D shows how we
are able to maintain a stable, laminar flow (of red and blue
food dye in this case) in the device using the paper capil-
lary pump. The figure also shows how the fluids are col-
lected in the paper. The resulting flow rates are measured
to be 71 ± 19 nL s−1, which is comparable to what we
achieve with an applied pressure of 21 mBar in a corre-
sponding closed device. This also compares well with a
closed device driven by a paper capillary pump.

The liquid in the reservoirs gives a hydrostatic pressure
that is less than 1 mBar and is therefore negligible in com-
parison with the equivalent driving pressure in a closed de-
vice. The result is that the liquid is pulled through the device
by the negative pressure imposed by the capillary pump, min-
imizing any liquid build-up on top of the posts.

To estimate the liquid profile along the device we resorted
to three approaches. Direct imaging (Fig. 2A and B) indicates
that the liquid is indeed thicker at the beginning of the de-
vice close to the reservoirs and that it levels out rather
quickly away from the reservoirs. Confocal imaging supports
the conclusion giving a direct view of the profile (Fig. 2C–F).
Finally we studied the flow in the channels. We measure the
velocities of the flow (Fig. S4B†) and combine that with the
cross sectional area of the device based on the design param-
eters to obtain a value of the volumetric flow. The resulting
flow rate is consistent with what we obtain in direct measure-
ments of the volumetric flow rate (Fig. S5†) and measure-
ments of the average flow by measuring the elapsed time

Fig. 1 Comparison of closed and open devices. (A and B)
Conventional closed device where fluid is confined inside channels in
a complicated setup of tubes and a pump or a pressure control unit.
(C and D) Open DLD without lid. In these devices the interplay
between surface tension and geometry keeps the fluid confined to the
separation array and a paper reservoir at the outlet maintains flow, via
capillary action, and collects the sample. We see, by observing the red
and blue food coloring, that the flow is laminar in both devices.
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between loading of a defined volume and the emptying of
the reservoirs (Fig. S4D†) suggesting that the liquid is indeed
filling the device to the top of the pillars. Note that there is a
trend of lower flow velocities close to the reservoirs, in line
with the local buildup of liquid on top of the post array that
we observe by direct inspection.

The throughput of the paper capillary pump driven device
is ultimately limited by the absorption rate of the paper. In a
very simplified but illustrative picture the paper capillary
pump can be viewed as a battery with an internal resistance
and a hydromotive force in analogy to standard electrical bat-
teries. If the external load is much less than the internal flow
resistance, the flow rate is limited by the internal resistance.
By measuring the flow rates in a free paper as well as a paper
connected to a device (Fig. S5†), we could estimate the inter-
nal resistance, 16 × 1012 kg s−1 m−4, which is within an order
of magnitude of the resistance of our closed devices, 30 ×
1012 kg s−1 m−4 (from Fig. S4†), and open devices 23 × 1012 kg
s−1 m−4 (from Fig. S5†). From these data we could also esti-
mate the hydromotive force to 32 mBar. Higher throughputs
can now be realized by decreasing the device flow resistance
through an increase in the depth of the devices or by using
paper pumps with higher absorption rates. While the flow in
narrow strips of paper follows the Washburn law30 such that

the flow rate is inversely proportional to the square root of
time, we use wider strips of paper where the liquid fans out
leading to a constant flow rate as shown by Mendez et al.31

To obtain specific volumes and flow rates as a function of
time, the paper capillary pumps can be programmed by
selecting appropriate geometries of the paper.32–34 Further
details on the flow generated in our open devices by the pa-
per capillary pump can be found in the ESI.†

In addition to the simplifications compared to standard
DLD devices we can demonstrate good separation perfor-
mance. Fig. 3B shows the separation of 3 μm and 7 μm poly-
styrene microspheres. The sample (a mixture of the two
beads) was placed in one inlet and buffer placed in the other.
As the sample stream flows through the device, in parallel
with the buffer stream, the mechanism of DLD causes the 7
μm particles, which are larger than the critical size, Dc, to be
displaced into the buffer stream while the 3 μm particles,
which are smaller than Dc remain in the sample stream. This
lateral displacement is caused by steric interactions between
particles and posts, which cause particles to move with a
component perpendicular to the flow direction. The net re-
sult is the continuous, spatial separation of particles, Fig. 3B,
in this case based on size. We also show here how the parti-
cles are collected in the paper, in regions divided by wax
lines, which we will return to below. Despite the lack of a lid
in our open DLD devices, flow is well defined and confined
to the pillar array, and high-resolution separations can be
performed fully comparable to those demonstrated for closed
DLD devices. Fig. 3C shows experimental comparison of 3 de-
vices and 10 particle sizes run in open configurations. Filled
circles show particles following the flow (as expected if they
are below the critical size) and open circles show those that
are displaced (above the critical size). These points fall on ei-
ther side of the expected critical size (indicated by red double
arrows) as calculated using the empiric expressions given by
Inglis et al.35 and Davis et al.20 for closed devices demonstrat-
ing good correspondence between particle behavior in open
and closed configurations.

Application areas – proof of principle

To show the applicability of open DLD devices to relevant
bio-separations, we tested separation of a range of relevant
bioparticles in different modalities, as described below.

Size-based separation. Deterministic lateral displacement
provides a powerful mechanism for highly precise continuous
sorting based on size. In addition to the size-based separa-
tion of polystyrene beads shown above (Fig. 3) we show the
separation of cells of higher biological relevance. Fig. 4A
shows the size-based separation of cells from a breast cancer
cell line (MCF7 cells with diameter 17.3 ± 2.1 μm) from eryth-
rocytes (red blood cells, RBC) (diameter 7.8 ± 0.6 μm) in an
open device with Dc = 10.7 μm (device 2, see ESI,† Fig. S1)
and Fig. 4B shows the size-based separation of white blood
cells (WBC) (diameter 12.2 ± 0.9 μm) and RBCs in a device
with Dc = 5.1 μm (device 1, see ESI,† Fig. S1). In both cases

Fig. 2 Images of aqueous fluids in an open DLD device. A)
Photograph of an aqueous solution of food color in an open device. B)
Close-up of the transition between the area where the fluid forms a
droplet and where it is confined to the post array. C) and D) 3d render-
ing and cross section, respectively, of confocal images of an aqueous
solution of FITC in the same device, taken near to the reservoir. The
drop formed by the reservoir can be seen to fall below the height of
the posts. E) and F) 3d rendering and cross section, respectively, at the
end of the device closest to the paper. The device is filled with liquid
but no liquid can be seen above the posts.
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the performance of the devices in the simpler open configu-
ration is equivalent to that of the same device with a lid and
pressure-driven flow.

Morphology-based separation. To leverage the differences
in morphology of bioparticles as a separation parameter,
DLD devices can be made in which the orientation of non-
spherical particles is controlled. In this way a specific aspect
of the shape can be selected to influence the effective size of
the particles.9,36 As in previous work, but now in the open de-

vice, we control the orientation of parasites to optimize their
separation from erythrocytes. In a 24 μm deep device 4
(Fig. 4C), both RBCs and parasites follow the flow, whereas
in a 9 μm deep device 5 (Fig. 4D) RBCs follow the flow but
parasites are displaced and separation is achieved based on
the same principle as was shown in ref. 9 and 36. Device pa-
rameters are shown in ESI,† Fig. S1.

Complex samples. We demonstrate the robustness of the
open DLD by introducing a mixture of soil and blood into a

Fig. 3 An overview of open DLD, device layout and typical results. (A) Particles are introduced via one inlet and buffer via the other. The
mechanism of deterministic lateral displacement pushes particles (yellow) larger than a critical size, Dc, from the sample stream to the co-flowing
buffer stream as they move along the device. Smaller particles (red) remain in the sample stream. (B) Paper is used both as a capillary pump and as
a method of sample collection. Here colored beads are visualized after separation and collected in zones in the paper pump defined with wax (yel-
low/green 7 μm and red 3 μm, black lines are wax). Time averaged images of fluorescent beads (green 7 μm and red 3 μm) in the beginning and
end of the device show the trajectories of the beads in the device, which lead to separation. Note the collection of particles in separate, wax-
delimited zones in the paper. (C) The behavior of open DLD devices is consistent with that of standard closed DLD devices. The red double arrows
indicate theoretical critical sizes for a conventional closed device based on Davis' estimate.20 The results for the open DLD are shown with filled
black circles for particles in zigzag mode (following the flow), and open circles for particles in displacement mode (displaced into the buffer
stream). The grey bars indicate the upper limit of the particle sizes as imposed by the gap sizes between posts.

Fig. 4 Cell and parasite sorting in open DLD devices. All images show plots of inlet distributions (to the left) and outlet distributions (to the right)
together with time-averaged micrographs of different cells moving through open DLD devices. The micrographs show the trajectories of the dif-
ferent cells in each case and the outlet distributions show the resulting separations. (A) Size-based separation of RBCs (red dots) and MCF7 cells
(green dots) (B) sizebased sorting of RBCs (red dots) and WBCs (green dots) (C) in a 24 μm deep device RBCs (green dots) and parasites (T. cyclops)
(red dots) have the same trajectories, but in a shallower device (9 μm deep) (D) they are separated. Scale bars 100 μm and 10 μm for the insets.
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device (Fig. 5). Soil sediments quickly and sticks in the sepa-
ration array, as can be seen in Fig. 5A, but this does not
cause the flow to stop. RBCs are still able to traverse the post
array and a soil free fraction of RBCs is readily collected in
paper at the end of the device (Fig. 5B).

A common challenge in microfluidics is the aggregation of
cells that often lead to clogging even with careful surface pas-
sivation. Using the open DLD we clearly demonstrate the re-
tention of cell aggregates of MCF7 cells while the individual
cells are collected at the end of the device (Fig. 5C and D).
While cell aggregates may be of interest in their own right,37

in many cases, such as in cell culturing, drug screening and
fluorescence activated cell sorting, it is often necessary to re-
move cell aggregates. Those experiments are conducted in de-
vice 3 with Dc = 14 μm (see ESI,† Fig. S1).

Application of electric fields

Electrokinetic effects can be utilized in DLD devices to widen
the scope and add specificities associated with the distribu-
tion of charge on the particles of interest as shown previously
by Beech et al.18 in closed DLD devices. We added electrodes
to the inlet and outlet reservoirs of a DLD device generating
an electric field in the device. The electric field lines were
“squeezed” between the insulating PDMS posts and field gra-
dients were generated near the post surfaces. Polarizable par-
ticles interacted with the field gradient and the resulting
dielectrophoretic (DEP) forces were used to modify the DLD-
based behavior and tune size-based separations. Because
there is no lid on an open device it is easy to access the fluid
at any point in the device, during a separation. In the exam-

ple shown in Fig. 6 electrodes are dipped into the fluid (KCl
with a conductivity of 24 mS m−1) and an AC electric field is
applied. In a closed device the electrodes are usually
mounted in the inlet and outlet reservoirs, which are 30 mm
apart in this device. Here we could easily place them 3 mm
apart allowing for the generation of much higher fields at a
given voltage. In Fig. 6B we see the effects of adding an elec-
tric field. In the absence of an applied voltage, 3.1 μm
sulphate-terminated polystyrene and 4.8 μm carboxy-
terminated polystyrene microspheres are following the flow
(zigzagging), which is to be expected in a device with a criti-
cal diameter of 5.1 μm (device 1, see ESI,† Fig. S1), showing
that the electrodes do not greatly perturb the flow. At 400 V
applied AC voltage (100 Hz) the 4.8 μm microspheres are
displaced and separation is achieved. At 700 V, all micro-
spheres are displaced.

Applying electrodes in this manner, rather than in the in-
lets and outlets, decouples the electrode geometry from the
flow geometry in a very simple way, giving us freedom to ap-
ply any number of electrodes in any pattern and at any angle
to the flow direction.

