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Zusammenfassung

Die Trennung von Partikeln hinsichtlich ihrer Eigenschaften ist ein Feld mit eta-
blierten und robusten Verfahren. Trenntechniken sind in der heutigen Welt allge-
genwirtig aber oft unbemerkt. Kinder spielen zum Beispiel haufig mit Sieben, um
groflere Steine von Sand zu trennen. Verunreinigungen im Wasser konnen durch
Filtration entfernt werden, um es trinkbar zu machen. Filtrierende Masken (z.B.
FFP2) werden genutzt um uns vor infektitsen Viren zu schiitzen. Die Liste liele
sich mit der Aufbereitung von Mineralien in der Bergbauindustrie oder der Entfer-
nung von Mikroplastik aus dem Meer fortsetzen, es ist jedoch offensichtlich, dass
Partikeltechnologie Auswirkungen auf unser aller Leben hat. Trotz ihrer langen
Geschichte werden derzeit groBle Anstrengungen unternommen, um bestehende
Trennverfahren zu verbessern oder neue zu entwickeln.

Eine Kraft, von der bekannt ist, dass sie selektiv und stark genug ist, um
DNA oder Nanopartikel einzufangen, ist die Dielektrophorese (DEP). DEP ist
ein Transportprozess aufgrund einer elektrokinetischen Kraft, die auftritt, wenn
ein polarisierbares Partikel einem inhomogenen elektrischen Feld ausgesetzt ist.
DEP erlaubt Trennungen sowohl in der Mikrofluidik, als auch in industriellen
Separatoren. Wahrend die Mikrofluidik eine hohe Selektivitét, aber einen geringen
Durchsatz bietet, fehlt es grofleren Separatoren héufig an Selektivitit, wahrend
sie gleichzeitig einen hohen Durchsatz aufweisen. Heutzutage konzentriert sich
die Forschung im Bereich DEP hauptséchlich auf hochselektive Mikroseparatoren
und biologische Trennprobleme mit Proben wie Krebszellen, DNA, Proteinen und
sogar Viren. Zu den géingigen Ansatzen gehoren die Feldflussfraktionierung, das
Einfangen von Partikeln an isolierenden Strukturen bzw. Elektrodenarrays oder
die rdumliche Trennung durch Manipulation der Partikeltrajektorien.

Ziel dieser Arbeit ist es, den Werkzeugkasten der DEP-basierten Separatoren
um zwei neue Instrumente zu erweitern. Der erste Ansatz, der in dieser Arbeit
vorgestellt wird, nennt sich frequenzmodulierte dielektrophoretische Partikelchro-
matographie (DPC). Der Ansatz wurde in experimentellen und numerischen Un-
tersuchungen getestet. Dabei konnten die verschiedenen moglichen Trajektoren
in einem DPC-Aufbau beschrieben und vorhergesagt werden. Der mikrofluidische
Aufbau verfigt uber Elektroden am Boden des Kanals, welche eine chromatogra-
phische Trennung ermoglichen. Das Verfahren wurde mit einfach detektierbaren,
fluoreszierenden Polystyrol-Mikropartikeln getestet, und es konnten eine grofien-
selektive Trennung von u.A. 2 pm und 3 pm Partikeln und eine Trennung anhand



der Oberflachenfunktionalisierung von 2 pm Partikeln gezeigt werden.

Der zweite Teil der Arbeit befasst sich mit der Erhéhung des Durchsatzes von
DEP-Separatoren, welche Elektrodenarrays zur Manipulation von Partikeln ver-
wenden. Hierbei wurde der Fokus auf die Beibehaltung der Selektivitéit gelegt.
Es wurde ein Design auf Basis von speziell gefertigten jedoch giinstigen Leiter-
platten (PCBs) entwickelt und zunéchst mit Polystyrolpartikeln getestet. Die se-
lektive Trennung einer Mischung aus 3 pm und 6 pm wurde bei einer Frequenz
erreicht, die eine Trennung auf der Grundlage der unterschiedlichen Polarisier-
barkeit der Partikel ermoglichte. Schlussendlich wurde der Aufbau mit leitfahigen
Partikeln getestet. Gangige Elektrodenmaterialien von Lithium-Ionen-Batterien
wurden ausgewéhlt (Graphit und Lithiumeisenphosphat), um die Trennbarkeit
technisch relevanter Partikel zu zeigen. Die Experimente lassen schlussfolgern,
dass Graphit bei geeigneten Parametern nahezu vollstindig gefangen wird, wo-
hingegen Lithiumeisenphosphat zum Grofiteil den Kanal wieder verlasst.
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Abstract

Separating particles with respect to their intrinsic properties is a field of estab-
lished and robust methods. It is present in our world and many times without
recognition. Children, for example, often play with sieves to separate rocks from
sand. Impurities in water can be removed by filtration in order to make it drink-
able and filtrating masks (e.g., FFP2) can even retain viruses that would otherwise
infect us. The list can be continued with the processing of minerals in the mining
industry or the removal of microplastics from marine environment, but it is rather
obvious that particle technology has an impact on everyone’s life. Despite its long
history, currently, high efforts are undertaken to improve existing or develop novel
separation techniques.

One force known to be highly selective and strong enough even to trap DNA or
nanoparticles is dielectrophoresis (DEP). DEP is the movement of a polarizable
particle due to an inhomogeneous electric field. DEP is can enable or enhance sep-
aration not only in microfluidics but also in industrial-scale separators. Whereas
microfluidics offer high selectivity but lack throughput, larger separators are miss-
ing the selectivity while having significant volumetric flow rates. Nowadays, the
DEP research community mainly focuses on highly selective microscale separators
and the manipulation of biological samples such as cancer cells, DNA, proteins,
and viruses. Common approaches include field-flow fractionation, trapping of par-
ticles at insulating posts or electrode arrays, and spatial separation via focusing
and deflection.

This thesis aims to expand the toolbox of DEP based separators with two new
tools. The first approach provided in this thesis is the frequency modulated di-
electric particle chromatography (DPC). The microfluidic device used features an
electrode array at the bottom of the channel and performs a chromatographic
separation of microparticles. The procedure was tested with fluorescently labeled
polystyrene microparticles and was able to achieve separation of, for example,
2 pm and 3 pm particles and of particles depending on their surface functional-
ization. By using experimental and numerical investigations, we could describe
the different patterns of movement in a DPC setup.

The second part of the thesis focuses on increasing the throughput of DEP
separators that use electrode arrays to manipulate particles while maintaining
selectivity. A design based on custom-designed low-cost printed circuit boards
(PCBs) was developed and first tested with polystyrene particles. The selective
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separation of a mixture of 3 pm and 6 pm was demonstrated by using a frequency
that allowed separation based on their different polarizabilities. Finally, we tested
the device with conductive particles. We selected common electrode materials
from lithium-ion batteries, here graphite and lithium iron phosphate (LFP), as
particles to be separated. We could successfully show that graphite is retained
almost entirely while most of LFP is eluted from the channel.
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1 Introduction

Separating particles according to their intrinsic properties is an important task
in a variety of fields, such as the processing of minerals [6, 7], biotechnology [8—
10], and recycling of electronic waste [11-13]. Prominent examples for methods in
particle separation are flotation [6, 14|, field-flow-fractionation [15], centrifugation
[16] or sieving [17]. More recently, the so-called FFP2 masks became popular
because they separated an infectious virus from the air. Different separation
processes can be reasonable depending on the product’s value, the required purity,
or the available sample size. Consequently, different techniques were developed
that can handle single drops of suspension [18], volume flows in the microliter per
minute range [19] or even several cubic meters per minute [20].

The processing of (bio-)particles in the lower micrometer down to the nanome-
ter range is substance of current research efforts, as many existing approaches lack
either throughput or selectivity for particles in this size range. In biotechnology,
for example, detecting circulating tumor cells [8-10], sorting of proteins or DNA
[21-23], or the collection of microalgae with high lipid content [24-26] are oper-
ations to be performed in this size range. Currently, the recycling of lithium-ion
batteries gets significant attention by public and industry [27]. Since the active
electrode materials in batteries are basically microparticles [28-30], particle sepa-
ration techniques could play a vital role within the recycling process. Apart from
these examples, numerous others can be found as the separation of metallic and
semiconducting carbon-nanotubes [31, 32] or recovery of metals from the recycling
of printed circuit boards [11].

Plenty of forces to manipulate microparticles have significantly different mag-
nitudes depending on the particle size and properties. Gravity is, for instance,
a prominent force to be used for separation techniques. However, particles with
small volume or similar density compared to the surrounding medium are less af-
fected by it. Further, its effect can vanish when the diffusion becomes dominant,
which can be the case for nanoparticles [33]. Other techniques, such as density
gradient centrifugation, accelerate particles and sort them according to their den-
sity. However, this technique is considered costly and slow [31]. Electrophoresis,
in contrast, is inexpensive and fast. Unfortunately, it is considered hard to scale
[31] and often processes batches of particles. Additionally, it requires particles
with a net-charge present [34]. Many more approaches exist as the classification
via aerodynamic lenses [35] and dynamic lateral displacement arrays [36-38] that
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both focus on inertia effects of particles. The list can be extended with acoustic
waves [39, 40|, flotation [14, 41] or electric curtains [42, 43] and so on. Despite
all these ideas and efforts, the combination of selectivity and throughput remains
challenging. The plurality of approaches inherits high value to face the diversity
of separation problems.

Substance of this thesis is the development of separation processes that use
dielectrophoresis (DEP). DEP is the movement of a polarizable particle due to an
inhomogeneous electric field and, in contrast to electrophoresis, does not need a
net-charge present on particles. In the last decades, dielectrophoresis was mainly
used in the biomedical field and in microfluidic setups [44]. The first two publica-
tions of this cumulative thesis focus on such a microfluidic setup and the develop-
ment of a procedure that allows a fast chromatographic separation of particles. We
could not only develop such a process but also simulate it, which helped to select
process parameters to design the experiments. The size-selectivity of this process
was shown by using polystyrene (PS) particles below 10 pm, and PS particles of
the same size were separated only depending on their surface conductance.

The second part of this thesis aims at overcoming one limitation of DEP sys-
tems. While having significant volumetric flow rates and high removal rates of
particles with using dielectrophoresis was shown at least 40 years ago [20], the
combination of throughput, selectivity, and high frequency bandwidth of the elec-
tric field when using an aqueous medium still is unresolved. High bandwidth can
be crucial to achieve selectivity, as changing the frequency can alter the DEP
force in magnitude and direction. In our group, approaches were developed that
showed selectivity and throughput [5, 45, 46] but were limited in the frequency
range. Here the usage of custom-designed, low-cost printed circuit boards as
electrode arrays is presented. Using these, the throughput was significantly in-
creased, and the selective removal of particles by applying high frequencies was
shown. Additionally, we showed the potential of this approach in the recycling of
spent lithium-ion batteries.

In the following, important physical background information will be provided.
Subsequently, a literature survey provides an overview of important literature
related to this work. Then, four peer-reviewed, open-access publications with a
brief introduction are included. Finally, the conclusion and outlook close this
thesis.



2 Theory

In a DEP separator, commonly multiple physical forces compete. Obliviously, one
of them is the dielectrophoretic force, but particles do not experience DEP solely.
In this chapter, the relevant physical phenomena to understand the behavior of
particles inside electrode-based dielectrophoretic separators will be described. The
relevant forces and governing equations to describe viscous and electrical fields
will be introduced. Connections between these equations and the application
afterward will also be substance of this work. This overview does not aim to list
and discuss all phenomena that could be relevant for other DEP setups. For this
purpose, excellent textbooks were published and should be considered for more
details than presented here. First, I would like to recommend AC' Electrokinetics
by Hywel Morgan and Nicolas G. Green [47]. Both authors made important
contributions in the field of DEP and wrote a compact book while providing a
widespread overview at the same time. Second, Ronald Pethig wrote a book
simply named Dielectrophoresis [48], which provides an extensive overview of not
only the theory behind DEP but also its history. Another excellent source for the
history of dielectrophoresis is the review ,Fifty Years of Dielectrophoretic Cell
Separation Technology“ by Hughes from 2016 [49].

2.1 Fluid flow and drag

In many DEP separators a fluid flow can be observed. In the setups presented in
this thesis, a pressure driven flow is generated through pumping. The fluid flow
with external forces f, can be described using the following representation of the
Navier-Stokes equation [50]

Ju
pa+pu+Vu:—Vp+nV2u+f. (2.1)
Here, u represents the fluid velocity field, p the pressure, p the fluid density, which
here is assumed to be constant (incompressible flow),t represents the time, and
1 the dynamic viscosity. From this equation the Reynolds number Re can be
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derived as [50, 51]
~pUL
.

U is a characteristic velocity of the fluid and represents the inertial forces, whereas
the dynamic viscosity brings the viscous forces into this dimensionless number.
Consequently, Re provides information about the ratio of these two influences
and can be used to describe the dominating force and to describe the flow regime.
Using the Reynolds number, the Navier-Stokes equation can be rewritten in a
dimensionless form [50, 51]

Re (2.2)

Re (?;; Tt v*u*) = V' — V'p" + Fx, with (2:3)
., u
u ﬁ’
V* =LV
g Lo
ot~ Uot
. L
P = n_Up
Fx = L—2
nU

The left-hand side of Equation 2.3 represents the inertial forces. The viscous,
pressure and body forces are incorporated in the right-hand side. For low Re
numbers (Re < 1) the unsteady and convective terms can be neglected and the
Stokes flow approximation, without external forces, is obtained as [50]

Vp = nViu. (2.4)

This equation can be used to numerically calculate a fluid flow field at low Re
numbers as they are present in many microfluidic systems. For simple geometries
also analytical solutions can be found [50].

When a particle is suspended in a medium, it will experience friction from the
interaction with the surrounding fluid and a gravitational pull. The result of this
friction is the so-called drag force. When a particle has a higher velocity than the
surrounding medium, the drag force F .., is opposed to the direction of movement
and thus slowing the particle down. The acceleration & of a spherical particle with
the mass m and the diameter d, can be calculated by [52]

mX = Fgyaq, with (2.5)
CD7Td2
Firag = 3 qupp. (2.6)



2.2 Lift force

The drag coefficient Cp is a function of the particles Re number and for spherical
particles and Re < 1000 it can be approximated via [52]

24
N (&

Ch (1+0.158Re*?). (2.7)

Again, for low values of Re the equation can be simplified and results in

Farag = % (3mudyu) . (2.8)
In most cases experiments will not take place in space and as a consequence under
the influence of gravity. Additionally, the buoyancy due to differences in density
of medium and particle is likely to effect the movement of a particle in direction
of gravitation. As a consequence, particles will start to sediment (or rise) in
direction of the gravitational force (or opposed to it). The resulting force out of
these effects is [52]

wd3

Fy = —"(pp = rm)e; (2.9)

where g is the gravitational acceleration.