Sample collection and recovery

The paper at the end of the device functions not only as a
capillary pump but also as a sample recovery matrix from
which fractions can be cut in a manner similar to that shown
by Osborn et al.38 Filter paper with a thickness of 150 μm
and a pore size of 25–60 μm has excellent absorption. Liquid
reservoirs of the required volume can be defined using a wax
printer. The wax lines serve to maintain the separation of col-
lected fractions (Fig. 1, 3 and 7). Fluorescent samples with
good signal can be imaged directly in the paper with low
magnification (Fig. 3 and 7). For samples with lower, or no
fluorescent signal, higher magnification together with trans-
mitted light can be used to image cells. In Fig. 7 separated
MCF7 cells and RBCs are imaged inside the paper reservoirs.

Fig. 5 Sorting of complex samples in open DLD devices. Even if large
particles become trapped at the beginning of a device they do not
block the flow of liquid and smaller particles as they would in a closed
device. This allows extremely “dirty” samples to be analysed. A mixture
of soil and RBCs is introduced into an open device. Despite the large
amount of soil particles trapped at the beginning of the device (A), a
clean fraction of RBCs is collected at the end of the device (B). (C) &
(D) A combination of filtering and continuous separation of
suspensions of cells containing large clusters that would otherwise
block the inlets of a closed device.

Fig. 6 Combination of electrokinetics and open DLD. (A) With direct
access to the fluid it is straight-forward to position external electrodes
at any point in the device. Scale bar 3 mm. An AC field at 100 Hz and
various applied voltages (B) 0 V/400 V/700 V, change the trajectories
of particles consistent with what was previously shown by Beech
et al.18 in closed DLD devices. Scale bars 100 μm.
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To recover cells from the paper, we have developed a
simple protocol that does not negatively affect viability or
proliferation (Fig. 8). The desired fractions are cut out of
the paper and placed inside a liquid medium of choice

(e.g. in a 1.5 mL Eppendorf tube). Gentle vortexing re-
leases most of the collected sample from the paper and
subsequent centrifugation may then be performed to con-
centrate and/or collect the freed cells or particles. Fig. 8D
shows a micrograph of MCF7 cells after separation in an
open device, release from paper, and collection via centri-
fugation. Fig. 8E shows the recovery of 75% of cells from
filter paper using this method.

While having good absorptive qualities, which is good for
maintaining flow, fibrous filter paper with large pore size, is
not ideal for sample collection due to trapping of particles
and cells within the structure of the paper. Instead a two-
layer paper system was used to increase the collection rate.
By sandwiching a layer of filter membrane (1 μm pore size,
polycarbonate membrane) between the filter paper and the
device, the good absorptive qualities of the filter paper could
be used while the polycarbonate membrane stopped the par-
ticles/cells from entering the paper and becoming trapped.
Particles and cells captured on the surface of the polycarbon-
ate membrane were easily resuspended with higher yields ob-
served. Fig. 8E shows how 95% of cells could be recovered
using the extra membrane layer.

To measure the effect of sorting in both open and closed
devices on the health of cells, we performed viability and pro-
liferation assays of MCF7 cells. Cell counting using viability
dyes (trypan blue) was conducted to measure the percentage
of viable cells and the rate of proliferation. Fig. 8F demon-
strates viabilities of >90% for sorted cells. A small difference
in the viability of cells (control, open, and closed devices)
could be seen in our measurements but the difference has no
practical significance and shows nothing more than the

Fig. 7 Paper functions both as a capillary pump and as a collection
reservoir for separated cells. (A and C) A sample containing RBCs (red
fluorescence) and MCF7 cells (blue fluorescence) is introduced into an
open DLD. RBCs (smaller than Dc) and MCF7 cells (larger than Dc) follow
different trajectories through the device (from left to right) and can be
collected to the right in two areas on the paper, separated by a printed wax
line. The RBCs are more numerous than the MCF7 cells and can easily be
seen in the paper through their red color (no fluorescence). Note the green
dotted line that delineates the boarders of the device. (B) Trapped MCF7
cells and RBCs imaged in the paper. The high concentration makes it
difficult to pick out individual cells in the image, but as (D) shows, very few
RBCs were observed in the top zone where the MCF7 fraction dominates.
(E) No MCF7 cells are seen in the RBC fraction.

Fig. 8 Post-separation sample recovery. (A) Separated fractions are accumulated in the paper and kept separated by hydrophobic wax lines. The
desired fractions are collected separately by dividing the paper along the wax line. (B) To re-suspend the collected fractions vortexing is used,
which shakes the cells free of the paper matrix, followed by (C) centrifugation. (D) MCF7 cells after separation and collected using the process de-
scribed in (A)–(C). (E) Recovery statistics for the filter paper and the two-layer system. Error bars show max/min values from 5 experiments. (F) Cell
viability and (G) proliferation assay for MCF7 after separation in closed and open DLD. Error bars show the standard deviation in (F) and (G). No sig-
nificant difference could be seen in the proliferation rates of sorted and non-sorted cells.
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common variation between cultures using these cells. Fur-
thermore, Fig. 8G shows that after 5 days of culturing, no dif-
ference in the proliferation rates of cells, (∼2.5 divisions in 5
days), can be seen as a consequence of sorting.

The performance of the devices is qualitatively comparable
to the conventional closed devices with clear separation of
the different fractions. Purity and capture rate are perfor-
mance parameters that do not depend on the DLD as much
as on the overall design and will have to be optimized care-
fully for each specific application. For example the paper cap-
illary pump in Fig. 3B can be extended to three lanes instead
of two. In that way the purity of the sample collected in the
two extreme lanes can be enhanced by discarding the central
lane. The data in Fig. 4 shows clearly that by appropriate
choice of cut-offs we would be able to achieve close to 100%
purity of the separated fractions. With longer devices, this is
expected to be done with minimum loss of capture efficiency.

Cleaning and reusing devices

The fouling of devices with particles and cells is the most
common reason for device failure and limits device lifetime.
Fouling can be due to several mechanisms. Particles can ad-
here to surfaces and they can become trapped because they
are too large to move through constrictions. These mecha-
nisms are also linked. For example, particles can stick to one
another, forming agglomerations that are much more likely
to get stuck. Fig. 9A shows an image of 4.5 and 10 μm parti-
cles that have become stuck in a closed device with a Dc = 5.1
μm and gap size of 11 μm after operating for 30 min (device
1, see ESI,† Fig. S1). At this point the device has ceased to

work and particles are no longer able to enter the array. This
kind of clogging is detrimental for all kinds of microfluidics
devices, in particular for DLD devices since a well-defined
flow direction is crucial for the successful operation. Even a
small deviation of flow direction may change the critical size
significantly.

Closed devices are most often irreversibly sealed (to
avoid leaking) and are difficult to clean and reuse.
Fig. 9B shows the same device after sonication, reversal of
the flow direction and an increase in pressure in an effort
to remove clogging. Despite these efforts many particles
remain stuck in the device and the device is unusable.
Open devices are considerably easier to clean and can be
cleaned to a much higher degree. Fig. 9C shows the same
kind of device as above after first being run in an open
configuration and then cleaned by sonication and rinsing.
This device is free of particles after rinsing and can be
reused.

Conclusion

We have shown that by combining patterned surfaces in
PDMS with paper based capillary pumps we can fabricate po-
tentially cheap, simple to use, and reusable continuous flow
separation devices. We have demonstrated proof-of-principle
separations of samples based on size and morphology and
what is more, in samples containing very large contaminant
particles. Being open, access to flowing fluid is possible in
these devices allowing for easy electric contact through
electrodes. Flow rates can be held constant by choice of size
and properties of the paper used in the capillary pump. Paper
is not only useful as a pump but also as a matrix for the col-
lection of separated fractions. The separational functionality
of DLD is retained in open devices paving the way for simple,
robust and clogging insensitive sorting using pillar arrays
with potential applications in medicine and forensic science.
Our device opens up for sample preparation applications in
paper fluidics based diagnostics.39,40

The limitations and challenges introduced by working
with open devices on the other hand include the risk for
evaporation, contamination and biohazard.41 These issues
can be mitigated through a cover that is positioned in close
proximity, yet not in contact with the actual device.

Materials and methods
PDMS device fabrication

In a contact mask aligner (Karl Suss MJB3 and MJB4, Mu-
nich, Germany), negative photoresist SU8 (MicroChem, New-
ton, MA, USA) spun on a 3″ silicon wafer was exposed with
UV light through a chrome-mask designed in L-Edit 11.02
(Tanner Research, Monrovia, CA USA) and printed by Delta
Mask (Delta Mask, Enschede, The Netherlands). Before
casting of PDMS, a monolayer of 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (ABCR GmbH & Co. KG, Karls-
ruhe, Germany) was applied in the gas phase to the master

Fig. 9 Cleaning and reusing open DLD devices. (A) Depending on the
array parameters, particle sizes and surface chemistries, devices
eventually clog. (B) A closed device after attempted cleaning using
sonication, high pressures and reversing the flow direction. (C) An
open device after sonication and rinsing is almost completely free of
particles (30 times fewer). Those remaining are highlighted with
arrows. Channel walls are shown in red dashed lines.
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as an anti-adhesion agent to facilitate demoulding. A 10 : 1
mixture (monomer : curing agent) of PDMS (Sylgard 184, Dow
Corning, Midland, MI, USA) was degassed, poured onto the
master then baked for 2 hours at 80 °C. For the closed de-
vices vias are punched and an oxygen plasma treatment step
(Plasma Preen II-862, Plasmatic Systems, Inc., North Bruns-
wick, NJ, USA) is performed to enable bonding to glass slides
and the attaching of silicone tubes for fluidic connections,
none of which are necessary for the open devices. In Fig. S2†
(supplementary of device fabrication), a comparison among a
protocol of closed DLD fabrication and optional protocol for
open DLD fabrication (with and without oxygen plasma plus
reservoir) is presented.

Paper capillary pump

A two-layer paper system was used as a capillary pump and
for sample capture and collection for the experiments de-
scribed in Fig. 8. For liquid absorption (Herzberg flow rate42

110 s/100 mL), filter paper of 0.15 mm thickness, a 25–60 μm
pore size and 8 μm particle retention (Grade 600, VWR, Swe-
den) was used. For sample capture a layer of polycarbonate
paper (Grade 28158, VWR, Sweden), (1 μm pore size) was
sandwiched between the separation device and the lower
grade filter paper. For the other experiments only the filter
paper was used. Wax barriers were printed onto the filter pa-
per using a wax printer (ColorQube 8570, Xerox, USA)
followed by baking for 3 minutes at 100 ° C.

For the experiments characterizing the evaporation, a grid
was printed onto the paper to facilitate measurement of the
wetted area. The grid was printed using a standard laser
writer (Canon iR-ADV C5250i).

Sample preparation (beads, RBCs, WBCs, parasites and
MCF7 cells)

Fluorescently labeled polystyrene microspheres with varying
diameters (from 1 μm to 20 μm) (Polyscience Inc., Warring-
ton, PA, USA) were suspended in MilliQ water and 1% SDS
and used in both closed and open DLD devices for
calibration.

Small volumes of blood (10 μL) were obtained from
healthy, consenting donors via finger pricking. Blood sam-
ples were diluted 20 times in autoMACS™ running buffer
(Miltenyi Biotec, Auburn, CA, USA).

Trypanosoma cyclops parasites were thawed (after storage
in 10% dimethyl sulfoxide (DMSO, Fluka, St. Louis, MO, USA:
41639) at −80 °C) and cultured in Cunningham's medium
with 20% fetal calf serum (FCS, Sigma-Aldrich) at 28 °C. Para-
sites were harvested after proliferating to cover 80% of the
culture dish and spiked into blood samples.

MCF-7 (breast carcinoma cell lines obtained from the
American Type Culture Collection (ATCC)) was cultured at 37
°C and 5% CO2. Cell culture medium was Dulbecco's modi-
fied Eagle's medium (DMEM), 10% FBS and 1% penicillin
streptomycin (Sigma-Aldrich). After one week of subculture,

the cells proliferated to fill more than 80% of the culture
flasks and were considered ready for separation experiments.

Image acquisition and analysis

Particle and cell distributions were calculated from images
acquired using an inverted epifluorescence microscope
(Nikon Eclipse Ti, Nikon Corporation, Tokyo, Japan) and sci-
entific CMOS camera (Flash4.0 V2, Hamamatsu, Japan).
ImageJ 1.48v software downloaded from the National Insti-
tutes of Health, and NIS-elements 4.51 were used for image
analysis and the preparation of figures. Images of particle tra-
jectories are generated by time-averaging. Two color-images
generated by adding color to separate images, taken in suc-
cession with different filter sets, and superimposing.
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The	  basic	  operational	  principle	  of	  DLD	  along	  with	  relevant	  parameters	  and	  critical	  separation	  
diameters	  for	  our	  DLD	  devices	  are	  shown	  in	  Figure	  S1.	  

	  
Figure	  S1.	  (A)	  Schematic	  of	  a	  typical	  DLD	  device	  with	  particle	  trajectories,	  (B)	  Key	  parameters	  
determining	   the	   critical	   diameter	   (Dc)	   of	   a	   DLD	   array,	   (C)	   List	   of	   DLD	   devices	   used	   in	   this	  
report	  (length	  units	  are	  µm).	  Length	  of	  the	  devices	  is	  20	  mm	  and	  width	  is	  4	  mm.	  

	  

Several	  fabrication	  and	  surface	  treatment	  schemes	  were	  tested	  for	  our	  devices	  (Figure	  S2).	  
Figure	  S2A	  shows	  the	  conventional	  method	  of	  fabricating	  closed	  PDMS/glass	  devices	  with	  a	  
plasma-‐bonding	   step	   (that	   also	   renders	   the	   PDMS	   hydrophilic)	   and	   the	   attachment	   of	  
reservoirs/pressure	  control	  connections.	  

Preparation	  of	  devices	  

For	   the	  open	  devices,	   if	   a	   drop	  of	   aqueous	   solution	   is	   applied	   at	   the	  end	  of	   an	  untreated	  
(hydrophobic)	  DLD	  array,	  the	  droplet	  will	  stay	  on	  the	  surface	  and	  will	  not	  wet	  the	  channels	  
or	  array	  area	  of	   the	  device.	  This	  can	  be	  overcome	   in	  two	  ways.	  Figure	  S2B	  shows	  an	  open	  
device	   in	  which	   the	  channels	  are	   selectively	   rendered	  hydrophilic	  by	  use	  of	  a	  mask	  during	  
oxygen	  plasma	  treatment.	  The	  untreated,	  hydrophobic	  PDMS	  surrounding	  the	  active	  area	  of	  
the	  device	  serves	  to	  confine	  the	  sample,	  which	  would	  otherwise	  spread	  outside	  the	  features	  
of	   the	  device.	  Another	   approach,	   that	   is	   simpler	  because	  oxygen	  plasma	   is	   not	  needed,	   is	  
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shown	  in	  Figures	  S2C	  and	  D.	  By	  submerging	  the	  device	   in	  an	  aqueous	  solution	  (1%	  SDS	  for	  
polystyrene	   bead	   sorting,	   AutoMacs™	   for	   RBC,	   and	   complete	   Dulbecco’s	  Modified	   Eagle’s	  
Medium	  (DMEM)	  for	  cancer	  cell	  experiments)	  at	  room	  temperature	  for	  5	  minutes,	  the	  entire	  
surface	  of	  the	  device	  can	  be	  forced	  to	  wet.	  When	  the	  device	  is	  removed	  from	  the	  solution	  
the	   flat	   PDMS	   surface	   is	   sufficiently	   hydrophobic	   to	   repel	   the	   aqueous	   solution,	   but	   the	  
water	  inside	  the	  structures	  of	  the	  device	  remains.	  After	  the	  positioning	  of	  the	  paper	  capillary	  
pump	   at	   the	   outlet	   and	   the	   addition	   of	  more	   sample	   at	   the	   inlet,	   flow	   is	  maintained	   and	  
separation	  can	  be	  performed.	  The	  reservoir,	  shown	  in	  Figure	  S2D,	  is	  not	  essential	  but	  allows	  
for	  greater	  control	  of	  the	  sample	  and	  the	  handling	  of	  larger	  sample	  volumes.	  

	  
Figure	  S2.	  Comparison	  of	  different	  fabrication	  methods	  for	  closed	  and	  open	  DLD	  devices.	  (A)	  
Conventional	   closed	   device	   fabrication.	   (B)	   Open	   device	   where	   the	   sorting	   structures	   are	  
selectively	   treated	  with	  oxygen	  plasma	   to	  make	   them	  hydrophilic.	   (C)	  Rendering	   the	  PDMS	  
hydrophilic	  by	  immersion	  (prewetting)	  in	  a	  water	  bath	  (plain	  water	  at	  room	  temperature	  in	  5	  
minutes)	   instead	  of	   in	  an	  oxygen	  plasma.	   (D)	  Addition	  of	  a	  reservoir	  gives	  better	  control	  of	  
the	  sample	  and	  allows	  for	  larger	  volumes.	  Scale	  bars	  5	  mm.	  
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The	   wetting	   of	   the	   devices	   using	   the	   different	   surface	   treatment	   strategies	   was	  
characterized	   in	  more	  detail	  as	  presented	   in	  Figure	  S3.	  Selective	  oxygen	  plasma	  treatment	  
gives	  a	  strongly	  hydrophilic	  surface	  with	  contact	  angle	  ~	  0°.	  Immersing	  the	  device	  in	  aqueous	  
buffer	   gives	   a	   less	   hydrophilic	   surface	   (contact	   angle	   ~	   60°	   outside	   the	   device	   and	   an	  
effective	  contact	  angle	  ~	  0°	  in	  the	  DLD	  array).	  The	  latter	  approach	  is	  fully	  adequate	  for	  the	  
operation	   of	   the	   device	   and	   much	   simpler	   as	   it	   does	   not	   require	   any	   oxygen	   plasma	  
equipment.	  

	  
Figure	   S3.	   Hydrophobic	   and	   hydrophilic	   devices.	   (A)	   Schematic	   of	   a	   water	   droplet	   on	   an	  
untreated	  (hydrophobic)	  surface	  and	  the	  two	  treated	  hydrophilic	  surfaces	  (B)	  Visualization	  of	  
the	  wetting	  behavior	  of	   the	   three	  kinds	  of	   surface	   treatments	  on	   flat	  and	  patterned	  PDMS	  
using	  an	  aqueous	  solution	  of	  red	  food	  coloring.	  (C)	  Cross-‐sectional	  view	  of	  water	  drop	  outside	  
and	  on	  the	  DLD	  array	  for	  a	  prewetted	  surface.	  (D)	  Comparison	  of	  wetting	  angles	  on	  flat	  and	  
patterned	   surfaces	   after	   no	   treatment,	   oxygen	   plasma	   and	   prewetting.	   The	   error	   bars	  
represent	  the	  standard	  deviation	  of	  the	  measurement.	  

Volume	  of	  a	  filled	  device	  

The	  volume	  of	  the	  liquid	  in	  a	  filled	  device	  is	  calculated	  based	  on	  the	  table	  in	  figure	  S1C.	  The	  
ratio	  of	   the	  area	  of	   the	   fluid	  and	  the	   total	  area	  of	   the	  unit	  cell	   is	  0.58,	  which	   is	  multiplied	  
with	   the	  overall	  dimensions	  of	   the	  device	   (length	  20	  mm,	  width	  4	  mm	  and	  depth	  24	  µm),	  
giving	  us	  the	  total	  volume	  of	  device	  1	  of	  1.1	  µL.	  

Uniformity	  of	  wetting	  

The	   characteristics	   and	   uniformity	   of	   the	   wetted	   array	   are	   characterized	   by	   confocal	  
microscopy	  and	  direct	  imaging	  with	  a	  macro	  objective.	  In	  both	  cases	  device	  3	  was	  used	  with	  
added	   reservoirs.	   For	   the	   confocal	   images	   fluorescein	   isothiocyanate	   (FITC)	   was	   first	  
dissolved	  in	  methanol	  to	  10%	  that	  was	  in	  turn	  diluted	  in	  water	  100	  times	  and	  the	  methanol	  
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allowed	  to	  evaporate.	  The	  confocal	  microscope	  is	  based	  on	  a	  Yokogawa	  CSU22	  spinning	  disc,	  
Andor	   laser	   combiner	   and	   Andor	   iXon	   DU-‐897	   CCD	   camera	   on	   an	   inverted	   Nikon	   Ti	  
microscope.	  A	  Plan	  50x	   ELWD	  Dry	   and	  a	  Plan	   Fluor	   ELWD	  40x	  Ph2	  ADL	  objective	  with	  NA	  
0.32	  and	  0.4	  respectively	  where	  used	  for	  figures	  2C-‐F.	  Since	  the	  microscope	  is	  inverted,	  the	  
device	  was	  turned	  upside-‐down	  for	  imaging	  (surface	  tension	  dominates	  and	  so	  this	  has	  little	  
to	  no	  effect	  on	  the	  shape	  of	  the	  liquid	  surface).	  The	  image	  contrast	  was	  adjusted	  such	  that	  
scattered	  light	  was	  rejected	  from	  the	  image.	  

	  

Figure	  S4.	  Particle	  velocity	  measurements	  for	  open	  and	  closed	  DLD	  devices.	  The	  flow	  in	  the	  
open	   devices	   is	   driven	   by	   a	   paper	   capillary	   pump	   without	   any	   wax-‐defined	   channels.	   The	  
paper	  is	  shown	  at	  t=0	  s	  in	  (A)	  and	  t=600	  s	  in	  (C).	  The	  flow	  in	  the	  closed	  devices	  is	  driven	  by	  
over	  pressure	  as	  well	  as	  by	  a	  paper	  capillary	  pump.	  The	  different	   sets	  of	  experiments	   took	  
place	  using	  the	  same	  design	  of	  DLD	  (Device	  1	  (Figure	  S1)).	  The	  following	  microspheres	  were	  
used	   at	   a	   dilution	   of	   50x	   in	   deionized	   water:	   green	   fluorescent	   polystyrene	   beads	   with	  
diameter	  1.57	  µm	  (CV	  2%)	  and	  functionalized	  with	  carboxylate	  groups	  from	  Polysciences	  Inc.	  
(Warrington,	   PA).	   (A)	   Schematic	   of	   measurement	   setup	   for	   velocity	   measurements	   at	  
different	   locations	   for	   open	   and	   closed	   devices.	   (B)	   Velocity	   of	   the	   beads	   as	   a	   function	   of	  
position	   for	  open	  and	  closed	  devices.	  For	   the	  data	  where	  a	  paper	  capillary	  pump	  was	  used	  
the	   volume	   in	   the	   reservoir	   is	   indicated.	   For	   the	   pressure	   driven	   flow	   the	   applied	   pressure	  
difference	   is	   given.	   (C)	   Schematic	   of	   measurement	   setup	   for	   velocity	   measurements	   as	   a	  
function	  of	  time.	  (D)	  Velocity	  of	  beads	  as	  a	  function	  of	  time	  when	  30	  µL	  (red)	  and	  40	  µL	  (blue)	  
of	  sample	  is	  added	  to	  the	  reservoir.	  The	  error	  bars	  represent	  the	  standard	  deviations	  of	  the	  
measurements.	  
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For	  the	  images	  with	  the	  macro	  objective,	  the	  device	  is	  wetted	  with	  an	  aqueous	  food	  dye	  and	  
imaged,	  with	  the	  liquid	  facing	  upwards,	  using	  a	  macro	  objective	  (Canon	  MP-‐E	  65	  mm	  f/2.8	  1-‐
5x)	  with	  a	  Canon	  5D	  Mark	  II	  camera	  house.	  Basic	  contrast	  and	  brightness	  adjustments	  were	  
made	  to	  ensure	  that	  the	  image	  reflects	  what	  is	  seen	  by	  the	  naked	  eye.	  