2.2 Lift force

This section is mainly based on the review ,Fundamentals and Applications of
Inertial Microfluidics by Zhang, Yan, Yuan, Alici, Nguyen, Warkiani, and Li [53],
which I recommend reading for more details on lift or drag force and diffusion of
particles.

In microfluidic devices, equally dispersed particles at the inlet can be focused
onto an annulus [53, 54]. The reason behind this is the lift force, that is composed
out of four parts [53]. The lift force can release immobilized particles and have an
impact on residence time distributions which can be relevant for chromatographic
separations as presented in this thesis. The first mechanism of the lift force, is
caused by a (induced) rotation of a particle and thus a pressure difference at its
surface according to the Bernoulli principle at top and bottom (Magnus effect)
[53]. Second, a lift force can rise, if a particle experiences a shear rate. This will
direct a particle towards the center of the channel, when the particle lags the flow
or push it towards the stagnant walls when the particle is leading the flow. The
effect is called Staffman force and can rise if non-neutrally buoyant particles are
present in a vertical flow, experiencing an outer force (as dielectrophoresis) or lag
or lead the fluid flow for any other reasons. This force Fg can be calculated with
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Fs = S ()
K is a numerical constant and about 81.2, ~ is the shear rate, u, the relative
velocity between particle and the fluid at the streamline through the center of the
particle and v the kinematic viscosity. As a shear gradient can result in a rotation
of the particle, and lead to the Magnus effect discussed above, an approximation
of this effect is challenging to derive. A simple superposition is not sufficient. [53]

The third contribution to the lift force originates from the interaction of fluid
flow and particles in proximity of a wall. A stationary wall (e.g, channel bottom)
causes a velocity gradient within the fluid flow, as the flow velocity is zero at the
wall (no slip). This can result in a shear rate a particle is subjected to and thus
to the Magnus and Staffmann effect. When the particle is much smaller than the
height of the channel, which is the case in our studies, only one wall is influencing
the motion of a particle directly. The lift force will push the particle away from
the wall and can be calculated in dependency from its sedimentation velocity
in a stagnant fluid, the distance from the wall and the Reynolds number at the
sedimentation velocity (equations see [53] in chapter 2.5). The wall will further
increase the drag experienced by the particle in its proximity and the particle will
lag the fluid flow [53].

If a curvature inside the channel is present, this can result in the fourth origin
of lift force. The shear gradient lift force rises if a curvature in the fluid velocity
is present along the axis of the particle. This condition can already be fulfilled
by a parabolic flow profile. If the relative velocity of the fluid (compared to
the particle) is larger at one side of the particle it will be accelerated into that
direction due to the pressure difference similar to what causes the Staffman force.
[53]

The authors conclude in the above-mentioned review [53], that wall induced
and shear gradient induced lift are dominant and act as two opposing lift forces
that push particles away from center lines (shear gradient induced) and repulse
them from walls (wall-induced) and thus leading to the aforementioned annulus.
The two effects can be combined into one equation for Re < 100 and small rigid
spheres to

v (2.10)

FL = /infvzdé. (2.11)

k1, is the lift coefficient and F7, the combined lift force. The lift coefficient can be
positive or negative and is a function of the radial coordinate in a channel. Con-
sequently, the force can be directed towards the wall of the channels or pointing
away from them. For deformable particles as cells, other correlations apply [53].

In proximity to the wall the lift force can be an important effect to release
particles trapped at a wall. A correct approximation of the lift force for DEP
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experiments seems not easily obtainable as the Staffmann force might be impor-
tant as well. However, Wang, Vykoukal, Becker, and Gascoyne [55] conducted
experiments for dielectrophoretic field-flow fractionation and concluded that hy-
drodynamic lift forces typically are not dominant in DEP-FFF. Further, if lift
force would be dominant, no DEP trapping would be observable in the exper-
iments. However, trapping due to DEP was achieved in the setups which are
substance of this thesis. Therefore, it can be assumed that lift force is not a lim-
iting mechanism in dielectrophoretic separators as long as sufficient electric field
is applied.

As particles get smaller, the influence of lift (o< dj) and drag force (o< d3)
but also gravitation and dielectrophoresis (Section 2.6.1) (o d2) becomes smaller.
Diffusion, in contrast, increases with decreasing particles size and is discussed in
the following section.

2.3 Brownian motion and diffusion

In 1827 Robert Brown reported a random movement of small particles in a fluid.
He observed a motion of pollen and mineral particles in a solution. Thus, a fluid
with no net movement can contain particles that are moving. This movement is
called Brownian motion and rises from the thermal motion of molecules of the
surrounding fluid [52]. For small particles Brownian motion can be an important
transport mechanism and exceed the influence of gravitation and electrokinetic
effects [33]. The random movement of the particles can lead to a net flux of
particles if a gradient of particle concentration n is present. This effect is termed
diffusion. Such gradients can rise, when particles sediment or are manipulated
by effects as dielectrophoresis. The mean diffusion length = of a particle or a
molecule with a diffusion coefficient D after a time ¢ can be calculated using [48,
52]

z =V2Dt. (2.12)

In cases of a spherical particle where the mean free path is much smaller than the
particle (mean free path in water ~ 0.1 nm [56]) the diffusion coefficient can be
calculated using the Boltzmann constant kg and Temperature 7" as [52]

kT
- 3rud,’

(2.13)
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The resulting flux J can be described by Fick’s first law [52]

~ on
J, = —D%, (2.14)
~ on
Jy = —Da—y, and (215)
= on
J,. = —Dg. (2.16)

The time-dependency of the concentration can be obtained by solving Fick’s sec-
ond law [52]

on D 0’n N 0’n N 0’n
ot ox?  Oy*> 022
In water, depending on the density difference between particle and medium and

in absence of an electric field, Brownian motion can be the dominant mechanism
of movement for a particle in the 100 nm range [33].

) = DV?*n. (2.17)

2.4 Electric fields

In addition to the hydrodynamic field, the electric field is important in dielec-
trophoretic separators. The electric field E [V/m] in an electrostatic case is de-
fined as

E=-V® (2.18)

where ® is the electrical potential (often referred to as voltage) [50, 57]. The
electric potential is linked to the work that is required to move a point charge ()
from point 1 to 2 within an electric field [58]

2
1

in combination with equation 2.18 follows [58]
W12 - Q (q)z - (I)l) . (220)

According to one of Maxwell’s equations (Gauss’s law for electricity), the field
can also be defined by the volumetric net free charge density pf in a material [50,

58]

eoe V- E = py, (2.21)
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norm. electric field / -
1 09 08 0.7 06 05 04 03 0.2 01 O

\\

homogeneous electric field ~ inhomogeneous electric field
ac signal

Figure 2.1: Comparison of a homogeneous electric field (A) and an inhomogeneous
electric field (B). The inhomogeneous field is generated by different
electrode geometries. Simulated with COMSOL Multiphysics.

where ¢ is the permittivity of the vacuum (gp =8.85 x 1072 C/Vm). Please
note that, although only the free charges are directly visible in equation 2.21, the
bound charges are also incorporated as the relative permittivity of a material e,
is linked to the polarizability of a material. This connection between electric field
and polarizability is via the displacement field D, which is defined as [58]

D=¢E+P, (2.22)
with P as polarization field strength. For linear dielectrics the polarization is
proportional to the electric field by using its electric susceptibility y and the
permittivity of the vacuum &, [58]

P = x¢E. (2.23)

Its divergence is the volumetric polarization charge density p, [58]

V-P=—p,. (2.24)
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The total volumetric charge density p consists of both parts, the free and the
polarization charge density (p = p, + pr). With defining the relative permittivity
as [58]

e =1+x (2.25)
we obtain [58]
D = ¢pc,E. (2.26)

This shows that equation 2.21 already incorporates the polarization of matter
as the permittivity (or dielectric constant) of the vacuum and the relative permit-
tivity of a material act as constants of proportionality between the electric field
and the electric displacement field. The electric permittivity describes how much
electric field is generated by a source charge in a material [50]. The permittivity
is not a constant but may decrease with increasing frequency of the electric field
[57, 59] or temperature [58]. For gases, the relative permittivity is around unity,
ranges from 2 to 4 for oil crudes, from 15 to 35 for alcohols and is approximately
80 for water due to its high polarizability (section 2.5) [58].

According to their electrical parameters, materials can be divided into three
groups, namely conductors, semiconductors and dielectrics/insulators. Materials
with a large supply of free charge, that can move unhindered within the material,
are called conductors. Well known examples for this type of material are gold
and copper. Here, the free charge carries are mobile electrons. In conductive
solutions, ions are the carrier of free charge. When applying a potential, the
carriers of free charges, depending on their charge, will migrate towards regions
of different electric potential. This leads to a current which is linked to the
conductivity o of a material. In contrast, materials with negligible conductivity
are called insulators [57, 58]. Materials with an electrical conductivity that is not
negligible nor highly conductive are called semiconductors. When knowing the
electric field, the conductivity o,, of a medium and the electric displacement field
one can calculate the total current J flowing in an electrical system [57]

oD

J=0,E+ — 2.27
o + ot ( )

Following this equation and equation 2.26, the total current of a system also linked
to the permittivity and thus to the polarization of the material.

Utilizing the equations in this chapter and suitable boundary conditions (e.g.,
see [58] Chapter 3.5) the electric field can be calculated. Electric fields can either
be homogeneous (Figure 2.1 A) meaning that the electric field strength is equal at
all points, or inhomogeneous (Figure 2.1 B) where a gradient within the electric
field is present. Inhomogeneous electric fields in combination with the polarization
are key prerequisites for dielectrophoresis.
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Figure 2.2: Different mechanisms of polarization. Electronic polarization (A) oc-
curs on a atomic level. Tonic (B) and dipole (C) polarization involve
multiple atoms and (partial) charges. Interfacial polarization (D) is a
macroscopic effect on material interfaces. Inspired by [48, 60].

Dielectric materials will polarize when subjected to an electric field. Polariza-
tion is defined as the accumulation of charges at the ends of a dielectric mate-
rial. Ideal dielectrics are insulators and have no electrical conductivity or mobile
charges. Polarization is either caused by processes on the molecular or atomic level
or on those that are have a more macroscopic nature as polarization at material
interfaces. [48, 58] As DEP would not exist without the polarization of medium
and particles, the theory of polarization is crucial to understand dielectrophoresis.

2.5.1 Electronic polarization

The negatively charged electrons and the positively charged nucleus of an atom
will react to an applied electric field and cause a distortion with respect to their
equilibrium position. This leads to a polarization on the atomic level (Figure
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2.2 A). The mechanism is known as electronic polarization and will take place
up to field frequencies of up to ~ 2 x 10'* Hz. Additionally, the displacement of
nucleus and electrons can lead to the polarization of molecules. Here, the bonding
electrons may be affected as well [48, 61] and lead to a polarization of molecules
(atomic polarization).

2.5.2 lonic and dipole polarization

For other mechanisms of polarization, the electronegativity (EN) of atoms is an
important variable. It describes the ability of an element to attract electrons in
chemical bonds. The EN ranges from its theoretical minimum of 0 to a maximum
value of 4. As long as the difference of electronegativities in a chemical bond is
in the range of 0.5 or lower, the bond is classified as nonpolar (e.g., Hy). Up to
a difference of the EN of about 1.8 to 2.0 a polar bond is occurring (e.g., HoO
or NH3). Here, on average the electronic charge spends more time at atoms with
the higher EN resulting in an partial charge (67). The corresponding positive
partial charge 4% can be found at the atom with lower EN. Finally, above these
differences ionic bonds occur. Ionic bonds are characterized by a complete transfer
of electrons from one binding partner to the other. Prominent examples are salts
as NaCl, KCI or NaOH. [48, 62].

In ionic and polar bonds two additional polarization mechanisms can be ob-
served. In an ionic crystal, net charges are present at the ions due to the high
difference in the EN. When an electric field is applied, the positive and negative
ions are attracted by the opposing pole, leading to a polarization of material and
a deformation of the crystal structure (Figure 2.2 b). Due to this deformation,
net dipoles per unit volume are present. Their influence can significantly exceed
the impact of electronic polarization [48].

Depending on their spacial structure, molecules with a polar bond can form
dipoles. One prominent example of such a molecule is water. Dipoles interact with
each other due to their partial charges (67 /0~, Figure 2.2 c¢). These interactions
can have significant impact on the properties such as permittivity, melting and
boiling point of a material [62]. When a dipole is subjected to an electric field, the
molecule will experience a torque and orientate itself in the electric field which
leads to polarization of the volume. Dipole polarization or, as it is also called,
orientational polarization is present up to the GHz range [47] and is the origin of
the increased relative permittivity of molecules with high electric dipole moment.

2.5.3 Interfacial polarization

Different electrical properties can also lead to polarization at material interfaces
[47, 63]. The ratio of permittivity and conductivity 7 = ¢/0 is referred to as the
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relaxation time of a dielectric material. At interfaces of two materials (index 1
and 2) with different relaxation times charge accumulation can occur, which is
called the Maxwell-Wager effect [63]. At the interface of dielectrics the normal
components (index n) of the displacement current and the potential are continuous
[48, 57, 58]

b, =D, (2.28)

Dnl + Dn2 = —pPs- (229

Here, pg are the free surfaces charges at the material interface. In combination
with equation 2.26, we obtain for the electric potentials normal to the interface

Enl and En2 [48, 58]
ElEnl -+ EQEHQ = —pPs- (230)

For materials with e # €9, the electric field is discontinuous [58]. Additionally,
with the continuity equation of charges [48, 64]

V- (cE) = —jwps (2.31)

and w as the angular frequency of the electric field and j as imaginary unit, we
find [48]

UlEnl — O'QEHQ = jwpf. (232)
Equations 2.30 and 2.32 can be combined to [64]
(01 + jwer)Eny + (02 + jwes)Ey =0, (2.33)

which gives us the boundary condition between materials for a sinusoidal electric
field. Summarizing, the interfacial polarization is an effect due to different electri-
cal properties that give rise to a surface charge at the interface of materials that
can polarizes a piece of matter. Interfacial polarization is a strong polarization
mechanism up to around 10° Hz [45].