We	  could	  observe	  a	  tendency	  that	  the	  flow	  velocity	  (see	  below)	  is	  slightly	  lower	  for	  the	  first	  
~5	  mm	  along	   the	  device.	  This	   indicates	   that	   the	   flow	  cross	   section	   is	   larger	  here,	  which	   is	  
consistent	  with	  the	  flow	  extending	  above	  the	  posts	  since	  the	  volume	  flow	  rate	  is	  a	  conserved	  
quantity.	   We	   observed	   that	   this	   effect	   vanishes	   as	   the	   fluid	   level	   drops,	   away	   from	   the	  
reservoir	  and	  also	  decreases	  as	  the	  sample	  volume	  in	  the	  reservoir	  decreases	  with	  time.	  

Flow	  measurements	  

We	  measured	  the	  flow	  rates	  at	  different	  positions	  along	  open	  and	  closed	  devices	  using	  an	  
applied	  overpressure	  or	  using	  a	  paper	  capillary	  pump	   (Figure	  S4).	  Velocities	  of	   fluorescent	  
microspheres	  were	  observed	  between	  two	  neighboring	  posts	  in	  the	  same	  row.	  

The	  volumetric	  flow	  rates	  were	  measured	  directly	  by	  running	  the	  device	  with	  reservoirs	  filled	  
with	  well-‐defined	  volumes	  and	  recording	  the	  elapsed	  time	  until	   the	  reservoirs	  were	  empty	  
(Figure	  S4D).	  The	  volumes	  were	  corrected	  by	  subtracting	   the	  evaporated	  volume	  from	  the	  
device	  based	  on	   figure	  S5	   (8.5	  nL/s).	  The	   time	  was	  measured	  until	   the	  velocity	  was	  half	  of	  
the	   mean	   velocity.	   The	   remaining	   liquid	   in	   the	   device	   was	   crudely	   estimated	   to	   half	   the	  
volume	   of	   the	   device,	   i.e.	   0.5*1.1	  µL.	   This	   volume	  was	   subtracted	   from	   the	   total	   volume	  
considered.	   From	   these	   two	  measurements	  we	   obtain	   approximate	   values	   of	   70	  nL/s	   and	  
61	  nL/s	  for	  the	  two	  different	  volumes	  tested.	  These	  results	  are	  consistent	  with	  the	  results	  of	  
combining	  the	  velocity	  measurements	  (Figure	  S4B)	  with	  the	  total	  flow	  cross	  section	  based	  on	  
the	   designed	   dimensions	   (Device	   1	   in	   Figure	   S1C)	   of	   the	   device	   giving	   flow	   rates	   of	  
71±19	  nL/s.	  	  The	  correspondence	  of	  the	  two	  types	  of	  measurements	  indicate	  that	  the	  flow	  is	  
indeed	  taking	  place	  such	  that	  it	  fills	  up	  the	  space	  between	  the	  posts	  without	  overflowing.	  

Equivalent	  pressures	  applied	  to	  the	  device	  

The	   equivalent	   pressure	   exerted	   by	   the	   paper	   capillary	   pump	   is	   found	   to	   be	   21	  mBar	   by	  
comparing	  the	  applied	  over-‐pressure	  necessary	  across	  a	  closed	  device	  to	  achieve	  the	  same	  
flow	  velocities	  as	  for	  a	  closed	  device	  with	  a	  paper	  capillary	  pump	  (Figure	  S4B).	  The	  pressure	  
exerted	   by	   the	   paper	   capillary	   pump	   exceeds	   the	   pressure	   due	   to	   the	  water	   pillar	   in	   the	  
reservoir.	   The	   pressure	   generated	   in	   the	   reservoir	   depends	   on	   the	   height	   difference	  
between	   the	   inlet	  and	  outlet	   (ρ	  g	  Δh	  ~	  1	  mBar/cm	  with	  ρ	  =	  1000	  kg/m3	  density	  of	  water,	  
g	  =	  9.8	  m/s2	  gravitational	  acceleration,	  Δh	  height	  of	  water	  pillar).	  The	  tested	  volumes,	  30	  µL,	  
40	  µL	   and	   60	   µL,	   correspond	   to	   heights	   of	   4.2	  mm,	   5.6	  mm	   and	   8.4	  mm	   of	   sample	  
respectively	  in	  the	  reservoir	  (inner	  diameter	  3mm)	  giving	  hydrostatic	  pressures	  of	  0.4	  mBar,	  
0.6	  mBar	  and	  0.8	  mBar	  which	   is	  much	  less	  than	  the	   involved	  estimated	  negative	  pressures	  
exerted	  by	  the	  capillary	  paper	  pump	  pulling	  the	  sample.	  The	  capillary	  pumping	  effect	  of	  the	  
paper	   therefore	   dominates	   the	   flow	   and	   the	   fluid	   is	   predominantly	   pulled	   through	   the	  
device.	  
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Flow	  resistance	  

Flow	  resistance	  for	  the	  closed	  devices	  is	  estimated	  based	  on	  the	  relationship	  

!
Qpump
closed =

ΔPpump
Rload
closed

	  

where	  R	  is	  the	  fluidic	  resistance,	  Q	  is	  the	  volumetric	  flow	  rate	  and	  ΔP	  is	  the	  applied	  pressure	  
difference	  across	  the	  device.	  From	  figure	  S4B	  we	  obtain	  Rclosed	  =	  30	  1012	  kgs-‐1m-‐4.	  

The	   flow	   resistance	   of	   the	   open	   device	   is	   expected	   to	   be	   slightly	   lower	   than	   that	   for	   the	  
closed	  device.	  It	  is	  calculated	  below	  based	  on	  figure	  S5.	  

	  
Figure	  S5.	  Liquid	  flows	  versus	  time	  corrected	  for	  evaporation.	  The	  liquid	  is	  0.5%	  food	  coloring	  
diluted	  in	  deionized	  water.	  The	  graph	  shows	  four	  cases.	  From	  the	  left	  to	  the	  right	  we	  have:	  
liquid	   added	   at	   the	   edge	   of	   a	   paper	   (half	   paper),	   open	  DLD	   device	   of	   length	   10	  mm	   (half	  
device)	  connected	  to	  paper,	  open	  DLD	  of	   length	  20	  mm	  (whole	  device)	  connected	  to	  paper,	  
closed	  DLD	  of	  length	  20	  mm	  (whole	  device)	  connected	  to	  paper.	  To	  be	  able	  to	  easily	  judge	  the	  
extent	  of	  the	  drops	  on	  the	  paper,	  a	  grid	  pattern	  is	  printed	  on	  the	  paper	  using	  a	  standard	  laser	  
writer.	   The	   inset	   shows	   the	   accumulated	   evaporated	   liquid	   from	  a	   filled	   device	   (device	   1).	  
From	   this	   graph	  we	   can	   conclude	   that	   the	   evaporation	   rate	   from	   the	   device	   is	   8.5	   nL	   per	  
second.	  
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Characterization	  of	  the	  paper	  capillary	  pump	  

The	   paper	   capillary	   pump	   can	   be	   treated	   as	   a	   battery	  with	   an	   internal	   resistance	   and	   an	  
internal	  negative	  pressure	  or,	  in	  analogy	  to	  electronics,	  a	  hydromotive	  force.	  To	  estimate	  the	  
internal	  resistance	  and	  the	  hydromotive	  force	  the	  following	  system	  of	  equations	  (number	  1	  
to	  4)	  are	  considered.	  Note	  that	  we	  will	  obtain	  an	  estimate	  of	  the	  flow	  resistance	  of	  the	  open	  
device	  from	  these	  calculations.	  

!!

Qpaper =
ΔPinternal
Rinternal

Qpaper
openHALF =

ΔPinternal
1
2Rload

open +Rinternal

Qpaper
open =

ΔPinternal
Rload
open +Rinternal

Qpaper
closed =

ΔPinternal
Rload
closed +Rinternal

⎧

⎨

⎪
⎪
⎪
⎪
⎪⎪

⎩

⎪
⎪
⎪
⎪
⎪
⎪

	  

We	  first	  calculate	  the	  internal	  resistance	  of	  the	  paper	  by	  combining	  equations	  1	  and	  4	  above	  
to	  eliminate	  the	  internal	  pressure	  (hydromotive	  force).	  

!
Rinternal =

ΔPpump
Qpump
closed

Qpaper
closed

Qpaper −Qpaper
closed 	  

Numerical	  data	  is	  extracted	  from	  Figures	  S4	  (for	  the	  pump	  driven	  flow)	  and	  S5	  (for	  the	  paper	  
capillary	  pump	  driven	  flow)	  based	  on	  the	  initial	  flow	  rates	  for	  each	  case	  and	  combined	  with	  
the	  flow	  resistance	  of	  the	  closed	  device	  as	  calculated	  above.	  

!!

ΔPpump =21mBar
Qpump
closed =71nLs−1

Qpaper =198nLs−1

Qpaper
closed =71nLs−1

⇒Rinternal =16.5⋅1012kgs−1m−4
	  

The	  hydromotive	  force	  is	  now	  calculated	  by	  using	  the	  number	  of	  the	  flow	  rate	  of	  the	  paper	  
without	  any	  device	  (“Half	  paper”)	  in	  fig	  S5	  combined	  with	  equation	  1	  above.	  	  

!!

Qpaper =198nLs−1

⇒ΔPinternal =32mBar 	  

Plugging	  the	  results	  above	  into	  equation	  3	  above,	  the	  flow	  resistance	  of	  the	  open	  device.	  

!!

Qpaper
open =80nLs−1

⇒Rload
open =23.1⋅1012kgs−1m−4

	  	  



	   	   8	   	  
	  

Finally,	   as	   a	   simple	   control	   the	   flow	   rate	   of	   the	   device	   cut	   in	   half	   is	   estimated	   based	   on	  
equation	  2	  above.	  

!!Qpaper
openHALF∗ =113nLs−1

	  The	  value	  is	  lower	  but	  still	  consistent	  with	  the	  value	  obtained	  by	  measuring	  the	  initial	  slope	  
of	  the	  corresponding	  curve	  in	  figure	  S5.	  

!!Qpaper
openHALF =157nLs−1 	  

Evaporation	  

To	  obtain	  rough	  estimates	  of	  the	  evaporation	  rates	  we	  measured	  the	  evaporation	  rates	  for	  
different	  cases	  by	  using	  a	  precision	  balance	  (Ohaus	  Corp.	  Pine	  Brook,	  NJ	  USA,	  model	  Pioneer	  
PA114C,	  minimal	  readout	  1	  µg).	  

An	  evaporation	  of	  8	  nL/s	  from	  the	  device	  can	  be	  compared	  to	  the	  typical	  flow	  rate	  through	  
the	  device	  of	  65	  nL/s.	  Roughly	  12%	  of	  the	  sample	  is	  thus	  evaporated	  from	  the	  device.	  

Due	  to	  nonuniform	  wetting	  and	  possible	  variations	  in	  the	  lab	  environment	  during	  the	  course	  
of	   the	  experiments,	   the	  evaporation	   rates	   should	  be	  considered	   rough	  estimates	   to	  give	  a	  
perspective	  of	  the	  relationship	  between	  the	  evaporation	  rate	  and	  the	  volumetric	  throughput	  
in	  the	  devices.	  

The	  lab	  environment	  had	  a	  60±5%	  RH	  and	  room	  temperature	  of	  21°±1°	  C.	  	  

Biological	  samples	  

The	   size	  distributions	  of	   the	  biological	   samples	  used	  were	  determined	  by	  measurement	   in	  
optical	  micrographs	  using	   ImageJ	   (Figure	   S6).	   The	   results	   are	   summarized	   in	   the	   following	  
table.	  	  

Sample	  type	   Dimensions	  ±	  std	  dev	   Shape	  
MCF7	  (cancer	  cell	  line)	   17.3±2.1	  µm	   spherical	  
White	  blood	  cell	   12.2±0.9	  µm	   spherical	  
Red	  blood	  cell	   2.2±0.5	  µm	  

7.8±0.6	  µm	  
biconcave	  

Trypanosome	  cyclops	   2.5±0.5	  µm	  
12.8±3.3	  µm	  

ribbon-‐like	  
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Figure	   S6.	   Size	   distribution	   of	   biological	   samples	   based	   on	   measurements	   in	   optical	  
micrographs.	  (A)	  Histograms	  of	  size	  distributions.	  For	  the	  spherical	  cells	  (MCF7	  and	  WBC)	  one	  
number	  gives	  the	  relevant	  size	  (diameter).	  Red	  blood	  cells	  and	  the	  parasites	  are	  described	  by	  
two	  numbers	  (thickness	  and	  overall	  diameter	  or	  length).	  	  (B)	  &	  (C)	  Optical	  micrographs	  of	  the	  
non-‐spherical	   cells	   exhibiting	   different	   orientations	   depending	   on	   device	   depth	   (9	   µm	   and	  
24	  µm)	  (top	  images	  shallow	  device	  and	  bottom	  images	  deep	  device)	  	  (D)	  Optical	  micrograph	  
of	  spherical	  MCF7	  cells.	  	  All	  scale	  bars	  10	  µm.	  	  
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Abstract. We report a biological application of dielectrophoresis (DEP) in controlling the orientation of red blood cells in 
deterministic lateral displacement (DLD) devices. Orientation has a large impact on the effective size of non-spherical cells in 
DLD devices but is normally decided by factors that are hard to decouple from the geometry of the device, such as fluid shear 
forces and steric interactions with the pillars. DEP has been shown in other work to have the ability of changing the effective 
size of spherical polystyrene particles in a DLD device by adding a force that is independent of shear and steric forces and that 
can be modulated to give the ability to tune separations. Our work demonstrates that DEP can also change the effective size of 
non-spherical particles, in this case red blood cells, via control of orientation. The experiments showed that by applying a low 
frequency AC voltage (100 Hz) of around 177 VRMS/cm in an isotonic buffer, the RBCs exhibit negative dielectrophoretic 
properties, adopt specific orientations and thus have an increase of effective size by a factor of around 1.5, from below 3.47 µm 
to 4.44 µm. Since many important separations are performed on blood, any ability to improve the contrast in separation 
parameters between RBCs and other cells is promising. Our work indicates that DEP-DLD devices can find a wide range of 
applications in biological sorting, in particular for separation of RBCs from other kinds of cells and pathogens. 
 
 
 
 

1. Introduction   
Particle separation is important for various applications 
ranging from clinical pharmacology to diagnostic devices in 
the field of medicine and biology. One particular sample 
widely used in clinical studies is blood, consisting of different 
cells such as white blood cells (WBCs) a.k.a leukocytes, red 
blood cells (RBCs) a.k.a erythrocytes, and platelets. Under 
different physiological circumstances, distinct morphological 
changes are observed in RBCs affecting the cells’ 
deformability. The extent of this deformation varies for 
different disease pathologies. For instance, cancerous blood 
cells are known to have a more deformable phenotype as 
opposed to healthy cells [1] whereas a less deformable 
phenotype is observed in the case of Sickle-cell disease (SCD) 
and Malaria [2]. In malaria higher stiffness of the parasitized 
RBCs is exhibited for more advanced stages of the disease. In 
addition, the physical and mechanical properties of a particle 
change with its size. Therefore, valuable information about 
the state of health or the phase in cycle of an individual cell 
can be extracted by investigating the cells’ physical properties.   
 The techniques dominantly used for blood cell separation 
are fluorescence activated cell sorting (FACS) and magnetic-
activated cell sorting (MACS) yielding high resolution results 
with the downside the necessary sample labeling may perturb 
the cells. In recent years different microfluidic particle 
separation devices have been introduced as a cheaper, more 
flexible and less time-consuming alternative technique. One 
particular advantage of these devices is the ability of working 
at nanometer or micrometer scale relative to the size of the 
particles being investigated.  

 
 
 
 Deterministic lateral displacement is a fundamental 
microfluidic separation technique introduced by Huang et al. 
in 2004, where particle separation based on size was reported 
with resolution as low as 10 nm [3]. The particle separation in 
this passive device is based on internal forces of the particular 
geometry of the design. One positive characteristic of DLD is 
that, being a continuous method, it can easily be integrated 
with upstream and downstream processes.  In the first instance 
DLD was shown to be an extremely good size separation 
technique but advances in the method have since shown it to 
be more versatile with factors such as shape [4-7] and 
deformability [6]. In 2008, Chang and Cho introduced a 
virtual DLD device with varying critical size [8]. This 
tunability was achieved by employing a negative 
dielectrophoretic (DEP) virtual array of obstacles. In 
electrodeless or insulator-based DEP (iDEP) the varying 
electric field is present through the entire channel by 
insulating the microstructure between the electrodes using 
fabrication techniques such as soft lithography [9] or imprint 
lithography [10]. In this way the fabrication complexities 
involved with microelectrodes and other limitations 
commonly encountered in the presence of electrodes are 
avoided. Besides, by using iDEP the device can be operated at 
DC fields as well as low frequencies without the need to be 
concerned about causing electrolysis [11]. In 2003, Cummings 
et al. investigated the effect of iDEP in continuous separation 
of particles through an array of insulating obstacles in two 
separate studies [12, 13]. It was concluded that using DC 
fields, the flow of 200nm particles can be controlled from 
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ideal electrokinesis to streaming DEP to trapped particles.  In 
2009 Beech et al., introduced a method called DEP-DLD 
where DEP and DLD are integrated together [14]. The particle 
separation behavior of the device was investigated using AC 
fields at low frequencies and it was shown that the critical 
size can be readily decreased by half or less. In a DEP-DLD 
device the high resolution of DLD is combined with the 
tunability of DEP. For example, by changing the applied 
frequency, different properties of the cells being investigated 
can be probed. 
In 2014 Kruger et al. investigated the possibility of separating 
red blood cells (RBC) in DLD devices in a simulation study 
and obtained positive results [15]. The displacement path 
taken by the RBCs was predicted in the particular DLD design.  
Controlling the orientation of particles in a DLD device gives 
greater control over separation behavior and can make it 
possible to separate populations that vary in shape in a way 
that is otherwise not possible using DLD. Zeming et al. [16] 
used post shapes to gain some control over particle orientation 
and improve the separation of RBCs and Beech et al. used 
channel depth to control RBC orientation making it possible 
to choose to separate by cell diameter or cell thickness [6]. In 
the present work we show that we can use DEP forces to 
control cell orientation and show also the effect that this has 
on cell behavior in DLD devices. Using DEP in this way has 
the advantage over the above, geometry-based approaches in 
that it can be applied to any kind of existing DLD device 
fabricated in an insulating material and that it can be tuned to 
optimize separations under varying conditions without the 
need to fabricate new devices. 

2. Theory   
Deterministic Lateral Displacement 
The geometry in a deterministic lateral displacement (DLD) 
device, as shown in Fig. 1, consists of an array of posts with λ 

spacing between the centers, shifted laterally by a distance 
Δ𝜆𝜆 = 𝜆𝜆/𝑁𝑁 , where N is usually an integer number (2 ≤ 𝑁𝑁 ≤
100). N is called the period of the array since the array repeats 
itself after N rows.  

Particles which are smaller than a critical diameter 𝐷𝐷𝑐𝑐  flow 
in a zig-zagging pattern following the flow stream while ones 
whose size 𝐷𝐷 ≥ 𝐷𝐷𝑐𝑐 are transported in displacement mode. Fig. 
2(a) shows the different trajectories of the particles depending 
on their size. The critical diameter can be calculated as: 
 
 𝑫𝑫𝒄𝒄 = 𝟐𝟐𝟐𝟐 𝒅𝒅

√𝑵𝑵
 (1) 

 
Where d is the distance between 2 posts and α is correction 
term. 

 
Dielectrophoresis 
Dielectrophoresis (DEP) is the motion of particles subjected 
to a non-uniform electric field. The interaction of the field 
with the particle’s dipole moment exerts a force on the 
particle [17]. The force magnitude and direction are dependent 
on the particles’ geometry (size and shape) and electrical 
properties of the particles and the buffer they are suspended in. 

Fig 1 A simplified bumper array with distance between two bumpers λ, 
row shift Δλ and period of N=3. 

Fig 2 (a) Trajectories of particles in a DLD device. The orange particle, 
which is smaller than the critical size, follows the stream while the big 
green particle “bumps” into the posts and switches to another stream. (b) 
Trajectories of a particle in a DEP-DLD device. Although it is smaller 
than the critical size, the dielectrophoretic force makes it appear larger 
and moves in displacement mode. 

(b) 

(a) 
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This property can be employed in microfluidic separation and 
sorting techniques, in particular DLD.  
 In the electrodeless DEP approach that we used in this 
project, the voltage is applied across the length of the device. 
Due to the presence of the PDMS posts inside the channel, the 
electric field is distorted around the posts. In particular, the 
maxima of electrical field are at the sides of each post. Fig. 
2(b) illustrates the case the particle experiences negative DEP 
– it moves away from the particular post. In other words, 
although the particle is smaller than the critical diameter, it 
behaves like a larger particle and is deviated from the flow 
stream where it originally resided. 

3. Experimental   
Device 
We used soft-lithography to make poly-(dimethylsiloxane) 
(PDMS) devices on glass for our experiments. The detailed 
procedure can be found in Holm et al [5]. We modified the 
design by Holm for sorting blood and Trypanosoma cyclops to 
run our DEP-DLD experiments with red blood cells. The 
layout of the original design is shown in Fig. 3(a). In order to 
achieve high electric field, we shortened the device by cutting 
it in half and pinched the outlet hole near the cut line.  
 The complete device after tubing is illustrated in Fig. 3(b). 
The device has four reservoirs: two buffer reservoirs and a 
sample reservoir (on top of the figure) and an outlet reservoir 
(at the bottom of the figure). The four blue cylinders showed 
in the figures are parts of the tubes connecting to the pressure 
pump and the four small wires are platinum electrodes. 
 

 

Equipment 
The flow of blood sample and buffer inside the PDMS device 
was driven by pressure gradient. Pressure at the sample 
reservoir and the two buffer reservoirs was regulated by an 
over-pressure controller (MFCS-4C, Fluigent, Paris, France) 
via three plastic tubes and connectors (Fig. 4). The controller 
maintained a stable pressure difference in the range of 0 – 60 
mBar between the sample/buffer reservoirs and the outlet 
reservoir, which was left open to atmospheric pressure. To 
supply a high-voltage bias across the channel of the device, 
we used a function generator (33120A, Hewlett Packard, Palo 
Alto, CA, USA) together with a 100X amplifier (BOP 1000M, 
Kepco, Flushing, NY, USA), yielding a sinusoidal AC voltage 
of up to 1000 Vpp. One terminal of the voltage source was 
connected to the two platinum electrodes immersed into the 
buffer at the buffer reservoirs and the other terminal was 
attached to the platinum electrode embedded into the buffer at 
the outlet reservoir. Since the cross-section of the 
buffer/outlet tubes is much larger than that of the fluidic 
channel, the electrical impedance of these tubes is much lower 
than the channel impedance and the voltage difference 

provided by the voltage source is assumed to be distributed 
across the channel only. Blood cells in the device were 
imaged through an inverted microscope (Eclipse TE2000-U, 
Nikon Corporation, Tokyo, Japan). The images and movies of 
the experiments were captured using a CMOS camera (Neo 
sCMOS, Andor Technology, Belfast, Northern Ireland).  
 