2.5.4 Complex permittivity

From equation 2.33 the so-called complex permittivity € can be derived straight
forward, which does include the permittivity, conductivity and the frequency of
the electric field [64]

. 0+ jwe
€= —"—
Jw
E=¢—jo/w. (2.34)
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The complex permittivity is an important parameter to describe the polarizability
of a material at a given frequency (section 2.6.1) and incorporates the above-
mentioned mechanisms of polarizability. The dipole polarization is reduced in the
GHz range. At lower frequencies e can be considered as a constant [47, 65].

The importance of the electric properties with respect to the electric field was
described within this section. In the following, dielectrophoresis (DEP) as an
effect of different polarizabilities will be introduced among other important elec-
trokinetic effects.

2.6 Electrokinetic effects

The electric field and the polarization of matter in it can lead to electrokinetic
effects. One of these effects is dielectrophoresis.

2.6.1 Dielectrophoresis
Dipole approximation

The first approximation of the DEP force Fpgp was derived by Pohl and Crane
in 1972 [64]. The force F on a test point charge @ in an electric field is given by
(compare Equation 2.19 [47])

F = QE. (2.35)

When a polarized particle with two opposed charges that are separated by the
distance d is in an inhomogeneous electric field (Figure 2.3), the forces on each
side of the particle will be different. The resulting force exerted by the particles
will be [47]

F = QE.2 2.0 — QE1 41,41, with (2.36)
2 =21+ dy
y2 =yl +d,
z22=2z1+d,.

As the electric field is not constant over the particle’s diameter, the force will be
nonzero. A first-order Taylor series around the first point (subscript 1) results in

[47]

0 0 0

F = QExl,yl,zl + Q dx% + dya_y + dz& E — QE:pl,yl,zl (237)
F=Q(d-V)E. (2.38)

14



2.6 Electrokinetic effects
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Figure 2.3: Particle (subscript p) suspended in a medium (subscript m) in an
inhomogeneous electric field. The particle has charges () and —(Q) on
both sides that are separated by the distance d and thus is a dipole.
The charges have opposed sign but same absolute value. Inspired by
[44] and [47] Figure 4.1.

The dipole momentum p = @d simplifies the approximation of the DEP force
FDEP to [47]

Fpep = (p- V)E. (2.39)

This approximation is referred to as the dipole approximation. For multipoles,
more advanced calculations are needed that can also be used for arbitrary shaped
particles. Here, a solution for the electric field is required to calculate the dielec-
trophoretic force using the Maxwell stress tensor as proposed by Wang, Wang,
and Gascoyne [66].
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The DEP force on a spherical particle

The dipole moment for a homogeneous and spherical particle (subscript p) in a
medium (subscript m) can be derived as [47, 48]
g, — €
= 4men, | 2—rm | r2E. 2.40
p=7r (5p+25m)TP (2.40)
In the dipole moment, the so-called Clausius-Mossotti fous factor is incorporated
via

p = dre,, fourSE, with (2.41)

. Ep—Em
=2 2.42
Jow ="z, (2.42)

We now can rewrite equation 2.39 for spherical particle in a sinusoidal AC field
[48]

Fpep = 47, Re( forr)rSEV - E (2.43)
Fprp = 2menRe( forr)rSVE?, with (2.44)
2(E- VE) = VE~. (2.45)

Equation 2.44 gives the time averaged DEP force on the particle. Please note, E
is the root-mean-square (rms) of the magnitude of the electric field and not its
amplitude.

The Clausius-Mossotti factor

The dielectrophoretic force is a vector pointing, depending on its sign, in the
direction of local field maxima or away from them. The sign is determined by the
real part Clausius-Mossotti factor (equation 2.42) which can either be positive,
negative or zero. Analog, the corresponding dielectrophoretic movement is also
referred to as positive (Re(fons) > 0, pDEP) and negative (Re(fear) < 0, nDEP)
dielectrophoresis. The frequency at which Re( fCM) = 0 holds, is called crossover
frequency. Particles that show pDEP migrate towards local field maxima, whereas
nDEP pushes them away from these locations. As the complex permittivity is a
frequency-dependent property of a material, the sign of Re( fe M) can change with
frequency. This change of direction can be used to manipulate the trajectories of
microparticles by changing the frequency in a periodic scheme. This is in more
detail presented in the first two publications that are part of this thesis [1, 2] in
chapter 4 and 5.

At low frequencies the behavior of a particle is dominated by the electrical
conductivity of the material, or in some cases by the conductivity given due to
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Figure 2.4: Exemplary real parts of the Clausius-Mossotti factor Re(fear) as a
function of the electric field frequency for conducting, semiconduct-
ing, and insulating particles (subscript p) in a medium (subscript m).
Conductivity of medium is set to 2 pS/cm and a dielectric constant
of 80 is assumed.

the diffusive layer around the particle [67]. For higher frequencies, the permittivity
becomes the dominating factor to describe the particle polarizability (equations
2.42 and 2.34). Figure 2.4 shows the dependency of Re(fcar) on the frequency
of the electric field and the electrical properties. Conductors will normally show
pDEP over the complete relevant frequency range (green line) [68]. Scenarios
exist, where conductive particles show nDEP due to shielding effects of the double
layer but these are limited to frequencies substantially below 1 kHz [69]. In
contrast, insulators will show nDEP in a medium like water (red line). In between
of those two cases, semiconductors show a different behavior as their conductivity
can be higher than that of the surrounding medium, whereas the permittivity
will most likely be smaller compared to that of water, which is used as medium
within this thesis. As a consequence, a crossover can be observed (blue lines).
The position of the crossover changes with the electrical properties of a particle.
Depending on the frequency these particles can show both, pDEP and nDEP.
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Figure 2.5: Polarization of an insulating (A) and a conducting sphere (B) in an
inhomogeneous electric field. The insulator (silica) shows lower po-
larizability due to lower conductivity and permittivity compared to
the medium (water). Consequently, this sphere would show negative
dielectrophoresis (nDEP). The conducting sphere (copper) is highly
polarizable and would show positive dielectrophoresis (pDEP). The
inlets show a representation of the electric potential for both cases
with isopotential lines. Simulated with COMSOL Multiphysics. The
field is normalized to its maximum value.

Figure 2.5 shows the example of an insulating (A) and conductive particle
(B) in an inhomogeneous electric field. Both, the insulating and the conductive
structure, scatter the electric field. Yet the electric and potential field are different
in these two cases. The conducting particle has a nearly constant potential in its
inside due to the high conductivity and thus a negligible electric field in it. The
very opposite can be observed in the insulating particle. As a consequence, the
field distributions around them are different and their dielectrophoretic movement
would be opposed to each other.
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Figure 2.6: Representation of the electrical double layer according to the Gouy-
Chapman-Stern model. The particle carries a negative net surface
charge at its surface that gives rise to the alignment of anions and
cations present in the solution. Inspired by [56] Figure 2.8.

Particle-particle interactions due to DEP

From Figure 2.5 a phenomenon often observed in DEP experiments can be ex-
plained. Particles in experiments tend to form so-called pearl chains in the electric
field [70, 71]. A particle will scatter the electric field around it when its electrical
properties differ from the surrounding. This leads to the formation of novel max-
ima and minima in the electric field. A conducting particle will align parallel to
the applied electric field when in proximity to a conductive particle (Figure 2.5)
and perpendicular to it when the sign of Re(fcay) is different. [47]

Polarization due to the electrical double layer

It is worth noting, that microparticles with negligible material conductivity can
show pDEP when suspended in an aqueous solution. The origin of this behavior
lays in the electrical double layer (EDL) around particles. A surface charge present
at the surface of a particle will result in an EDL. In the Gouy-Chapman-Stern
model, a double layer consists of two parts, the Stern and the diffuse layer (Figure
2.6). The Stern layer is characterized by strongly attracted and fixed charges on
the particle surface, whereas the charges in the diffuse layer are attached more
loosely and are affected by, for example, fluid flow which creates a shear plane in
the EDL [47, 48]. The potential at this shear plane is measurable in experiments
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and referred to as zeta potential. An external electric field can induce a mobility
within the EDL which leads to a polarization of the particle and thus to altered
DEP response. This effect was not only reported for PS particles but is also
considered important for the DEP behavior of DNA| cells and proteins. [48]

A prominent, at least in the DEP community, example of particles that show
this behavior are polystyrene (PS) particles. These can have functional groups as
carboxylic groups (-COOH) at their surface, that result in a net surface charge.
Ermolina and Morgan [67] measured the so-called surface conductance K, of PS
particles in aqueous suspensions and found it to be in the range of 1 nS. A result
we were able to reproduce in reference [2]. Our experiments, however, also showed,
that 1 nS is more a rule of thumb rather than a fixed value as PS particles can have
quite different surface conductance. The conductivity of a particle with negligible
bulk conductivity and a size larger than 1 pm can be calculated with [48, 67]

o, = 2+ Ka) (2.46)
Tp
For particles with smaller diameters, the conductivity of the diffuse layer Ky
becomes important and additionally increases the particle’s polarizability [67].
Consequently, microparticles out of a non-conducting material can show the same
DEP behavior as a semiconducting particle.

2.6.2 Effect of temperature on fluid flow

In dielectrophoretic setups, heating and even boiling of fluid can be observed [33].
The temperature T in a device can be obtained by solving the energy balance
equation while neglecting the viscous dissipation term [72]

oT
PmCp gy + pmcpu - VT = kVT? + oE. (2.47)

Here, py, is the density of the medium, ¢, the specific heat at a constant pressure,
k the thermal conductivity of the material [72]. Joule heating corresponds to
oE? and is a source of heat in DEP devices. The energy equation can be further
simplified under the assumption of steady-state and neglecting the convective heat
transport as described by Green, Ramos, Gonzélez, Castellanos, and Morgan to
(33, 72]

kV?T = —cE?. (2.48)

Another source of heat can be the dielectric loss which will not be discussed
here. For details on this topic please consult chapter 7.3 in [48] or reference [73].
For systems that are observed with a microscope, a significant influence of the
illumination source on the temperature field was described [74]. Independent of
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the source of heat, the resulting temperature differences in a device can have
impact on suspended particles. As the density for many fluids is not constant
over temperature, a flow can rise driven by buoyancy that also affects particles
via viscous drag. The corresponding buoyancy body force f, is

f, = %AT& (2.49)
with g as the acceleration due to gravity [47]. Further, the temperature effects per-
mittivity and conductivity of the medium. Gradients in this properties generate
the so-called electrothermal fluid flow which can be dominant in DEP separators
[33, 47, 75]. For more details and equations please see references [47] chapter 5.3.2
f. and [75]. The heat generation can be reduced by the usage of low solutions
with low conductivity.

2.6.3 AC electroosmosis

AC electroosmosis (ACEOQ) is a phenomenon in the field of induced charge elec-
troosmosis (ICEQ). ICEQ is characterized by a fluid flow due to a polarization
of the electrical double layer. The electric potential at the surface of electrodes
give rise to electro-migration of counter-ions that form an EDL. Along with the
migration of the ions, the EDL builds up a charge. This results in a distortion of
the electric field which, as a consequence, develops a tangential component with
respect to the electrode surface. This tangential electric field produces a flow
pointing inward from the electrode edges. As both, potential and double layer
charge polarity change sign in an AC field in each half cycle, the direction of the
flow does not alter over time. [76-78|

When using asymmetric interdigitated electrodes, ACEO can result in a net
fluid flow into one direction which can be used for pumping. Further ACEO
is used for mixing of suspensions in microchannels, which is an often unwanted
effect for DEP experiments. [33, 78, 79] Green, Ramos, Gonzélez, Morgan, and
Castellanos [80] conducted a series of experiments which revealed that the fluid
flow due to ACEQ is drastically reduced for frequencies above around 10 kHz and
thus can be avoided. When the frequency increases, ions have not enough time

to migrate and form a complete electric double layer which results in a weakened
fluid flow [78].
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3 Status quo and challenges of
applied dielectrophoresis

When neglecting the enormous variety in purpose, volume, throughput, or fab-
rication method, dielectrophoretic apparatuses can be divided in two categories.
On the one hand, there are insulator-based setups (iDEP, Figure 3.1) and on the
other hand we have electrode based techniques (eDEP, Figure 3.3). In iDEP de-
vices an otherwise homogeneous electric field is scattered by insulating structures.
Here, the electrodes are not in proximity to the regions with high DEP force. In
eDEP devices, on the other hand, the configuration of electrodes is resulting in
an inhomogeneous field which than can be used for dielectrophoresis.

In the following, a selection of published techniques in these two fields will be
discussed. Further literature can be found in more extensive reviews as ,,On the
Recent Developments of Insulator-Based Dielectrophoresis® by Lapizco-Encinas
[81] or the review on DEP of non-biological particles by Pesch and Du [82]. Sarno,
Heineck, Heller, and Ibsen also provide an overview of developments in the field
of DEP in the past decade [83].
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Figure 3.1: Examples of insulator-based DEP devices. A: Insulating posts scat-
ter an otherwise homogeneous electric field and create many local
field maxima and minima. Particles that show pDEP can be trapped,
whereas particles with nDEP behavior are eluted. C: A single constric-
tion scatters the electric field and deflects focused particles according
to the magnitude of Fpgp in different outlets.
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3.1 Insulator-based dielectrophoresis

Patents that use packed beds out of insulating materials in an electric field to
remove particles from a suspension date back to 1924 by Stafford [84] and are also
granted in the following decades as well [85, 86]. Literature in academic journals is
rare until the 1980s. Guillory, Placer, and Grace present in 1981 an enhancement
of granular bed filter used by a combustion power company [20]. By applying
an electric field to a packed bed with voltages up to 20 kV DC (currents up to
56 mA), they increased the collection efficiency of particles with an aerodynamic
diameter as low as 500 nm to over 90 % which is quite an increase compared to
60 % up to around 80 % depending on the particle size without applied electric
field. The authors account the increase in trapping to local gradients of the
electric field and the resulting DEP. Here, 3 x 6 mm gravel was used to scatter the
electric field. Corona discharge was not observed. Finally, the authors discussed
a scaled version of their apparatus, that was designed to handle volume flows
of up to 1200 m3/min. This early report shows the potential of these so-called
electrostatic filters and the potential of DEP even in industrial-scale devices.
Interestingly, nowadays dielectrophoresis is often utilized in microfluidic devices in
the biotechnological field of research [44] which obviously require different setups.
It was a report from 1989 by Masuda, Washizu, and Nanba that started this
development. According to Lapizco-Encinas [81] this was the first study with the
application of iDEP in a microfluidic setup. The authors used an AC voltage
and a single constriction to create a local field maximum and trap two cells in
proximity to each other. As soon as two cells were trapped, an electric pulse was
automatically applied to fuse them. The authors claim that it is beneficial for the
cells to not have direct contact to the electrodes [87]. The channel in this study
was created by using photolithography and featured elements significantly below
100 pm. The possibility to create such small elements and to manipulate cells
with iDEP setups gave rise to research in this field.