 
 
 
 
 
 
 

Fig 3 (a) The DEP-DLD device modified from Holm’s Trypanosoma 
design, the blurred half was cut out to shorten device length. (b) 3D 
model of the complete device. 

(a) 

(b) 
Fig 4 The DEP-DLD device with microfluidic and electrical 
connections. The sample and buffer reservoirs (on the left of the device) 
were connected to an over-pressure pump by three plastic tubes; one of 
the tubes was unplugged for clarity. The buffer reservoirs and the output 
reservoir (on the right of the device) are connected to the AC voltage 
source through platinum electrodes. 
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Sample preparation 
The blood sample was extracted from healthy donors 
following a standard procedure. A sterile needle 
(Haemolance+ low flow, Haemedic, Sweden) is used to prick 
the donors’ finger. The blood drop (10 µL) is collected by a 
sterile pipette tip and then diluted into 1000 µL of 
autoMACS® running buffer (#130-091-221, Miltenyi Biotec, 
Bergisch Gladbach, Germany). The buffer (pH 7.2) contains 
phosphate buffered saline (PBS), bovine serum albumin 
(BSA), EDTA, and 0.09% sodium azide. 
 

Experimental procedure 
Ten µL of diluted blood sample was added to the inlet 
reservoir and the buffer reservoirs were filled with 
autoMACS® running buffer. The outlet reservoir was also 
filled with the buffer to allow for electrical conduction. The 
experiment could be run with or without an applied voltage. 
Movies were taken all over the device. However, to quantify 
the displacement and effective size of the RBCs, we focused 
on a small region near the outlet reservoir, which has the 
nominal critical size of 5.04 µm (Fig. 5(a)). The AC voltage 
was ramped up from 0 V to 1000 Vpp, in steps of 200 Vpp. 
For each voltage value, we captured a corresponding 
microscopic movie. In each movie, we counted the number of 
RBCs passing through every gap between nearby posts of a 
chosen row. The cell counts were normalized and plotted as a 
function of the displacement. 
 

4. Results and Discussion 
Orientation of red blood cells in DEP-DLD device 
RBCs have the shape of a biconcave disk, with diameter of 
around 6 – 8 µm and thickness of around 2 – 2.5 µm. Due to 
this specific geometry, orientation of the cells in a normal 
DLD device would change dependent on the fluid stream they 
reside in. When RBCs travel in a straight channel or in the 
middle of two posts, they align horizontally like Frisbees 
flying in mid-air. Looking at a microscopic image taken from 
the top of the device, one can observe the cells as circles. 
However, when the RBCs switch to the fluid streams near a 
post, they tend to lean against the post and orient vertically 
like bicycle tires. From the top of the device, one sees the 
cells as thin, rounded rectangles (Fig. 6 (a) and Movie 1. This 
phenomenon dictates the effective size of the cells in a DLD 
device, making them appear as small as their thickness [5].  
 With a sufficient electric field gradient applied across the 
device, this vertical orientation of the RBCs when they move 
near the posts is overridden. As can be seen in Fig. 6(b) and 
Movie 2, the cells appear consistently as Frisbees when they 
flow in the post array, disregarding their position with respect 
to posts. The effective size of the cells is near their diameter.  
 
 

 
 
 
 

Fig. 6 Orientation of red blood cells in a DLD device. (a) In the absence 
of an AC field (E = 0), there are two types of orientation of RBCs 
depending on their positions with respect to a post. (b) When electric 
field was turned on (V = 1000 Vpp, |E| ≈ 177 VRMS/cm), RBCs orient 
horizontally like Frisbees flying in mid-air, disregarding the fluid stream 
they were in. 

(b) 

(a) 

Fig. 5 (a) The captured region where displacement of RBCs were 
analyzed. (b) Distribution of RBCs at the captured position. The graph 
shows cell count value at each displacement position along the chosen 
row for counting. There are six curves corresponding to six AC voltage 
values used in our experiments. 
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Distribution or red blood cells near the outlet reservoir 
To quantify the dielectrophoretic effect on RBCs in DEP-
DLD devices, we analyzed the displacement of the cells at a 
region near the outlet. Fig. 5(b) shows the distribution of 
RBCs measured at the end of our device. There are six curves 
corresponding to six AC voltage amplitudes we used, ranging 
from 0 to 1000 Vpp. As can be seen from the figure, when the 
applied voltage is increased to 600 Vpp, the displacement of 
the RBCs starts to change. This can be explained by the 
change in their orientation under dielectrophoretic effect, 
making them appear larger when in contact with a post, 
forcing them to move in displacement mode throughout the 
channel. 
 
Effective size of RBCs in DEP-DLD 
The bell-shaped curves in Fig. 5(b) can be fitted into normal 
distribution to estimate the effective size of RBCs in a DEP-
DLD device. This work can be performed using the Curve 
Fitting application of MATLAB R2014a (The MathWorks, 
Natick, MA, USA). Fig. 7 shows the fitted data. The blue 
diamond marks represent the mean displacement of RBCs at 
each voltage value and the error bars correspond to one 
standard deviation. We also add the dotted lines noted with 
critical diameter values to help estimate the effective size of 
the cells in our device. For example, by looking at the graph 
one can see that when a voltage of 600 Vpp was applied, 
RBCs behave as spheres of diameters in the range between 
3.47 µm and 3.99 µm. 

In Fig. 7, one can see that the error bars are larger as 
compared to the mean values. There are three possible factors 
causing this phenomenon. First, the RBCs already have their 
own size distribution, both in diameter and thickness. Second, 
the master we used to make PDMS device has some defects 
that make some posts disappear inside the device’s channel 
and affect the flow profile. Finally, as can be seen from Movie 
3, the orientation of RBCs while moving in the DLD arrays is 

quite stochastic. In particular, besides vertical and horizontal 
orientations they may also have inclined orientation that 
makes their effective size lies in the range between their 
thickness and their diameter. We believe that the third effect 
contributes the most to the variation seen in Fig. 7. 
 It should be noted that although the biggest size shown in 
Fig. 7 is 4.44 µm, it does not reflect the actual diameter of the 
RBCs. The reason for this is that we only use half of the 
device, which has highest critical size value of 5.04 µm, 
meaning that even if the cells were as large as 8 µm, they 
would be still displaced to the same position as the ones 
having the diameter of 5.04 µm. This drawback of the device 
can be avoided by a new DEP-DLD design that is more 
suitable for RBCs. 

 5. Conclusion and Outlook 
In this work, we have shown the effect of dielectrophoresis on 
orientation of RBCs in DLD devices. This effect can be used 
as a tool to tune the effective size of RBCs by a factor of 1.5 
(from below 3.47 µm to 4.44 µm in our work) or even better, 
with more suitable design, keeping in mind that the diameter 
of the cells can be three times as large as their thickness. This 
phenomenon can open a wide range of applications in sorting 
RBCs from other kinds of cells and pathogens, thanks to the 
unique geometric of the RBCs. 
 There is plenty of room for future work. For example, 
modelling and simulation of RBCs in the devices could help 
us gain more insight into the mechanism behind the DEP 
effect on orientation of the RBCs. The buffer we used in this 
work is isotonic. One can possibly treat RBCs with hypotonic 
buffer to make them more spherical, carry on similar 
experiments, and compare with our results to see whether the 
DEP force or torque (orientation change) is more pronounced.  
 In future work, Trypanosoma cyclops parasites can be 
tested in the same device and their displacement, as a function 
of voltage, can be compared with the current data of RBCs. If 
the difference in the effective critical diameter is significant, 
they can conceivably be separated by applying an AC voltage 
in DLD, as an alternative to fabricating DLD devices with 
specific depth [5]. The benefit would be that a deeper device 
with greater throughput could be used. 

6. Electronic Supplementary Materials 
A selection of videos of the results are available at 
http://bit.ly/RBCRotationVideos 
Movie 1 - 0V_zoom_in.wmv: shows, at large magnification, 
the dynamics of RBC in the DLD device described in the main 
text when a pressure of 20 mBar was applied.  
Movie 2 - 1000V_zoom_in.wmv: same as Movie 1, but with 
an additional AC voltage of 1000 VPP, 100 Hz applied. 
Movie 3 - 0Vpp_large_FOV.wmv: same as Movie 1, only at a 
larger field of view. 
Movie 4 - 1000Vpp_large_FOV.wmv: same as Movie 2, only 
at a larger field of view. 
 
 
 

Fig. 7 The displacement of RBCs as a function of applied voltage, 
assuming they have normal distribution. The dotted lines marked with 
critical diameter values are included to help estimate the effective size of 
the cells in our device.  
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Abstract 
Using electrically connected metal-coated posts in a Deterministic Lateral 
Displacement (DLD) device and applying electric fields, we use electrokinetics to tune 
separations, decrease the critical size for separation by a factor of 20 and increase the 
dynamic range by the same factor with switching times on the order of seconds.  
The strength of DLD stems from its binary behavior. Particles move in one out of two 
trajectories based on their effective size. For particles that are close to the threshold 
size, a small external force is sufficient to nudge the particles from one trajectory to 
another. Our devices consist of arrays of cylindrical metal-coated SU-8 posts connected 
by an underlying metal layer. This allows us to generate electric field gradients around 
the posts, causing polarizable particles to experience dielectrophoretic (DEP) forces. 
These forces, that depend on the volume and polarizability of the particle, can be made 
sufficient to push particles from one trajectory into another. 
We observe that by adding DEP in this way, multiple size fractions can be created 
simultaneously in a device that has only one fixed critical size. 
Key Words: Dielectrophoresis, Deterministic Lateral Displacement, Vertical 
electrodes, Tunable separation, Particle sorting 
 

Introduction 
In many types of miniaturized integrated fluidics systems particle sorting is essential 
for sample preparation and analytical fractionation. Microfluidics simplifies the process 
considerably compared to standard methods such as FACS and MACS. For high-
throughput applications, acoustophoresis and inertial focusing have been developed. 
However, they provide limited precision. For high-resolution fractionation, 
deterministic lateral displacement is excellent. It was first presented by Huang et al. [1] 
and is, in its original form, a passive and continuous particle separation technique for 
the separation of particles by size. “Passive” refers to the fact that separation 
functionality is built into the structure of the device and that no external fields or 
actuations other than the generation of flow are required to separate particles. 
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“Continuous” refers to the fact that a mixture of particles can be input into the device 
and continuously extracted from the outputs of the device. This is in contrast to batch 
methods. The passive nature of the technique means that DLD is ideal for integration 
into simple devices that require little to no power input and continuity means that this 
can be done easily with up/down stream preparative or analytical steps. However, 
“passive” also means that once designed and fabricated, the separation performance of 
a device is fixed.  

 

Figure 1. Device principle. (A) Particles smaller than the critical size in a DLD device move in the zigzag mode, 
following the average fluid flow direction (both red and green lines). (B) If the posts are active electrodes then 
electric fields can be generated between the rows of posts in such a way that DEP forces cause particles to transition 
to the displacement mode (the inset shows an illustration of the forces). (C) Using this principle, devices can be 
designed such that particles with differing DEP mobilities can be separated and then collected. 

Tunability of separation functionality, a powerful tool, requires additional refinement. 
Beech and Tegenfeldt used the deformability of PDMS to change DLD device 
geometry and make devices tunable[2]. Zeming used innate, long-range electrostatic 
forces inside DLD devices, modulated via buffer ionic strength, to tune separations and 
achieve a large reduction of the critical size[3]. Zeming recently used this approach to 
detect the binding of proteins to the surface of micrometer sized beads[4]. In both of 
the above cases, nanometer-sized particles are separated in devices with micrometer-
sized features. As the authors argue, this approach delivers powerful separations in 
devices that are easy to fabricate (large features) and easy to run (low pressures). Most 
relevant to the current work, Beech et al. used electric fields to modify the behavior of 
DLD devices[5]. This approach also enables the tuning of devices and the decrease of 
the critical size. It requires the application of electric fields but has the advantage that 
tuning can be done quickly and reversibly without the need to change the buffer. These 
devices were simple to fabricate and use, requiring only electrodes added at the inlets 
and outlets of devices. The insulating properties of PDMS generate insulator-based 
DEP forces[6] that tune the separations in DLD devices. This approach has now been 
refined by Ho et al. who have used buffer conditions and applied voltages and 
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frequencies to separate microspheres, bacteria and yeast based not only on size, but on 
surface charge and other dielectric properties (manuscript). However, generating high 
electric fields in devices using this approach requires high applied voltages (hundreds 
of volts), which can be problematic from a practical point of view, and it can be difficult 
to do this at high frequencies without specialized equipment. 
Here we present a new approach to combine DEP and DLD by fabricating post arrays 
that are also electrodes. With our new design we are able to generate similar field 
gradients as in our previous work[5] using two orders of magnitude lower applied 
voltages due to the proximity of the electrodes, Figure 1 and Figure 2. This allows us 
to work with frequencies up to tens of MHz. Using this approach, we decrease the 
critical particle size in a device from 5.15µm to 0.25µm, a factor of >20. We also 
increase the dynamic range from 1 to 20.6, also a factor of >20. The switching times 
for the entire range (critical size from 5 to 0.25µm) are on the order of seconds. 

 
Figure 2. (A) Schematic of device design showing how the electrodes are coupled. (B) Photograph of a finished 
device showing inlet and outlet reservoirs and wires for fluid and electronic interfacing. (C) Colorized SEM image. 
The posts that constitute the DLD array are coated with metal (shown in both red and green) and connected via 
buried metal lines. The red and green colorized electrodes are connected as depicted in (A) to have opposite polarity. 

Background and Theory 

Deterministic Lateral Displacement 
The critical particle diameter Dc in a DLD array with gap G and period N can be 
calculated using the empirical formula[7]: 

 

𝐷" = 1.4 ∙ 𝐺 ∙ 𝑁*+.,- 

 
As shown in Figure E2 of the ESI, the measured gap in our device, 
G = 11.10 ± 0.14 µm. With the period designed to be N = 10, the critical particle 
diameter is expected to be Dc = 5.15 ± 0.06 µm. 
This means that particles with diameters smaller than 5.15µm are expected to follow 
the fluid flow direction in the device (commonly referred to as non-displacement mode) 
and those larger than 5.15 µm will follow the geometry of the array (bumping or 
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displacement mode). Here we will refer to the two modes as displacement and non-
displacement.  

Dielectrophoresis 
Dielectrophoresis (DEP), in turn, provides specificity based on both the volume and the 
dielectric properties of the particles. 
The resistance to the formation of an electric field inside a material upon the application 
of an external alternating field (𝜀̃	)	is a function of frequency (f) and is given by the 
following where 𝜺	is the permittivity (in a static field) and s is the conductivity. 

 
Equation 1 

𝜀̃ = 𝜀 −
𝑗𝜎
2𝜋𝑓 

 

The time-averaged force 〈𝑭;<=〉  on a spherical particle of radius r and complex 
permittivity 𝜀̃p	suspended in a medium with complex permittivity	𝜀̃m	and an electric 
field with a peak amplitude of Epk	is given by: 
 
Equation 2 

〈𝑭;<=〉 = 𝜋𝜀+𝜀B𝑟D𝑅𝑒(𝑓HI)∇𝐸LMN  

 
where the frequency dependence and the direction of the force is given by the real part 
of the Claussius-Mossotti factor (fCM): 
 
Equation 3 

𝑅𝑒[𝑓HI] =
𝜀L̃ − 𝜀B̃
𝜀L̃ + 2𝜀B̃

 

 
A thorough treatment of DEP can be found in Pethig’s textbook[8]. 

Active Posts 
As mentioned above, the major advantage of placing electrodes inside devices is that 
the maximum field gradient can be generated exactly where it has the greatest effect on 
the trajectories of the particles, using the minimum applied voltage. While a similar 
effect could be achieved using a combination of 2D electrodes and 3D fluidics 
structures (metal electrodes on a surface with PDMS structures on top for example) 
three-dimensional electrodes have the major advantage that they provide a 
homogeneous electric field distribution over the complete depth of the device[9]. 
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Combining DLD and DEP using active posts 
In a DLD device, steric interactions between particles and posts cause particles to cross 
streamlines and to follow distinct trajectories through devices. As will be shown in the 
results section, a DEP force can be created that, together with the steric interaction, can 
be sufficient to force a transition from the non-displacement to the displacement mode. 
As described above, the DEP force is a function of the volume of the particle, the 
polarizabilities of the fluid and particles at the specific frequency and the gradient of 
the electric field squared. In contrast to previous work by Beech et al.[5] with 
electrodeless DEP in DLD devices, placing the electrodes onto the surface of the posts 
allows high field gradients to be achieved over a large range of frequencies (0-10 MHz 
with our current function generator). The significant advantages of combining DEP and 
DLD in this way are that we can tune the critical size in a device (that otherwise only 
has one critical size) by simply turning the knobs on our function generator. As will be 
shown below, we can decrease the critical size by a factor of 20, and do so with a 
response time of seconds. This means that we can separate 4 µm particles from 6 µm 
particles, or, 250 nm particles from 500 nm in the same device. What is more, the gaps 
between the posts in the device are 10 µm, making clogging negligible. We have run 
separations continuously for 10 hours without clogging being a problem. Also, while 
the focus in this report is on size-based separation, the dependence of the DEP force on 
the polarizability of particles means that we also have a handle on separations by 
dielectric properties which can further aid us in identifying different types of cells or 
microorganisms as well as in differentiating cells in different states, e.g. in live/dead 
assays. 

Materials and Methods 

Device Fabrication 
The detailed fabrication process is described in the ESI (Figure E1). A metal layer 
(Ti/Pt/Ti 20 nm / 200 nm/20 nm) is first sputtered onto a plane glass substrate and 
patterned used ion beam etching. This is covered with an insulating SiO2 layer (300 nm) 
and vias are opened. To create the active electrode structures SU-8 pillars are patterned 
(20 µm thick) and are subsequently coated by metal sputtering (Ti/Pt 20 nm/200 nm). 
The metal deposited on top of the pillars and on the planar substrate is removed by 
directional ion beam etching. This etching process preserves the metal-coated side walls 
of the electrodes [9]. A second SU-8 lithography step is used to define the fluidics 
channels and all other non-electrically active device features. Channels are sealed with 
a ~2 mm thick PDMS slab. Holes are punched through the slab for fluidic access and 
silicone tubes glued to the PDMS to function as fluid reservoirs and for interfacing with 
a pressure control unit. Wires are soldered to the device for electrical connection. The 
final device is shown in Figure 2. Further device details, such as the measured 
dimensions of the final device, can be found in the ESI (Figure E2). 

Experimental Setup, Method and Materials 
Flow in our devices was generated by applying over pressure in the range 1-10 mBar 
to device inlets using an MFCS-4C pressure controller (Fluigent, Paris, France). Outlet 
reservoirs are kept at ambient pressure. A function generator (15 MHz 
function/arbitrary waveform generator, model 33120A, Hewlett Packard, Palo Alto, 
CA, USA) is used for the application of AC signals. The voltage is measured with an 
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oscilloscope (Hewlett Packard 54603B 60MHz) with a 1x/10x probe (Kenwood PC-
54, 600 Vpp). All images are captured through a microscope (Nikon Eclipse TE2000-
U, Nikon Corporation, Tokyo, Japan), with an Andor Neo CMOS camera (Andor 
Technology, Belfast, Northern Ireland) using NIS Element software (NIS Element 
Advanced Research v4.51, Nikon). The conductivities of the media and the suspensions 
used in all experiments are measured using a B-771 LAQUAtwin Compact 
Conductivity Meter (Horiba Instruments). 
1.7 mM KCl with 0.1% Pluronics F127 (conductivity measured at 25 mS/m) is used as 
a suspending medium for carboxylate modified latex beads of varied diameters below 
the critical size in the device. The bead suspensions are driven through the device using 
a ~5mBar pressure difference. Multiple frequencies between 1 Hz and several MHz at 
voltages between 0.5 V and 8 V are applied to the devices and the trajectories (exit 
positions) of the microspheres are measured. 
DNA experiments are performed using YOYO-1 stained lambda-phage DNA 
suspended in 0.5 x TBE. 

Particle counting and analysis 
The separation of particles is determined by manual counting at the end of the DLD 
array. The process is described in detail in the ESI section 5. In short, the number of 
particles exiting the device through each of the 14 exit channels is established by 
manual inspection of recorded movies for each of the experimental conditions (varied 
voltage and frequency) and for each of the particle sizes. 

Simulations 
In order to gain insight into the distribution of the electric field and the shape of the 
gradients in our device, we performed finite element simulations using COMSOL 
Multiphysics 5.2. The results are shown in Figure 3 and complete details of simulations 
are given in the ESI section 4.  

 

Figure 3. The DEP force is proportional to E2. The plot shows a slice through a 3D finite element simulation of our 
device. The units are (V/m)2. In this case the applied voltage is 1 Vpp. Although the maximum value of the color bar 
will scale with the applied voltage, the pattern of E2 will always look similar. 
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Results and Discussion 
Figure 4 shows an example of the switching of modes (zigzag to displacement) in our 
device. In (A) 2 µm beads, being smaller than the 5.15 µm critical size in the device 
move in the displacement mode. Upon the application of 3 V at 100 kHz (B) the beads 
switch to the displacement mode. When the particles are injected in a focused stream 
as in (C) the different trajectories mean that the particles can be collected at different 
positions at the end of the device. 

  

Figure 4. Typical separation results (A) 2 µm carboxylate beads are smaller than the native critical diameter 
(Dc = 5.15 µm) in the device and move therefore in the zigzag mode. (B) The same beads move in the displacement 
mode when 3V @ 100 kHz is applied. In both cases one trajectory is highlighted in red. (C) If the particles are 
focused into a stream then the change in trajectory leads to separation as the particle move through the device. 

We tested the response of the device to voltage scans at frequencies ranging from 1-
107 Hz. We find that at frequencies of 10 kHz and lower, at voltages above 3 Vpp, there 
is a tendency for microspheres to become trapped at the high field regions between the 
posts (see ESI figures E5 and E6). We attribute this to positive dielectrophoresis. We 
expect the optimal frequencies for tunable separation to depend on the types of particles 
being separated and frequency scans may well be the best approach at distinguishing 
bioparticles with differing polarizabilities. For the polystyrene microspheres we study 
here, all with the same polarizabilities, we find 10 MHz to be optimal (see ESI figure 
E5) and chose to keep the frequency fixed at 10 MHz and study the voltage dependence. 