About 10 years later Cummings and Singh presented arrays of circular or square
insulating posts to scatter the electric field in a series of publications [88-90]. By
applying a DC potential to electrodes outside the array, a fluid flow is generated
due to electroosmosis. Particles or cells in the medium will experience effects as
drag, electrophoresis but also dielectrophoresis. The setup is similar to what is
shown in Figure 3.1 A. The idea was and still is adapted quite frequently. It was
not until a few years ago, that it was shown that DEP is often not the dom-
inating force as it was assumed for DC driven DEP-setups but that nonlinear
electrokinetics, especially higher-order electrophoresis, are needed to be consid-
ered to describe the behavior in the setups correctly [91]. As DC (offset) is not
used within this thesis and consequently electrophoresis is negligible, the reader
is recommended to investigate this topic in detail starting with the study ,,Di-
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rect Current Electrokinetic Particle Trapping in Insulator-Based Microfluidics®
by Cardenas-Benitez, Jind, Gallo-Villanueva, Martinez-Chapa, Lapizco-Encinas,
and Perez-Gonzalez [91]. Although DEP might not be the driving force in these
channels, interesting results could be achieved. Blanca Lapizco-Encinas and her
group could, for example, separate live from dead bacteria [92], selectively con-
centrate bacteria [93], spores, viruses [94], and also manipulate proteins [95].

Arrays of posts are also used in the field of deterministic lateral displacement
(DLD) which can fractionate microparticles depending on whether particles are
capable of following the fluid flow around a post on the same streamline [36,
37, 96]. In DLD setups, the post arrays have a lateral shift with respect to the
direction of the fluid flow, which, in combination with a laminar fluid flow, can
lead to separation of particles [36]. When manufacturing the posts out of an
insulating material, a superimposed electric field will be scattered the same way
as in other iDEP setups. A superimposed electric field on a DLD array was
successfully shown to enable continuous particle separation for micrometer and
sub-micrometer sized particles [38, 96, 97].

Another concept in iDEP devices uses the deflection of particles into different
outlets without trapping first which allows a continuous separation. A simpli-
fied example of a such a device is provided in Figure 3.1 B. Particles enter the
microchannel and sometimes, focused by using a sheath flow, on specific flow
lines. The particles do then reach a constriction which is made out of an insulat-
ing material and thus scatters the electric field. Depending on the direction and
magnitude of the DEP force that the particles are experiencing, they are sorted in
different outlets. The Ros-group made numerous contributions in this field, with
both, DC and AC signals applied. Their devices were used to sort DNA molecules
[22], single-walled carbon nanotubes [98], and mitochondria [99].

Many of the listed studies in this chapter focus on the manipulation of bio-
particles. Yet, in many published studies PS particles are used for developing
and testing processes [45, 100-105]. The reason behind this choice is the good
availability of monodisperse, fluorescent labeled PS particles. The fluorescent
labeling makes them easy to detect by using fluorescent microscopy or spectrom-
eters. In addition, the cultivation of cells or other bio-particles is often more
time-consuming compared to just dispersing latex spheres. Polystyrene particles
can therefore accelerate the research and are also used for process development
in this thesis.

The microchannels based on iDEP that were developed within the last decades
may lack volumetric throughput, but showed high selectivity which can be im-
portant for detecting, for example, tumor cells [9, 106]. Also, iDEP devices are
often capable of working with aqueous suspension which increases cell viability
and additionally allows separations due to frequency shifts because of its high
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Figure 3.2: A: Microchannel with arrays of insulating posts. Electric field, fluid
field and particle trajectories are simulated with COMSOL. A bright-
field microscopic image shows the microchannel in detail. B: Macro-
scopic high throughput iDEP separator that features a ceramic foam
(C) to scatter the electric field. This figure is remixed from figures
from [45] (published under CC BY 4.0 license).

dielectric constant (see Chapter 3.3). Nonetheless, higher throughput in com-
bination with selectivity remains desirable. Over the last years, the Thomings
research group, out of which this thesis also originates, focused on developing
scaleable iDEP setups that combine throughput and selectivity. Starting from
microchannels (Figure 3.2 A) that operate below 1 mL/h, the flow rate could be
increased by several orders of magnitude.

Malte Lorenz and Georg Pesch from this group developed a switchable DEP
filter (Figure 3.2 B). They used a ceramic foam as insulating structure placed
between two stainless steel plates acting as electrodes. The device operates at up
to 9 mL/min and is capable of trapping yeast, polystyrene (PS) particles or sep-
arating PS from graphite. Voltages up to 600 Vs (= 1700 V,,;,) and frequencies
up to 15 kHz were applied in aqueous suspensions. [45, 46, 107] The frequency
range for high throughput iDEP devices was enlarged in a simple and inexpen-
sive mesh-based setup as Weirauch, Giesler, Baune, Pesch, and Théming could
demonstrate in a recent publication [5] to 75 kHz. This newer setup features a
highly regular polypropylene mesh as insulating material, which makes it an easy
to scale version of the post arrays known from the microchannels. However, many
separations benefit from even higher frequencies in the range of a few hundred
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3.1 Insulator-based dielectrophoresis

kHz to even MHz. For example, the separation of microalgae depending on their
lipid content [25, 108] or the separation of different types of carbon nanotubes
[98] can not be addressed with iDEP setups at the current state. In a recent
review, Rabbani, Sonker, and Ros conclude that iDEP does offer many advan-
tages, however, the challenge to access higher frequencies and the requirement
of high electric potentials to achieve equivalent DEP force compared to eDEP
setups, limits the application of iDEP [98]. The reason behind this limitation,
in our experience, is the challenge to find a suitable amplifier which can deliver
high voltages at frequencies in the upper kHz or even MHz range. Substantially
higher frequencies can be achieved by using electrode-based DEP systems, which
are discussed in the following section.
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3 Status quo and challenges

3.2 Electrode-based dielectrophoresis

Figure 3.3 A depicts a section of an electrode array. Interdigitated electrodes
(IDE) are also used in this thesis and are able to generate high gradients in the
electric field and showed applicability at frequencies of 100 MHz and higher [109,
110]. The electrodes can lay flat at one side of the channel and be therefore
two-dimensional or implemented as three-dimensional structures [111]. Different
electrode geometries exist. For example, interdigitated electrodes (Figure 3.3
A) have arrays of rectangular electrodes [1], castellated electrodes have distinct
regions for nDEP trapping [75] and three-dimensional electrodes offer additional
degrees of freedom when designing the device [112].

In contrast to iDEP, smaller voltages are required [98] but often clean room
techniques are necessary to fabricate eDEP devices which limits the access to this
technique. However, as many iDEP setups also are fabricated by photolithogra-
phy, this is a common drawback of both approaches. For both, iDEP and eDEP,
ideas exist how to overcome this limitation [5, 46, 113-115]. One of these ap-
proaches is subject of this thesis and shown in Chapter 6 and 7. A closer look
into the plurality of eDEP setups is provided in the following to highlight the dif-
ferences of the techniques presented in the literature and those of that are subject
this thesis.

Arrays of electrodes are very common in DEP setups as they can develop high
field gradients at low voltage. The electric field distribution has been studied
extensively in the last decades and can not only be solved numerically [116] but
also analytical solutions exist [117, 118]. Competing forces in these setups as
buoyancy, thermal movement, DEP or AC electroosmosis are well described in
the literature and scaling laws could be developed [33, 72, 79]. This combination
makes them a reasonable selection for many DEP devices and it was also used in
all studies of this thesis.

Electrodes can be used to determine the polarizability of single particles. This
can be done by detecting the direction of the dielectrophoretic movement, as it is
done by the commercially available 3DEP device [18] or by electrorotation [119,
120]. Typically, an electrorotation cell has four electrodes with a 90 ° phase-shifted
signal between two neighboring electrodes (Figure 3.3 B) [120]. The rotating elec-
tric fields results in a rotation of a particle placed in the setup. By monitoring
the rotation speed and direction of the movement, the polarizability can be cal-
culated and used to design experiments. Another approach to obtain values of
the effective polarizability of a particle, is to detect the residence time in a di-
electrophoretic field-flow-fractionation (DEP-FFF) device and derive it from this
data.

In DEP-FFF (bio-)particles are focused on specific streamlines in a parabolic
flow profile depending on the interplay of lift force, gravitation, and dielec-
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Figure 3.3: Examples of electrode-based DEP devices. A: In a DEP field-flow-
fractionation device, particles that show nDEP are levitated to a
steady state height until the magnitude of gravity are equal. The levi-
tation height depends on the particle properties. B: In electrorotation
a phase shift between electrodes can be used to rotate a polarizable
particle. From the rotation spectrum (ROT), the polarizability of a
particle can be derived. A is inspired by [121] Figure 1.

trophoresis [55]. If a particle suspension is injected into a carrier flow with a
defined flow profile, the crossover frequency can be determined by DEP-FFF
straight forward. When testing various frequencies, the frequency where residence
time distribution (with sufficiently high voltage applied) of experiments without
electric field and those with electric field match, the crossover frequency is found
as no retardation due to DEP is observable. The procedure was proposed by Sano,
Kabata, Kurosawa, and Washizu [23] and further refined by Gascoyne et.al. [8,
122]. The group around Peter R. C. Gascoyne made important contributions in
the field of DEP in general and especially in the area of DEP-FFF and showed
interesting applications of this technique. They further demonstrated the usage
of flexible electrodes manufactured by a ”"commercial flex-circuit process”[121].
Their electrodes have 50 pm width and a pitch of 100 pm [121]. Unfortunately,
they did not provide the costs of manufacturing for these electrodes. As the min-
imum feature size of standard commercial PCB manufacturers is about 100 pm
[123], the availability of these electrodes used might be limited. The results of
this research group are, however, impressive. Starting from the separation of PS
microbeads by DEP-FFF [55], they developed processes to remove cancer cells
from mixtures [124, 125], differentiate between types of human leukocytes [126]
and even the removal and subsequent detection of circulating tumor cells from
blood was investigated using the ApoStream apparatus [9, 127]. The ApoStream
device is able to process 2.4 mL/min of sample [127], which is in the range of other
DEP-FFF systems [15]. In the review ,Dielectrophoresis-Field Flow Fractiona-
tion for Separation of Particles [15] the authors conclude that the throughput
of DEP-FFF remains the limiting factor. This is because the DEP force expo-
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nentially decreases with increasing distance to the surface of the electrode arrays
and thus limits the channel height [15]. The implementation of three-dimensional
electrodes is one possibility to further scale the throughput [15, 111].

As the upscaling of eDEP devices by using PCBs is one part of this thesis,
some existing approaches that focus on upscaling or PCBs will be presented.
Williams, Romero, Parkes, Jackson, and Naber [114] developed a device with PCB
structured by milling. According to the authors, this enables low cost patterning
of copper-clad boards down to structures of 25 pm. In their study, the feature
size was around 100 pm which was sufficient to manipulate 8 pm PS particles
in two different electrode configurations. PS particles could be concentrated and
their frequency response evaluated by observing their direction of movement. One
interesting point about this fabrication method is that the produced electrodes
are three-dimensional as the milling produces electrode heights in the range of
36 pm to 80 pm, which is significantly larger than the size of the particles and
in the range of the height of many microfluidic devices. These three-dimensional
electrodes offer a larger region of high DEP force which can be beneficial for
further scaling.

An even earlier approach of using copper clad boards to produce electrode
arrays was described by Burt, Al-Ameen, and Pethig in 1989 [128] with standard
photolithographic techniques and was based on a design developed a year before
[129]. Their board featured two electrode arrays with a size of 5 x 5 mm. The
electrodes were placed 1 mm apart and the optical absorbance was measured in
between of the electrodes to determine the dielectrophoretic collection rate. The
collection rate for different (bio-)particles as yeast, silicon powder and bacteria
was recorded in the frequency range from 1 Hz to 4 MHz allowing to derive data
of the polarizability of these particles. The focus of this study was to analyze the
frequency response of particles and not their separation.

In a recent publication Faraghat, Fatoyinbo, Hoettges, and Hughes [113]
demonstrated approach to increase throughput of eDEP devices while keeping
manufacturing costs low. A cutter-plotter is used to cut sheets of conduct-
ing and insulating materials which are stacked upon afterward (Figure 3.4). A
cutter-plotter is a device that features a blade which position and movement is
computer-controlled and thus can be used to cut thin sheets of a material with
a high resolution. Due to the stacking, the setup features electrode arrays at the
walls and was successfully tested by continuously separating live from dead yest
cells via guiding them into different outlets via nDEP and pDEP. In the study a
maximum flow rate of 0.5 mL/min was tested.

Electrode arrays on membranes were also used to prevent clogging in filtration
processes with flow rates of up to 12 mL/min [130] or even 258 L/(hm?) [131].
The latter one featured an effective surface area of the membrane of 162 cm?,
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Figure 3.4: Overview of the fabrication process of the device described in [113].
Templates of the layers (A) with connection pads at the side and holes
for alignment. The layers were made of adhesive layers that were
bonded to a conductive material (B). The final layers (C) than were
assembled by using alignment posts (D). The stack of layers then was
sealed by using glass slides (E). Figure originally from [113] (published
under CC BY-NC-ND 4.0 license).

resulting in a flow rate of the permeate of 70 mL/min. It could be shown that
DEP can be used to enhance the performance of submerged membranes as DEP
can repel particles from the surface of the membranes that would otherwise clog
its pores. In these two publications, the focus is not on selective trapping of
particles, but on repulsion of particles to reduce clogging. The authors did not
test the impact of particles that would show pDEP at the process parameters. In
Reference [130] the authors conclude, however, that this method is not applicable
for conductive particles.

In 2017 Moschou and Tserepi summarized in ,The Lab-on-PCB Approach
[123] the current approaches of using commercially available custom designed
PCB boards to reduce costs in the field of micro total analysis systems (pTAS).
In their review, sensor arrays and microfluidic devices are listed, that are similar to
approaches of eDEP used in the literature. The commercial manufactures of cus-
tom designed PCB boards allow manufacturing large scale (e.g., 46 x 61 cm [123])
PCB boards with feature sizes down to 100 pm, making them promising candi-
dates for DEP setups. In two of the presented studies within this thesis (Chapter
6 and 7), large scale electrode arrays reach throughput as high as 10 mL/min
while still being able to reach high frequencies up to 500 kHz.

3.3 Frequency shifts in dielectrophoresis
The studies in Chapter 4 and 5 focus on the development of a fast and chromato-

graphic separation technique by using a frequency modulation method. As the
polarization of a particle is frequency-dependent according to Equation 2.42 and
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2.34, frequency shifts are an established tool to manipulate the DEP response of
particles. In the following differences between approaches in the literature and
those presented in our studies will be highlighted.

The modulation of a frequency in the context of DEP can be used to account for
distributed cell properties in DEP-FFF. In 2000 Yang, Huang, Wang, Becker, and
Gascoyne [126] maximized the differences in levitation heights of leukocyte sub-
types through sweeping the frequency and additionally avoided that cells are being
irreversibly trapped during the experiments. In separation experiments two types
of leukocyte were present. A frequency sweep was applied for 8 to 10 minutes.
The frequencies between which was swept were selected in such a way that only
one species can elute whereas the other remains in the channel. Subsequently,
a fixed frequency was applied to levitate the remaining cells in the DEP-FFF
chamber and elute them. A similar procedure was applied by this research group
to separate T-lymphocytes from CD34% hematopoietic stem cells [125]. Years
later, Shim, Stemke-Hale, Noshari, Becker, and Gascoyne [122] modified the ap-
proach by decreasing the frequency continuously. They started at a frequency
at which all cells showed pDEP (100 kHz or 300 kHz) and then, due constantly
decreasing it to 15 kHz over a duration of 600 s, release the cells depending on
their crossover frequency. In contrast to these studies, we aimed to develop a
more rapid separation of the particles. In the protocol in Chapter 4 and 5, we
swept the frequency in such a way that all suspended particles are eluted fast and
without the requirement to set a fixed frequency. The separations were achieved
in below 100 s. However, significantly higher voltages were applied compared to
those in References [126], [122] and [125], which might limit the applicability or
call for adjustments for some type of cells as otherwise electroporation could harm
the cells. For more details to this technique please consider reading Chapter 4.

Hakoda and Otaki [132] published a similar approach as the one we used in our
study. Here, frequency decreased from 300 kHz to 1 kHz over at least 30 s to 240 s
and then starting at 300 kHz again. They tested their device with mouse cancer
cells and yeast. Yeast could not be retarded using this device, whereas the cancer
cells showed retardation. Although it is quite essential data, no absolute retention
times or chromatograms are shown in their study. Thus, it is hard to evaluate and
to compare the results. Their sweeping times are substantially higher compared
to our studies (3.33 s vs. min. 30 s) and the flow rate was much lower with
0.25 mL/h compared to 5 mL/h in our studies.

Another publication by Modarres and Tabrizian in the year of 2019 [76] in-
troduced the so-named frequency hopping DEP in a microfluidic channel based
on interdigitated electrodes. In contrast to the approaches by the group of Gas-
coyne, the changes of frequency here were conducted more abrupt. The authors
demonstrated trap and release cycles of 10 pm, 5 pm and 3 pm PS-particles as
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well as the enrichment of MCF7 cancer cells from a mixture with red blood cells.
The results were quantified via flow cytometry. However, the flow rates were low
(40 — 80 pL/h) and the required time to separate the samples were not specified
in their report. Nonetheless, their report showed once more the benefits that
frequency changes can have.

A study that resulted in a chromatographic separation of spherical and ellip-
soidal PS particles by using a frequency shift was published by my colleague Laura
Weirauch as first author in 2022. The device features two transparent I'TO elec-
trodes in the size of a microscopy slide which makes it possible to observe the
motion of suspended particles via microscopy (Figure 3.5 A & B). Between the
electrodes, a PP-mesh is sandwiched with pores significantly larger than the par-
ticles. Upon application of an electric potential, the mesh scatters the otherwise
homogeneous field which leads to DEP of the suspended particles. This device
shows a relatively high range of frequencies that can be applied (up to 75 kHz).
In combination with the flow rate of 2 mL/min and the high achievable recovery
rates (Figure 3.5 C & D), it has an interesting combination of parameters.

3.4 Conclusion

Within this chapter different eDEP and iDEP approaches were presented and
challenges highlighted. Especially, the combination of throughput, selectivity and
frequency bandwidth is an unresolved challenge in the field of separations with
DEP. As eDEP approaches require lower voltage and thus allow higher bandwidth,
eDEP devices are used within this thesis. High bandwidth does not only allow
choosing a frequency where effects as ACEO are negligible, but, it can also be
crucial to allow separation at all, as magnitude and direction on DEP can be
frequency dependent.

The frequency dependency of the DEP force is exploited in the following two
chapters that describe the frequency modulated dielectrophoretic particle chro-
matography. While this approach offers rapid chromatographic separation, it is
realized in a microfluidic channel with a rather low throughput in the mLmin~!
range. This drawback is addressed by the two studies that are presented afterward
and focus on the upscaling of eDEP separators.
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Figure 3.5: a) and c¢) Mesh-based setup in which frequency shifts can be used
to selectively trap and release PS particles via shift from pDEP to
nDEP by varying the frequency. b) Both, spherical and ellipsoidal
particles are trapped at 10 kHz. Afterward, frequency is shifted to
65 kHz to release spherical particles primarily. When the voltage
is turned off, trapped ellipsoids are released. d) The device shows
substantial trapping and recovery depending on frequency and voltage
for both particles. Figure originally from [5] (published under CC BY

4.0 license).
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4 Dielectrophoretic particle
chromatography |

This study was previously published as

Giesler, J.; Pesch, G. R.; Weirauch, L.; Schmidt, M.-P.; Thoming, J.; Baune,
M. Polarizability-Dependent Sorting of Microparticles Using Continuous-Flow Di-
electrophoretic Chromatography with a Frequency Modulation Method. Micro-
machines 2019, 11, 38, DOI: 10.3390/mi11010038.

This manuscript aims to introduce the frequency modulated dielectrophoretic
particle chromatography (DPC) and provides a proof-of-principle experiments.
The supporting information can be found in the online version of the published
article at https://doi.org/10.3390/mi11010038. The supporting information
contain videos that illustrate the chromatogrpahic separation in the experiment.

njection Separation

T )
| ] [ sV=Vsin(wt)

Figure 4.1: Graphical abstract of the publication. A particle suspension is in-
jected in a carrier flow. An electrode array is creating an inhomoge-
neous electric field that give rise to DEP. The frequency of the electric
field (w) changes periodically. The particles experience a retardation
depending on their dielectrophoretic mobility and thus a fractionation
is achieved. Figure was previously published as graphical abstract of
[1] (published under CC BY 4.0 license).
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Abstract: The separation of microparticles with respect to different properties such as size and
material is a research field of great interest. Dielectrophoresis, a phenomenon that is capable of
addressing multiple particle properties at once, can be used to perform a chromatographic separation.
However, the selectivity of current dielectrophoretic particle chromatography (DPC) techniques
is limited. Here, we show a new approach for DPC based on differences in the dielectrophoretic
mobilities and the crossover frequencies of polystyrene particles. Both differences are addressed by
modulating the frequency of the electric field to generate positive and negative dielectrophoretic
movement to achieve multiple trap-and-release cycles of the particles. A chromatographic separation
of different particle sizes revealed the voltage dependency of this method. Additionally, we showed
the frequency bandwidth influence on separation using one example. The DPC method developed
was tested with model particles, but offers possibilities to separate a broad range of plastic and metal
microparticles or cells and to overcome currently existing limitations in selectivity.

Keywords: dielectrophoresis (DEP); microparticles; polystyrene; chromatography; interdigitated
electrodes; microfluidic; separation

1. Introduction

Separating microparticles according to specific properties such as size, material, and shape
is a research area of great interest for instance in cell or biomolecule manipulation [1-5] and
waste recovery [6,7]. To separate microparticles, field-flow fractionation [8], gel electrophoresis [9],
and size-exclusion chromatography [10] are state-of-the-art approaches. A major drawback of these
approaches is their low throughput or low selectivity for particle mixtures with similar separation
properties (e.g., shape, density) below a particle size of 10 pm [11-13]. Dielectrophoresis (DEP),
which is referred to as the movement of polarizable particles in an inhomogeneous electric field,
offers an alternative tool to address a wide range of particles and at the same time is able to
achieve relevant throughputs [14,15]. The dielectrophoretic force not only depends on one specific
property of a particle, but on a variety of particle properties, such as size [16,17], permittivity,
and electrical conductivity [1], allowing for multi-dimensional particle fractionation. Apart from
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established DEP concepts such as field-flow fractionation [17,18], filtration [19], selective trapping
(e.g., insulator-based dielectrophoresis) [20], dielectrophoretic particle chromatography (DPC) is a
promising concept to achieve high throughput separation of particles. Since DPC was introduced
by Washizu et al. [5], different approaches were done using selective trapping of particles [21,22],
packed bed columns [23], or stepwise change of the frequency [24]. DEP chromatography proved
to be very successful in isolating circulating breast tumor cells (CTCs) from blood [25] at a very
low concentration. Such studies later led to the development of a clinical high throughput device to
separate CTCs from blood samples [26,27]. Aldaeus et al. [28] developed an analytical model for a
DPC device that was based on multiple trap and release cycles for fractionation. A related technique
to manipulate micrometer sized particles is using traveling wave dielectrophoretic separators [29,30].
In these microfluidic devices, a 90° phase angle is present between adjacent electrodes, which changes
the dielectrophoretic movement a particle experiences [31,32]. Such traveling wave systems offer
versatile particle separation techniques, but are usually complex to fabricate and operate [30,33].
The other presented dielectrophoretic chromatography techniques have in common that they depend
on strongly diverging polarizabilities (e.g., one type of particle showing positive dielectrophoresis,
whereas the other particles show negative dielectrophoresis or exhibit no dielectrophoretic movement).
This requirement limits the applicability when addressing particle mixtures with less pronounced
differences in polarizability. Addressing binary (or more) mixtures in which there is heterogeneity
in the two (or more) classes is even more complex, especially when the cross-over frequencies of the
classes are so close that the heterogeneity causes an overlap (an example is the separation of cells
according to only small differences in their expression).

Here, we introduce the novel concept of frequency modulated dielectrophoretic particle
chromatography. The frequency of the applied field changes constantly to exploit small differences
in the dielectrophoretic mobilities of target particles. In this technique, by switching the frequency,
we switch between positive and negative dielectrophoretic movement of target particles to generate
multiple trap-and-release cycles, which leads to a polarizability dependent chromatographic separation.
In principle, this allows separating particles that even show only minute differences in their
polarizability and to separate mixtures with heterogeneity in the classes. The simplicity of our
approach allows for a simple fabrication and operation and could be easily scaled up by using different
ways to introduce the electric field gradient (for example using a porous medium as demonstrated in
our recent work [14]).

2. Method

2.1. Theory

In classic chromatographic processes (e.g., gas chromatography), mixtures are separated due to
different interactions of the sample and stationary phase, leading to characteristic retention times
for each class in the sample. In dielectrophoretic particle chromatography, the stationary phase is
represented by the inhomogeneous electric field rising over interdigitated electrodes. The electrode
chip forms the bottom of a microfluidic device, where a polydimethylsiloxane (PDMS) channel is
used as the separation column. The microparticle suspension is injected into the flow chamber and
further transported by a carrier flow. The electrodes are connected to an AC voltage source to generate
a highly inhomogeneous electric field. This gives rise to a dielectrophoretic force on the particle caused
by the action of the inhomogeneous field on the induced dipole (or multipole) of the particle. In the
simple point-dipole approximation, the dielectrophoretic force Fpgp can be expressed as:

— 3 gP —&m 2
FDEP — 7T1’p€mRe (M) V‘E| 7 (1)

with r, representing the particles radius, V|E|? the electric field gradient squared, and & the
complex permittivity of the particles and the medium (&), respectively. The velocity due to



Micromachines 2020, 11, 38 3of 14

dielectrophoresis, vpgp, in a stationary fluid can be calculated by dividing the dielectrophoretic
force by the friction factor f*:

Ep—E&m 2
mraemRe (ﬁpaTm) V|E|
f *

Here, ppgp is the dielectrophoretic mobility, which not only provides the direction of the
movement of the microparticles, but incorporates the radius of the particles and fluid properties

additionally. The direction of the DEP force can be determined by calculating the real part of the
Clausius—-Mossotti factor Re(CM):

()

vpep = HpepV|E|" =

)

The complex permittivity expands the permittivity € of a material and incorporates the material’s
conductivity ¢ and the angular frequency w of the electric field:

3 o
&= eoer — i 4)

For low frequencies, Re(CM) is dominated by the conductivity of the material. With increasing
frequency, the permittivity becomes more important. When particles are less polarizable than the
surrounding medium (Re(CM) < 0, negative DEP), they move against the electric field gradient and
towards low field regions. On the contrary, more polarizable particles (Re(CM) > 0, positive DEP)
are directed with the gradient towards field maxima. In the current setup, field maxima are located
close to the edges of the interdigitated electrodes at the bottom, and local field minima can be found
at the top of the channel. Depending on the polarization, particles are either attracted to the edges
of the electrode (positive, pDEP) or to the top (negative, nDEP). Therefore, the movement direction
will be strongly affected by the applied field’s frequency due to the frequency dependence of Re(CM)
(Equation (4)). Particles can become trapped in potential wells (field extrema) due to DEP and can
adhere to the walls of the device when they reach them.