 

Figure 5. Tuned separation of 0.25 µm, 0.5 µm and 0.8 µm microspheres at 10 MHz and at (A) 0 Vpp (B) 3.5 Vpp 
(C) 5.25 Vpp and (D) 7 Vpp. 0.25 µm and 0.5 µm microspheres are green and 0.8 µm are blue and were imaged 
with separate filter sets. The images were extracted from a movie, colorized and recombined to show all particles 
simultaneously. See ESI for original movie. 
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Figure 5 shows the tuned separation of 0.25 µm, 0.5 µm and 0.8 µm microspheres at 
10 MHz.  At 0 Vpp all microspheres are in the non-displacement mode. At 3.5 Vpp the 
0.8 µm microspheres move mostly in the displacement mode and become separated. At 
5.25 Vpp the 0.8 µm microspheres are fully in the displacement mode, the 0.5µm half 
way between the non-displacement and displacement modes and the 0.25 µm still in 
the non-displacement. Here the three microsphere populations are fully separated. This 
is particularly interesting because the device has only one critical size and if used in the 
traditional way, without applied fields, can only generate two fractions. At 7 Vpp we 
are back to 2 fractions, one containing 0.25 µm microspheres and the other containing 
0.5 µm and 0.8 µm microspheres. 

 

Figure 6. (A) Outlet position as a function of applied voltage for 0.5 µm, 0.8 µm, 2.1 µm, 2.9 µm and 4.3 µm 
microspheres at 10 MHz. Particles exit at channel 8 if they experience no displacement and at 14 if they experience 
maximal displacement. The dashed lines show fitted error functions (see ESI for more information on fitting). Error 
bars show one standard deviation. (B) Plot of the crossover voltage (mean of the fitted error function) as a function 
of beads diameter. Error bars are the standard deviation from the fitted error functions. 
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The trajectories (measured via outlet position) of 5 microsphere populations as at 
function of applied voltage at 10MHz are shown in Figure 6. As the voltage is increased 
each microsphere population, in decreasing size order, make the transition from the 
non-displacement to the displacement modes. This transition is described extremely 
well by an error function, shown fitted to the data. We believe the reason for this is the 
Gaussian size distribution of the microspheres. Voltages can be found at which all 
particles are either displaced, non-displaced or somewhere in between and this can be 
changed with a switching time of seconds (see ESI Figure E7). This is the fundamental 
principle of tuning using our method. 
The obvious question is: How small can we make the critical size? Our function 
generator was able to provide 7.5 Vpp (at the device). At the 3 mBar applied pressure 
used in the measurement described in Figure 5 and Figure 6. This was not sufficient to 
displace the 0.25 µm microspheres. However, by decreasing the flow rate we can 
increase the relative strength of the DEP force. At 2 mBar applied pressure 0.25 µm 
microspheres became displaced, Figure 7. There are however limits on how slow we 
can flow the particles since, especially for small particle, diffusion becomes a problem 
as it works against separation. We believe that with a suitable amplifier, we can achieve 
up to 20 Vpp in our device and push the critical size down to 100nm or below.  

 
Figure 7. At 2 mBar applied pressure, 7.5 Vpp @10MHz it is possible to displace 0.25 µm particles for gaps between 
posts being ~12 µm. The red bars indicate the lateral distributions of the 0.25 µm beads for the two different voltages 
in (A) and (B). 

The dynamic range of a DLD device can be defined as the ratio of the largest to smallest 
critical diameters that can be achieved[10]. Increasing this range is often done using so-
called chirped arrays; multiple DLD array in sequence. However, as Davis discusses in 
his thesis [7], the maximum particle size that can be handled is limited to the smallest 
gap size in the device, which ultimately limits dynamic range to between 3 and 5. 
Cascaded devices have channels that remove large particles between the cascaded 
arrays and in these dynamic ranges of 20 can be achieved, but at the cost of increased 
complexity of both design and performing separations. 
Because our device has only one critical size (DC = 5.15 µm) it has a dynamic range of 
one, when not using the active post capabilities. However, since we are able to displace 
0.25 µm particles in our device by applying electric fields, we have increased the 
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dynamic range to ~20. By combining our active post approach with the chirped and 
cascaded device approach we believe we could achieve dynamic ranges of ~100. 
Finally, to demonstrate the manipulation of long polyelectrolytes, we used the device 
to trap DNA. By tuning the frequency, we could either trap the DNA onto the electrodes 
or through a dynamic process in between the posts, Figure 8.  

 
Figure 8. Trapping DNA in an electric field. (A) Finite Element simulation (COMSOL) showing the electric field 
between posts (in a plane close to the connecting electrodes) with 1 VRMS applied across the electrodes. (B-D) 
lambda-phage DNA stained with YOYO1 (5:1 ratio) in 0.5x TBE buffer under different applied fields. In all cases 
the applied pressure is zero. (B) At 0 V the DNA is distributed homogeneously (C) At 4 V pp @ 1 Hz the DNA 
becomes concentrated between the rows of posts. The image shows a snapshot (0.1s exposure time). The distributions 
oscillate, shifting toward the positive electrode several micrometers during each cycle (D) 4 V pp @ 10 Hz. Here 
the DNA is trapped on the electrodes and no oscillations are observed. 

Conclusion 
We have successfully demonstrated proof of principle of a DLD device combined with 
electrodes directly integrated onto the posts. The short interelectrode distances allow 
us to reach high electric field strengths at high frequencies with small enough voltages 
to ensure simple and safe operation. 
We have shown that we can change the critical size in our device from 5.15 µm to 
250 nm, a decrease by a factor 20, which constitutes an increase in dynamic range by 
the same factor. We predict that at higher applied voltages we will be able to decrease 
the critical size further towards the 100 nm range. Switching times in our device depend 
on flow rates, but at the conditions presented here, they are in the range of several 
seconds. This means that we can immediately visualize the response to a change in 
voltage and tune separations in real time. At high flow rate/applied voltages the 
switching times will be shorter. To summarize, we change what is essentially a bimodal 
separation technique into a tunable multimodal separation tool. 
Finally, we demonstrate the retention of DNA between the posts by applying an AC 
voltage between the electrodes on the posts. This allows us to trap DNA, for example 
for applications of DNA extraction and purification that are important for genomics 
studies. 
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1. Device Fabrication 

 
Figure 1. The process flow for the fabrication of devices containing metal-coated, three-dimensional electrode 
structures with insulated connection lines. These three-dimensional electrodes constitute the pillars that make up a 
DLD separation array. 

2. Device Layout 
The device is designed with the layout and dimensions shown in Figure 2. Using the 
fabrication method described above both the active electrode structures inside the DLD 
array (defined in step 5 in Figure 1) and the non-active features, such as the three inlets 
for particle focusing and the outlet for collection and counting of particles (defined in 
step 8 in Figure 1) are achieved. While the device was designed to have a Dc of 4.6µm 
(based on G=10µm and N=10, see section 3 below) the dimensions of the actual devices 
differed slightly from the designed parameters giving a somewhat larger Dc. Figure 2 
D and E show how we determined the actual dimensions of our final devices. 
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Figure 2. Designed and measured device and DLD array dimensions. A) Measured dimensions of fabricated DLD 
arrays. B) Dimensions of DLD array, inlet and outlet channels. C) Dimensions of the final, diced device with the 
inlet and outlet reservoir-connection areas shown. D) and E) Measurements are performed using NIS elements, 20x 
objective (NA 0.5, 2.0 mm WD). 

3. Critical Size 
The critical particle diameter Dc in a DLD array with gap G and period N can be 
calculated using the empirical formula[1]: 
 

𝐷" = 1.4 ∙ 𝐺 ∙ 𝑁*+.,- 
 
As shown in Figure 2, the measured gap in our device, G = 11.10 ± 0.14µm. With the 
period designed to be N = 10, the critical particle diameter Dc = 5.15 ± 0.06. 

4. Simulations 
The electric field inside our device was simulated using COMSOL Multiphysics 5.2. A 
subset of the device with an array of 6x6 posts was generated in 3D with the same 
geometry (measured) as that of our final device. The simulation included the buried 
contacts. This was considered sufficient to generate a good picture of the electric field 
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around the posts without recourse to the considerable computational resources required 
to simulate the entire device. 
 

 
(A) Water 

 
(B) PDMS 

 
(C) Electrodes  

(D) Mesh 

 
(E) Electric Potential  

( F) Electric Field Squared 
Figure 3. Simulation of electric field inside our device. Length units are µm. 

The electric field in our device was simulated using the current conservation equations: 

	
	

	

The boundary condition for an insulating surface at the PDMS interface was:  

	

The electric potential at the electrode are 0 V and 1 V. 
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5. Particle counting and Analysis 
In order to establish the trajectories of particles (and determine the performance of the 
separations) the position of every particle was determined as they left the separation 
array in the device. The device was designed with 14 parallel channels in which to 
perform this measurement, see Figure 4. The measurement itself was performed by 
manual inspection of recorded movies. For each experimental condition (1 voltage, 1 
frequency and 1 microparticle size) several hundred events were measured.   
 

 
Figure 4. The device has 14 outlet channels where the particles are counted. Outlet #8 corresponds to no 
displacement in the DLD device. Outlet #14 corresponds to maximum displacement. 

6. Frequency response  
We measured the outlet distributions as a function of applied voltage for 4.3 µm, 
2.9 µm and 2.1 µm polystyrene microspheres at frequencies between 1 Hz and 107 Hz. 
There are several results that are worth pointing out. The transitions between non-
displacement and displacement modes are most well defined at 106 and 107. We chose 
therefore to study smaller microspheres at 107 Hz (see results in the main article). At 
1 Hz and 10Hz there is no change in trajectories. At 100 Hz and 1000 Hz and 3 Vpp to 
4 Vpp applied voltage, particles become trapped. Figure 6 shows particles 2.9 µm 
particles trapped at high-field regions implying positive DEP. There is a tendency for 
particle to be displaced in the “wrong” direction at lower frequencies. This is most 
apparent for the 2.9 µm microspheres here. We believe that this “negative” 
displacement is due to positive dielectrophoresis and that the trapping that occurs at 
1000 Hz is occurring just prior to the crossover between positive and negative 
electrophoresis (as frequency is increased) although further studies are required to fully 
understand the true mechanisms at play.   
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Figure 5. The outlet positions as a function of applied voltage for three beads sizes at frequencies ranging from 1 
Hz to 10 MHz. 

 
Figure 6. 2.9 µm microspheres become trapped at high-field regions at 1000 Hz and 4 Vpp applied voltage. 
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7. Switching time 
In order to determine the results of a separation as parameters are tuned, short response 
times are preferable. Figure 7 shows the time evolution of particle distributions at the 
outlet of the device after the applied voltage is switched from 0 Vpp to 7.5 Vpp at time 
t = 0. The separation is fully developed after 4 s. 
 

 
Figure 7. At t = 0 the 7.5 Vpp @ 10 MHz is applied. The response is immediate and the separation fully developed 
at 4 s. Measurement performed at 10 mBar where the displacement is less than that shown in previous results 
(3 mBar). 

8. Videos 
A selection of videos of the results are available at http://bit.ly/MetalDLDVideos 
 
The following first four movies show tunable sorting (figure 5 is taken from here). The 
applied pressure is 3 mBar, frequency is 10 Mhz. The 250 nm and 500 nm 
microspheres are green and the 800 nm microspheres are red. Movies are played back 
at half speed. The first four movies with the respective applied voltages: 
  

active posts ESI movie1: 0 Vpp 
active posts ESI movie2: 3.5 Vpp 
active posts ESI movie3: 5.25 Vpp 
active posts ESI movie4: 7 Vpp 

  
The fifth movie shows switching. The applied pressure is 10mBar, frequency is 10Mhz. 
250 nm and 500 nm and 800 nm microspheres are all visible at the beginning of the 
movie. Movie is played back at actual speed. The applied voltage in the beginning of 
the movie is 0 Vpp and is switched to 7 Vpp at 1 s. At 15 s the excitation light is 
switched so that the 800 nm microspheres only are visible. Then at 16 s switched again 
so that the 250 nm and the 500 nm microspheres only are visible. 
  

active posts ESI movie5: 0 Vpp – 7 Vpp 
 

 
1. Davis, J.A., Microfluidic separation of blood components through deterministic lateral 

displacement, PhD thesis, 2008, Princeton University 
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