The conductivity of small insulating particles (such as the polystyrene particles that are used in
this study as a model) is dominated by their surface conductance Kg [34]:

2Ks
0'p = —.

- ©)
Usually, Kg is assumed to be around 1nS for polystyrene particles [35]. Equation (5) leads
to a (with increasing particle diameter decreasing) net conductivity of polystyrene particles
(1um < dp < 10 pm) of around 4 uScm ™! to 40 pScm—!, which is higher than some low conductive
DEP bulffers. This allows for positive DEP manipulation at low frequencies of even electrically
insulating particles, when they are smaller than a certain threshold diameter.
To evaluate the resolution of a chromatographic separation, Rg can be calculated [28],

At
Ry = 7—F——r, (6)
) %(wl +wy)

with At as the separation time between the maximum values (Imax) of two peaks and wy, the width of
the two residence time distributions. The width is defined as the distance in time between the half
maximum values (FWHM).

2.2. Device Operation

The device proposed here, a microfluidic channel with interdigitated electrodes at the bottom
of the channel (Figure 1b), uses periodic changes from pDEP to nDEP or vice versa to separate
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particles with respect to their polarizability. Since the polarizability of a particle directly depends
on the frequency of the electric field, constant frequency changes (Equation (7)) can be used to
manipulate the particles’ position in the separator. To achieve a retardation, due to either nDEP or
pDEDP, particles are dragged out of the fast streamlines in the center of the channel to streamlines with
low fluid velocity at the bottom or top. Then, when the frequency changes, the pDEP or nDEP effect
is reversed, and particles are pushed back into the faster streamlines in the center of the channel.
Depending on the strength of the interaction of a particle with the field (i.e., the absolute value of
Equation (3)), particles with different polarizabilities experience different retardation. Unlike DEP
field-flow fractionation, there is no particle equilibrium position. Here, the periodic change of frequency
leads to a constant change of the particles position and, therefore, depending on the polarizability of
a particle, to a different average velocity.
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Figure 1. (a) Sketch of the DPC separation experiments. (b) Sketch of the DPC separation column.
Meandering PDMS microchannel sealed by interdigitated electrodes on a glass chip. (c—f) Different
possible outlet concentrations for DPC. (c¢) Without voltage, no retardation of the particles occurs,
and both fractions elute at the same time. (d) When a voltage is applied and the frequency is fixed,
the particles are trapped in the column due to DEP and will not exit the channel. If the frequency
is modulated, a chromatographic separation occurs (e), which can be optimized by changing the
frequencies and voltage (f).

In case a particle gets trapped in potential wells because of dielectrophoresis or adheres to
the surface of the channel due to non-specific adsorption, a particle resuspension requires a force
pointing away from the wall, which is in our case again DEP. Naturally, to reverse the trapping
movement, particles trapped by pDEP now have to experience nDEP and vice versa (Figure 1a).
Especially for particles trapped at the bottom of the channel, a resuspension via an external force
becomes important, since no gravitational force contributes to their remobilization. Further, as the
particles’ diameter decreases, the gravitation force becomes less important and therefore may not be
sufficient to resuspend small particles close to the ceiling of the channel. To achieve a retardation of
the particles and consequently a chromatographic separation, it is in general not necessary to fixate
particles at the bottom or ceiling. To generate an increase in retention time, particles are just required
to be transported into regions of low fluid velocity, which are present at the bottom (transport via
pDEP) or the ceiling (nDEP) of the channel. Apart from the approach taken here, which is to modulate
the frequency to reverse the particle polarization and the DEP force vector’s direction, in principle,
it would also be possible to change the polarization by changing the medium’s conductivity.
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Depending on the particle’s Clausius—Mossotti factor as a function of frequency (Equation (3)),
three different scenarios can be distinguished (Figure 1a): (I) A particle shows substantial more pDEP
than nDEP during the modulation spectrum and therefore predominantly moves towards the bottom
of the channel, where the electrodes induce a high electric field strength. Since the fluids’ velocity close
to the bottom is low, particles are slowed down by the lower fluid velocity or by getting reversibly
trapped at the electric field maxima. The particles are then pushed away from the electrodes by
nDEP when the frequency changes. This scenario effectively increases the particle’s residence time.
(IT) When a particle exhibits a balanced pDEP and nDEP movement, the retardation is less pronounced.
These microparticles travel towards high field regions when the CM factor is positive and away from
them when it is negative. Due to their constant movement orthogonal to the fluid-flow direction,
they spend less time in regions with low fluid velocities and therefore are eluted fast. (III) If nDEP
outweighs pDED, particles are predominantly pushed towards low field regions, which here are present
at the channel’s ceiling. Like in Scenario I, only low fluid-flow is present at the field minima, and the
particle’s residence time is going to be enlarged. Although the polarizability of particles from Scenarios
I and III is different, retention times can be the same. Nevertheless, since the extent of retardation
depends on the chosen process parameters (e.g., frequency, voltage), a separation can be possible with
a different set of parameters (Figure lef).

Here, the frequency of the applied sinusoidal voltage was modulated using a triangle-shaped
function. This allows changing the frequency of the electric field constantly between two values in
a controllable time. Consequently, the frequency f can be described as a function of time ¢:

f(t) = fatri(2tfmod) + fo )

with fa as the amplitude of frequency modification, tri(x) as the triangle function, fy,oq4 representing
the modulation frequency, and fy for the offset of the frequency modulation. Asan example,
for achieving frequencies between 30 and 270kHz. the following set of parameters was used:
fa = 120kHz, fi,0qa = 300mHz, and fy = 150 kHz. Other modulation functions may also be suitable
for achieving a separation.

In this study, we used polystyrene (PS) particles to demonstrate the functionality of the proposed
technique. Due to their surface conductance (Equation (5)), PS particles show pDEP at low frequencies
and nDEP at high frequencies. With the usually assumed Kg = 1nS [34-36] and a medium conductivity
of o = 1.2puScm™!, the cross-over frequency from negative to positive DEP (Re(CM) = 0 in
Equation (3)) depends only on particle size (see Figure S1). The frequency dependent polarizability of
the particles forms the fundamental aspect of this separation technique and can be used by varying the
frequency over time periodically, as shown in Figure 2. These periodical changes from pDEP to nDEP
generate multiple trapping and release cycles. The separation technique can also be used for other
particle types that show frequency dependent polarizability.

Larger polystyrene particles showed pDEP in a smaller frequency bandwidth and,
consequently, when varying the frequency as shown, for a shorter duration. Four different polystyrene
particle sizes were chosen to demonstrate the separation effect. With our chosen frequency
modulation from 30kHz to 270kHz, 3pm particles showed predominantly positive DEP, 6 ym
particles a balanced pDEP/nDEP behavior, and 10 pm particles predominantly negative DEP. Further,
we used 2 pm particles to assess the possibility to separate two particle types that both experienced
predominantly pDEP.
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Figure 2. Real part of the Clausius—-Mossotti factor Re(CM) (top) and dielectrophoretic mobility ypgp
(bottom) of four different polystyrene particles over time for two full cycles (right ordinate axis of
diagram). The modulated frequency is shown as well (left ordinate axis). Particles suspended in DI
water with oy, = 1.2uS cm~1, Kg = 1nS, and ey, = 78.5, calculated with Equations (3) and (4).

2.3. Device Fabrication

The microfluidic device consisted of two main parts. The column was formed by a 2mm wide
meandering PDMS channel (height 80 um, length 17 cm), which provided the walls and the top of the
channel (Figure 1b). The bottom was formed by the electric field generating electrode chip. Both parts
were bonded using an intermediate layer as described later. The PDMS channel were produced using
an SU8 master mold (soft lithography). The interdigitated electrodes (electrode arm width and gap
width 100 pm) were fabricated using standard cleanroom techniques. Full details of the fabrication
method can be found in Section S2.

The electrode covered glass slide was bonded to the PDMS channel using liquid PDMS (10:3,
base:curing agent). PDMS was selected as the intermediate layer, because of its well known spinning
curves, low toxic potential, and easy accessibility [37-39]. The PDMS mixture was spin coated at
6000 rpm for 330s on the electrodes. Using these parameters, the thickness of the uncured PDMS
layer should be below 3 pm [38]. Subsequently, the cleaned PDMS channel was manually aligned
over the electrodes and placed onto them. The bonding was finalized by curing the intermediate
layer at 80 °C for an additional two hours. The PDMS did not only allow bonding the electrodes to
the channel, which proved to be unsuccessful in our lab using corona bonding; it also reduced the
unspecific adhesion of the particles to the electrodes [40]. Since using PDMS as the intermediate layer
creates a reversible bonding and PDMS channels are inexpensive to replace, several channels were
used during the experiments, and no significant changes between them could be observed.

2.4. Experimental Setup

Two syringe pumps were connected to a manually actuated 4 way valve (H&S V-101D, IDEX
Health & Science, LLC, Oak Harbor, WA, USA). One syringe pump (KDS-100-CE, KD Scientific Inc.,
Holliston, MA, USA) controlled the volume flow of the carrier fluid; the other pump (LEGATO
270, KD Scientific Inc., Holliston, MA, USA) provided the flow of the particle suspension (both
5mLh~!). In the normal position, the carrier flow was connected to the inlet of the separation
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column. To initiate the experiment, the valve was manually turned to allow a 2 s pulse of particle
suspension to flow into the separator (Figure 1a). The injection in all experiments happened at
t = 10s. The carrier fluid was pure water containing 0.02 vol % Tween20 (Sigma-Aldrich, Steinheim,
Germany) to reduce particle-wall interactions, 0.003vol % 0.0l molL~! potassium hydroxide in
deionized water to adjust pH, and potassium chloride to adjust the electrical conductivity to the
desired value (1.2 pScm™1). The particles were suspended in the same suspension as the carrier flow,
but without adding potassium chloride.

Monodisperse fluorescent polystyrene particles (Fluoresbrite, Polysciences Europe GmbH,
Hirschberg, Germany) of different sizes and colors (2 pm polychromatic red, 3 um yellow-green,
6 um polychromatic red, and 10 um yellow-green plain particles) were mixed and diluted in the
described solution.

The inlet of the channel was connected to the manually actuated 4 way valve via a capillary
(inner diameter: 100 pm) with a length of about 17 mm. To allow a controlled injection of the particles
(i.e., to avoid dispersion of the peak), the internal volume of the connection from valve to channel inlet
should be kept as small as possible. The chosen (short and with small diameter) inlet capillary resulted
in a volume of 135nL, resulting in an average residence time of less than 100 ms in this capillary.

The electrodes were connected to a voltage amplifier (PZD2000A, TREK, Lockport, New York,
NY, USA) controlled by a signal generator (Rigol DG4062, Rigol Technologies EU GmbH,
Puchheim, Germany). The signal generator provided the functionality of frequency modulation
inherently. The amplifier’s output signal was monitored using an oscilloscope (RIGOL DS2072A,
Rigol Technologies EU GmbH, Puchheim, Germany). The amplification factor of the amplifier was
not constant, but decreased with increasing frequency. The output decreased by 4.3 % per 10kHz,
which resulted in exponential decay in the applied voltage. All stated voltages were measured at
30 kHz. This circumstance may be overcome by using a different amplifier in future experiments.

The different fluorescent stains of the particles allowed to easily distinguish between
them. To observe the particles, an inverted microscope (ECLIPSE Ts2R-FL, Nikon Instruments
Europe BV, Amsterdam, The Netherlands) was used. For observation, a 40,6-diamidino-
2-phenylindole/fluorescein isothiocyanate/tetramethylrhodamine isothiocyanate (DAPI/FITC/
TRITC, excitation: 387/478/555nm, emission: 433/517/613nm) triple bandpass was selected,
which allowed observing at least three different types of particles at once. However, only two
particle colors could be observed simultaneously, since the current optics inhibited the DAPI excitation.
Videos of the fluorescence were recorded at the outlet of the channel using a color CMOS camera
(GS3-U3-5155C-C, FLIR Systems Inc., Wilsonville, OR, USA), which were further processed using
MATLAB (see Section S2, for further information). In MATLAB, the frames were segmented,
resulting in different pictures for each particle and background. Finally, the intensity of each picture
was counted and plotted over time.

3. Results and Discussion

Three different main experiments were conducted to demonstrate the different capabilities of
the proposed separator: We firstly demonstrate the possibility to separate particles experiencing
predominantly pDEP from particles with a balanced pDEP/nDEP behavior. This was done by
separating 3 um particles from 6 pm particles. We further show the separation of predominantly
nDEP experiencing particles (10 pum) from particles experiencing balanced pDEP/nDEP (again, 6 pm
particles). Finally, we show that even particles that both experience mostly pDEP in the modulated
frequency spectrum can be separated by separating 3 pm particles from 2 pum particles. Figure S9
provides Particle Image Velocimetry (PIV) data of 10 pm particles at 100 Vi, and 0V to demonstrate
the fluctuation of the velocity due to the nDEP effect. Further, Videos 52 and 53 visualize the separation
of 3 pm and 6 pm particles at 80 Vpp and 0 V. For such small particles, it was not possible to extract the
velocity reliably from the video using PIV. Nevertheless, the velocity fluctuations due to the action
of DEP were clearly visible for the 3 um particles. Unfortunately, from the observation perspective
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and with the experimental methods at hand, it was not possible to infer if particles were slowed down
because they were attracted to or pushed away from the electrode array.

For the 3 and 6 um particles, without an electric field, both particles showed typical retention time
distributions for a laminar flow without observing separation (as expected; Figure 3a). When applying
a voltage with frequency modulation, we could observe a clear chromatographic separation for all
investigated voltages, i.e., 60 Vpp, 80 Vpp, 100 Vpp, and 120 Vpp (see Figure S4 for the full dataset).
To achieve separation, the frequency was varied between 30 kHz and 270kHz in 3.33s (full cycle
length, 300 mHz). Various parameters for frequency modulation were tested in advance, but this set
of parameters worked best. However, the influence of each parameter is not fully understood and
needs to be investigated further. While we could observe separation at all voltages, the best resolution
for the separation of 3 um and 6 pm particles could be achieved at a voltage of 80 Vyp, resulting in an
average resolution of Rg = 3.60 &= 0.31 (number of experiments N = 4) (Figure 3b). To provide a visual
impression of the separation of 3 pym and 6 pm at 0 Vp, and 80 Vy,p, see Videos S2 and S3.

dp=6 Mm dp=3 Mm dp=6 pm dp=3 pum

3 3
£ 08¢ £ 0.8
-‘?: 0.6 * Ve ‘?, 0.6 % Yo
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Loal 204l
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(c)
Figure 3. (a) Separation of 3 and 6 pm polystyrene particles: fluorescence intensity over time for no
applied voltage, Rs = 0.17 +0.06 (N = 4), and (b) when applying 80 Vp, at 30 kHz-270kHz with
a modulation frequency of 300mHz, Rs = 3.60 +0.31 (N = 4). (c) Single frames of different times of
3 um (yellow-green) and 6 pm (orange/red) fluorescent polystyrene particles (brightness and contrast
are adjusted for better visibility).

At all investigated voltages (see Figure 54 and Figure 3b), the 6 um particles eluted earlier than
the smaller particles, which showed a substantial delay with respect to measurements without the
electric field. This was because the 3 um particles showed predominately pDEP in the frequency
modulation range and thus were substantially retarded due to the DEP interaction (Figure 2, blue line).
Interestingly, the peak size of the 3 um particles decreased significantly, which suggested that their
retention time was dominated by DEP and not by their initial height in the channel, as was visible
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in the experiments without applied voltage. In contrast, the peak size and position of the 6 ym
stayed almost the same, which was due to the balanced nDEP /pDEP ratio (Figure 2, orange line).
This balanced nDEP/pDEP led to a negligible movement orthogonal to the fluid-flow direction over
one cycle. Consequently, at low to moderate voltages, particles were only slightly retarded in the
channel caused by moving along the different streamlines of the parabolic flow profile. Since the
dielectrophoretic velocity increased with increasing electric field strength (Equation (2)) and therefore
with increasing applied potential, we assumed that particles traveled greater distances orthogonal
to the flow, eventually hitting either the electrode array or channel ceiling, as the voltage increased.
We thus assumed that with increasing voltage, also 6 um particles would experience retardation.

The calculations suggested (Figure 2) that the retardation of the 3 um PS particles was based on
their movement towards the interdigitated electrodes (pDEP). To investigate the effect of nDEP on
the retention time, we separated 10 um particles, which showed predominantly nDEP in the chosen
frequency modulation spectrum (Figure 2), from the balanced 6 um particles (Figure 4). This switch
from pDEP dominated behavior, to an nDEP/pDEP -balanced behavior, to an nDEP dominated
behavior with increasing particle size was due to the decreasing conductivity of polystyrene particles
with increasing diameter (Equation (5)). We observed a chromatographic separation of 10 pm from
6 pm particles (see Figure S5 for the full dataset) for 80 Vpp,, 100 Vyp, and 120 Vi, at 30 kHz-270 kHz.
As before, the 6 pm particles showed almost no change in their retention time, whereas the larger
and less polarizable 10 pm particles showed substantial delay, which indicated a retardation due to
nDEP. Figure S9 shows PIV data of the 10 pym particles at 0V and at 100 Vp,}, to demonstrate how their
velocity periodically decreased and increased due to the nDEP effect. This periodic velocity fluctuation
corresponded exactly to the applied frequency modulation.

dp=6 pm dp=10 pum dp=6 pm dp=10 pMm

— 17 1t
- - ﬂ
© 08} © 0.8}
_@06_ OVpp __?06_ 100VI0I0
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Figure 4. (a) Separation of 6 and 10 um particles: fluorescence intensity over time of without applied
voltage, Rs = 021 +£0.19 (N = 4), and (b) with application of 80 Vy, at 30 kHz-270kHz with
a modulation frequency of 300mHz, R = 1.95+£0.33 (N = 4).

Before we address the more challenging task of separating 2 pm and 3 pm particles that both
experience pDEP in the modulation spectrum, we discuss the resolution for the separation of 6 pm from
3um and 6 um from 10 pm (Figure 5). The resolution of the separation of 3 and 6 nm (Figure 5a, green)
particles increased with voltage in all conducted experiments until a maximum at 80 Vp,, was reached,
after which the resolution decreased. This was because the retention time of bigger particles increased
further with voltage (80 Vpp: 27.92s+1.74s to 160 Vpp: 40.8s+3.33s, both N = 4), while the time of
the maximum fluorescence intensity for the smaller particles was constant for all voltages investigated,
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as long as a voltage was applied. We suspect the increase of the retention time of the 6 pm particles
was because of the increased covered distances orthogonal to the fluid-flow. As previously discussed,
the higher field strength caused the particles to reach the walls or at least enter regions close to a wall
with low fluid velocity (at the top and bottom of the channel) and to be retarded as a consequence.

This decrease in resolution was not observed for the separation of 6 pm and 10 um particles
(Figure 5a, turquoise). Although the retention times of the 6 um increased monotonically with voltage,
the resolution simultaneously increased with applied voltage. The even stronger increase in retention
time of the 10 pm particles (80 Vpp: 45.61s+5.24st0 120 Vpp: 57.71s £ 1.6s, both N = 4) compensated
the increase from the 6 pm particles. We assumed that the 10 pm particles spent even more time in
areas with low fluid velocity, and therefore, the retention time increased. Our PIV measurements (see
Figure S9) indicated a periodic interaction of the particles with the electric field. However, the change
in velocity was below 20 %, which showed additional potential for increasing the retention time of the
10 pm particles.

To investigate the effect of the voltage on the resolution of the separation process further,
particles with diameters of 2 pym and 3 pm were selected. As the mobility of both particles was close
to each other, this posed a more ambitious separation problem. Using the same set of parameters
as before, we could again observe a voltage dependence of the peak time (see Figure 5b and also
Figures S6-S8, for intensity profiles as a function of time). In contrast to the 3 vs. 6 pm and 6 vs. 10 pum
experiments, the separation was low for all investigated voltages. This was because ypgp for both
particle types was low and very close to each other.

% é ® 2vs3 um@30-270kHz

3} fi 2vs3 um@80-320kHz

< ! ¥““i .

A 3vs6 um@30-270kHz

m
oé 3 6vs10um@3o-%70kHz [t m 9 g o @

0 50 100 0 50 100 150

Voltage (Vpp) Voltage (Vpp)
(@) (b)

Figure 5. Resolution Rs of DPC over applied voltage for different particle suspensions and frequencies.
(a) 3pm vs. 6 um and 6 pm vs. 10 um PS particles at 30 kHz to 270 kHz. (b) 2 pum vs. 3 um PS particles
at 30 kHz to 270 kHz and 80 kHz to 320 kHz.

The separation of the 2 and 3 um particles was improved, concerning peak width and peak
distance, by changing the frequency between which was varied. Applying an offset of 50 kHz (now:
80kHz to 320kHz), the retention times of each particle type became more homogeneous (FWHM
decreased) and the distance between the peaks increased (Figure 5b). Interestingly, the resolution
was similarly low for both sets of frequencies for all voltages except for 120 Vpp and 160 Vo,
but the retention times were significantly different. At 120Vy,,, where the highest resolution using
30 kHz-270 kHz was achieved, the particles eluted almost 15s later than when using 80 kHz-320 kHz
at the same voltage (2 um: 55.225+6.94s vs. 40.73s £ 0.75s, 3um: 49.06 s +5.325 vs. 36.86s £ 0.84s,
both N = 4).

We propose that at the lower frequency (30 kHz to 270 kHz), both particles were dominated by
pDEP (Figure 2) and thus showed a significant increase in retention time with increasing voltage.
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When the frequency set switched to 80 kHz-320 kHz, the pDEP/nDEP behavior was more balanced,
i.e., both particles exhibited less pDEP and more nDEP in the modulation spectrum, causing them
to interact less with the field and thus to elute earlier. As expected, the subtle differences in
polarizability of 2pm and 3pum particles in this frequency bandwidth were more pronounced,
resulting in a better resolution. Although the residence time of the particles was much shorter
when applying 80 kHz-320 kHz, the resolution stayed the same at 100 Vp,, and increased even further
to R = 1.25+0.23, (N = 4), when the voltage was set to 160 Vpp, which did not occur using the lower
frequency set. This highlights one of the potentials of our separation technique, i.e., the possibility
to separate particles with very equal polarizabilities by tuning the frequency modulation according
to the target particle’s polarizabilities. Again, the particles larger in diameter eluted earlier, and in
contrast to the 6 um particles, both particles showed an increase in retention time with respect to
the measurements without the electric field and therefore without superimposed dielectrophoretic
movement. No maximum in retention time was found for the 2 vs. 3 um mixture at higher frequency,
indicating that a further increase in voltage led to a further increase in resolution.

Since the dielectrophoretic velocity depended quadratically on the particle’s radius and the
applied electric field, the size and voltage dependency was not surprising. Due to this, smaller particles
accelerated less due to DEP. Additionally, the cross-over frequency at which the force switched from
pDEP to nDEP was higher, i.e., small particles experienced pDEP for a longer duration per cycle.
Consequently, small particles, once they came close to the interdigitated electrodes, remained there and
thus in regions of low fluid velocity. The latter point should become more important as the residence
time in the separation column increases (i.e., at a longer column length).

Both nDEP and pDEP can be utilized to induce a retardation of the suspended particles.
As a consequence, particles with polarizability (e.g., one showing more pDEP, another one dominated
by nDEP) can elute at the same time. However, as the frequencies and the modulation frequencies can
be adjusted, the nDEP/pDEP ratio can be tuned, which should result in different retention times and
lead to a chromatographic separation.

Despite the fact that the parameters were chosen by evaluating the mobility of the particles
over the frequency and only model particles were evaluated, the technique can become a tool for
chromatographic separation of arbitrary particles that show a frequency dependent polarizability.
One major advantage of this technique is that the columns’ parameters were adjustable without
actually changing the column itself. As shown, the electric field strength and the frequency bandwidth
had an impact on the retention times and the peak width. Joule heating could disturb the separation
when mediums with higher conductivities are used (e.g., cell buffer) [41]. To reduce the required
voltage, by maintaining a similar electric field strength, the thickness of the isolating layer on the
electrodes could be reduced. Promising alternatives to PDMS to achieve thinner coatings are polymers
with a lower viscosity (e.g., SU-8). Additionally, since the electric field decreases with the height of the
channel significantly, channels with a reduced height could be used.

4. Conclusions

We experimentally showed the separation of three binary mixtures of suspended particles using
dielectrophoretic particle chromatography with a modulated electric field frequency. The current
data further suggested that a separation of three different particle types (for example 2,3 and
6um) in a single experiment should be possible. Unfortunately, it was not possible to observe
all three different kinds of particles at the same time with the current hardware. We believe that
an increasing column length led to a better separation. In addition to this, when the injection
valve was operated automatically (in contrast to the current manual operation), standard deviations
should decrease significantly. The influence of other parameters such as the modulating frequency,
the medium’s electrical conductivity, the linearity of amplification, and the carrier fluids’ volume
flow are complex and not yet understood in detail. Comprehensive studies regarding their
impact using experiments and simulations are under way. Nevertheless, we demonstrated the
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principle and discussed the effect of the applied voltage. We further showed how adapting the
modulation frequency to the target particle’s polarizabilities further increased the resolution. In the
proposed chromatography column, no single trap-and-release mechanism was used to achieve
a chromatographic separation, but the particles showed different interactions with the permanently
present and adjustable stationary phase. Although we only studied model particles in this study,
the presented method allowed chromatographically separating arbitrary particles with frequency
dependent polarizabilities. We believe that the presented technique can potentially separate particle
mixtures that are traditionally difficult to separate, for instance cell separation in liquid biopsy or the
recovery of precious materials from waste streams.
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photomask; Figure S3: Result of segmentation process; Figure S4: Fluorescence intensity over time of 3 um and
6 um particles; Figure S5: Fluorescence intensity over time of 6 pm and 10 um particles; Figure S6: Fluorescence
intensity over time of 2um and 3 um particles at 120 Vp,p,; Figure S7: Fluorescence intensity over time of 2 um
and 3 um particles at 160 Vpp; Figure S8: Fluorescence intensity over time of 2 ym and 3 pm particles at different
voltages; Figure S9: PIV data of 10 pm PS particles; Video S1: 10um_100Vpp_PIVdata.mp4, Video of periodic
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Abbreviations

The following abbreviations are used in this manuscript:

AC alternating current

cM Clausius—Mossotti factor

DEP dielectrophoresis

DPC dielectrophoretic particle chromatography
FWHM  full width at half maximum

nDEP negative dielectrophoresis

pDEP positive dielectrophoresis

PDMS  polydimethylsiloxane

PS polystyrene
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The publication in Chapter 4 focused on the proof-of-principle investigation.
This chapter provides additional investigations of the proposed mechanism. The
study was designed in such a way that we could show by experiment and simula-
tion that all proposed migration mechanisms are indeed observable in the channel.
The study shows that pDEP dominated, nDEP dominated and balanced types of
migration through the channel exist. The type of migration profile does not only
depend on the particle but also on the frequency modulation spectrum.
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Separating microparticles

by material and size using
dielectrophoretic chromatography
with frequency modulation

Jasper Giesler?, Laura Weirauch?, Jorg Théming*?, Michael Baune! & Georg R. Pesch®2**

Separation of (biological) particles (« 10 Lm) according to size or other properties is an ongoing
challenge in a variety of technical relevant fields. Dielectrophoresis is one method to separate
particles according to a diversity of properties, and within the last decades a pool of dielectrophoretic
separation techniques has been developed. However, many of them either suffer selectivity or
throughput. We use simulation and experiments to investigate retention mechanisms in a novel

DEP scheme, namely, frequency-modulated DEP. Results from experiments and simulation show

a good agreement for the separation of binary PS particles mixtures with respect to size and more
importantly, for the challenging task of separating equally sized microparticles according to surface
functionalization alone. The separation with respect to size was performed using 2 um and 3 um sized
particles, whereas separation with respect to surface functionalization was performed with 2 um
particles. The results from this study can be used to solve challenging separation tasks, for example to
separate particles with distributed properties.

Separation of particles from each other is important in a wide variety of areas. For example, it is required in
electronic waste recycling to recover valuable metals'~>, to enrich desired minerals in the mining sector*>, to
detect circulating cancer cells®, in waste water treatment®, and many other fields. For large particles (> 10 um),
inertia- or gravity-driven processes are one option to achieve a classification with respect to density or particle
size. Since both, gravity and inertia scale with particle mass, their influence decreases with decreasing particle
size and becomes negligible when particles reach nanometre scale’. In this range, other forces (e.g. electrostatic,
van-der-Waals interaction or Brownian motion) can dominate the particle behaviour. Thus, to separate micro
or sub-micron particles, other approaches become attractive. We like to note that many biological separation
tasks®!! or valuable dust fractions® are within this size range. For such particle sizes, (gel-)electrophoresis'>*?,
field-flow-fractionation (FFF)", or size-exclusion chromatography'® are some common methods. Dielectropho-
resis (DEP) is a versatile technique that is not only capable of addressing micro and sub-micron particles'®",
it also offers the potential to be scaled up'®. Further, DEP can be used to manipulate both biological®!*?° and
non-biological particles?"?.

DEP describes the movement that rises when a suspended polarizable particle is placed into an inhomogene-
ous electric field. The dielectrophoretic force Fpgp acting on a spherical particle is commonly approximated as'®

Fpep = 277 6mRe(CM) V [Eppms %, 1)

with rp, the particle radius, the vector of the electric field E;mg and the permittivity of the surrounding medium ep,.
Re(CM) is the real part of the so-called Clausius—Mossotti factor, which incorporates the frequency-dependent
polarization of the particle and the medium. Using the complex permittivity £ it can be calculated for homoge-
neous spherical particles as

&, — Bm
Re(CM) = Re( 2— ),
e(CM) e<5p+25m) (2)
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with & = goer — i7, where o is the conductivity, &g the vacuum permittivity and @ = 27 f represents the angular
frequency of the applied electric field. This factor ranges between - 0.5 and 1 and determines the movement
direction of the particle: When Re(CM) > 0, particles experience positive dielectrophoresis (pDEP) and move
towards local field maxima, when Re(CM) < 0, particles experience negative dielectrophoresis (nDEP) and are
repelled from field maxima. The frequency where Re(CM) equals zero is called crossover frequency. At this fre-
quency, the particles do not experience a dielectrophoretic force. Due to its dependency on field frequency and
medium properties, Re(CM) can change its value or sign during an experiment, which can result in a movement
direction change of target particles. The net conductivity of a microparticle of non-conducting bulk material in
an electrolyte suspension can be calculated as'®*

2K,

Op = Obulk + P (3)

The conductivity is composed of the bulk material conductivity, oy, and a part caused by the intrinsic double
layer that forms around suspended particles. The surface conductance K comes from the ions in the electric
double layer of the particle and can increase the overall conductivity'®. As a consequence, even particles with
negligible bulk conductivity, such as the polystyrene (PS) particles used in this work, can show pDEP.

Equations (1), (2) and (3) show that the dielectrophoretic motion depends on material (e.g. conductivity and
permittivity), process parameters (e.g. medium conductivity, field strength and frequency) and size. The diversity
of influencing variables provides the opportunity to address different separation tasks. Depending on the process
design, even specific multidimensional tasks could solved in one set-up. Simultaneously, DEP-based separation
requires careful design to enable a functioning separation processes. In its 50 years of existence, many different
techniques and designs have been established to perform a dielectrophoretic separation of particles. One way to
categorize the existing DEP techniques is whether a continuous or a chromatographic separation is performed.
Whereas continuous separation methods often focus on spatial separation or selective trapping'”?*-%%, chroma-
tographic methods are usually batch or semi-batch processes and result in particle type-dependent residence
times in a separator. They are a promising approach to achieving separation of high purity or adjustability*”*.
In this work, we use experiments and simulation to gain further insight into the retention mechanisms of a
chromatographic separation based on a frequency-modulation method.

Dielectrophoretic particle chromatography (DPC) was introduced by Washizu et al.’ in 1992 and has been
used since®?’-*!. A prominent example is the isolation of tumor cells from blood by Shim et al.’?. DPC exploits
different polarizabilities of target particles for separation. For example, a specific particle type shows pDEP
(Re(CM) > 0) and gets reversibly trapped in the separation column, whereas other particles show no DEP or
nDEP and are consequently eluted from the column. By changing the frequency, the formerly trapped parti-
cles in the channel can be levitated by nDEP, resulting in their subsequent elution. Some approaches vary the
frequency as a function time, to separate different cell types from one another®" or achieve a separation with
respect to size>>%. As Yang et al.*® also pointed out, sweeping the frequency can be used to compensate distrib-
uted cell properties and consequently achieve more homogeneous retention times in dielectrophoretic field-flow
fractionation (FFF) by also reducing particle adhesion at field maxima at the same time. The above mentioned
studies show the potential of varying the frequency in DPC. Additionally, Aldaeus et al.”” numerically showed
the benefit of multiple trap-and-release cycles in DPC. In a previous publication, we demonstrated the capabili-
ties of a design that combined multiple trap-and-release cycles with the advantage of changing the frequency?.
The chromatographic separation allows to address particle mixtures with only small dielectric differences or
distributed particle properties. Additionally, since all particles elute from the same outlet, the design of the
device is simple and easy to scale.

The functionality of such an approach is explained in detail in the “Functionality of frequency-modulated
DPC” section. Briefly, a number of particles is injected once into a flow chamber and transported across an
interdigitated electrode array by a carrier flow with a laminar flow profile (Fig. 1A,B). The electrode array gen-
erates an inhomogeneous electric field and thus a DEP force on the particles. The frequency of the applied field
is continuously modulated between two values. For each particle in an arbitrary particle mixture, three general
responses are possible: particles experience mainly pDEP in the modulation spectrum and are drawn towards
the field maxima found at the electrode edges. Due to their interaction with the field maxima and the low fluid
velocity close to the walls of the channel, they experience a retardation in the channel (as discussed below) and
elute later than they would without field. The difference in elution time depends on the applied voltage and
frequency range. Particles that, in contrast, experience mainly nDEP in the modulation spectrum interact with
the field minima found at the channel ceiling and also elute later. Particles that experience a balanced pDEP/
nDEP response in the modulation spectrum are neither drawn to the ceiling nor bottom of the channel and thus
experience almost no retardation. They elute almost at the same time as they would without applied field. Thus,
this technique allows to separate a particle mixture that is injected intermittently (or once) at the inlet (Fig. 1E);
as long as the different particles show differences in their crossover frequency.

In our previous publication®, we demonstrated how the approach can be used to separate polystyrene micro-
particles based on size. Both design and drawn conclusions were based mostly on observations without detailed
numerical calculations of the underlying physics. In this study, we will simulate the size-selective separation of
polystyrene particles and verify the simulation results against experiments. We will further capitalize on the
simulation to predict parameters for separating polystyrene particles of equal size based only on their surface
conductance. Finally, we will compare the simulated and experimental results of this separation. According to
Eq. (3), the conductivity and thus crossover frequency of polystyrene particles depends on their size and the yet
unknown surface conductance K. Thus, to perform a simulation we need to determine the crossover frequency
and the particle’s Ks-value. To do this, we use a fixed-frequency method (Fig. 1C), which is explained in detail
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Figure 1. (A) Top view of the microfluidic device (sketch). (B) The microfluidic separation column (side
view, height 1 = 80 wm and electrode width/spacing d; = d, = 100 um) is continuously flushed with a
carrier fluid. Once per experiment a particle suspension is injected. The device is used for two different types
of experiment. (I) The crossover frequency of particles is determined using field-flow fractionation (FFF) at

a fixed frequency f by comparing the elution profiles with and without applied voltage (V) (C). The obtained
particle characteristics where used as input parameters for a full-scale simulation model realized in COMSOL
Multiphysics to find suitable process parameters (D). (IT) Eventually, the set of process parameters is used

as starting point for experiments to achieve a chromatographic separation by using frequency-modulated

(f =f (@) dielectrophoretic particle chromatography (DPC) (E).

in the “Determination of crossover frequency” section: Here, the frequency is kept constant per particle injec-
tion (but is changed between experiments) and the particle residence time is observed as a function of applied
frequency. When the applied voltage is chosen carefully, particles will either be retarded by positive or negative
DEDP, or, in case the applied frequency closely matches the crossover frequency, particles will not be retarded.
Thus, by comparing the elution time as a function of frequency and comparing it against the elution time without
superimposed electric field, it is straight-forward to determine the crossover frequency. The determined K;-value
can be adjusted slightly to improve the match between experiments and simulation. To summarize our approach:

i. Find the crossover frequency and K; of the particles by performing fixed-frequency experiments (Fig. 1C).
ii. Use the obtained K;-value to determine suitable frequency ranges and perform frequency-modulated
DPC experiments to separate particles by size (Fig. 1E).

iii. Simulate the particles movement and compare the elution profiles of the experiment and the simulation.
Apply moderate changes to the simulation (e.g. simulated particle polarizability) to increase match with
experiment (Fig. 1D).

iv.  Use simulation to design a different separation task:

iii.a. Find crossover frequency of polystyrene particles with different surface functionalization but same
size.
iii.b. Input crossover frequency into the simulation to find suitable center frequencies for separation in
the experiment.
ifi.c. Perform the separation experimentally with optimized parameters from iii.b.

Results and discussion

We first determine the surface conductance for the size-selective separation using fixed-frequency experiments
(Fig. 1C). Based on these results, we perform DPC experiments using the frequency-modulation technique
(Fig. 1E). We will then perform simulations, using the same process parameters, to see how the simulation
matches the experiments. Finally, we use the simulation to find process parameters to separate a binary mixture
of particles according to their surface modification.

Size-selective separation. Two monodisperse PS particle suspensions with diameters of 3.1 um and
2.12 pm without an additional surface functionalization were selected for generating experimental data to com-
pare with the simulation. Since the surface conductance is an important yet unknown characteristic of the parti-
cles, it was measured using fixed-frequency field-flow fractionation (see “Determination of crossover frequency”
section). Choosing the right voltage for the experiments is important, as a too high voltage would cause immo-
bilization and too low voltage would result in only slightly differences in the residence time distribution. For the
larger particles a voltage of 120 Vp, was selected. The smaller particles required a higher voltage of 160V, since
the DEP force scales with particle volume. Frequencies between 180 and 310 kHz were tested. Figure 2 shows the
concentration profiles at the outlet for 3.1 um particles at different frequencies. At 210 kHz, the residence time is
minimal and the concentration profile almost matches the profile without any applied voltage, indicating that the
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Figure 2. (A) Residence time distributions at 120 Vy, for different applied frequencies in fixed-frequency
dielectrophoretic particle chromatography. (B) Calculated values of the real part of the Clausius—Mossotti
equation for different surface conductances (d, = 3.1 pum PS particles without surface functionalization

in a2 1S cm™! suspension). The dashed line represents Re(CM) = 0. (C) Maximum of the residence time
distributions at 120 Vp,, for all measured frequencies (extracted from the elution profiles). Experiments were
repeated 3 times.

Center frequency 2.12 pum particles 3.1 um particles
210 kHz pDEP dominated Balanced

245 kHz pDEP dominated nDEP dominated
280 kHz Balanced nDEP dominated

Table 1. Anticipated particle behaviour in the DPC experiments based on their crossover frequency. The
2.12 pm particles show their crossover at 290 kHz and the 3.1 um particles at 210 kHz.

cross-over frequency is close to 210 kHz. At both, lower and higher frequencies, the concentration profiles are
shifted towards longer times (i.e., particles elute later and are retarded to either nDEP in case of higher frequen-
cies, or pDEP in case of lower frequencies). Combining the results with the real part of the Clausius—Mossotti
factor (Egs. (2) and (3) and Fig. 2), we calculate a surface conductance of Ks = 0.95 nS, which is in good accord-
ance with the literature value of 1 nS'?**. The results for the 2.12 um particles (Supplementary Fig. 2) show a
minimum in residence time around 290 kHz. Since the dielectrophoretic mobility for smaller particles is lower,
the crossover is less clear. Nevertheless, knowing the crossover is close to this value, a surface conductance of
0.9 nS was assumed for further steps.

Now that we know K and crossover frequency of both particles, we can select suitable frequency ranges
for separation. Three frequency ranges were chosen. Two center frequencies f. of the modulation spectrum
(fc =210kHz and f. = 280 kHz) were selected because these frequencies are close to the respective crossover
of the two particles. A third frequency was chosen in between (245 kHz). The bandwidth of 240 kHz in combina-
tion with a modulation frequency of 300 mHz were kept constant, because we know from previous experiments
that these parameters allow a separation®®. Both parameters are constant for all conducted experiments within
this work. The selection of frequency windows allows to test the three predicted behaviours of the particle in the
channel (see “Functionality of frequency-modulated DPC” section and Table 1). The spectrum centred at 210 kHz
should produce no or only small retardation for the larger 3.1 wm particles, since they experience a balanced
pDEP and nDEP force. In contrast to this, the movement of the 2.12 um particles should be dominated by pDEP,
resulting in a retardation. At 280 kHz, we expect an increase in residence time for the larger 3.1 pm particles
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Figure 3. Top: Resolution and standard deviation of experimental and simulated frequency-modulated
chromatography experiments at 80, 120 and 160 Vy,, for three different modulation spectra. Surface
conductance of the 2.12 um and 3.1 wm particles are simulated with 0.775 nS and 1 nS, respectively. Middle
two rows: Corresponding maxima of the residence time distributions and standard deviations for 3.1 pm and
2.12 um particles. Bottom: Residence time distributions of experiment (green) and simulation (blue) for 3.1 pm
(solid line) and 2.12 jum (dashed line) particles at different centre frequencies (210, 280 & 245 kHz) and 160V pp,.
Simulations and experiments were repeated 5 times to check for statistical validity.

as they are retarded due to an nDEP dominated response. The smaller 2.12 wm particles experience balanced
DEP and show no retardation. In the third spectrum (center frequency 245 kHz), which produces pDEP for the
small and nDEP for the bigger particles, only poor separation is expected, as now both particles are retarded.
Figure 3 shows experimental and simulated chromatography results of the size-selective separation of 2.12 um
and 3.1 pm particles. As an example, the bottom row shows both experimental and simulated elution profiles at
160 Vpp and at the three different centre frequencies. From these profiles, we can extract the separation resolution
Rs (see “Experimental details” section for a definition of Ry and top row for the results) as well as the maxima
in the respective peaks (middle rows). For the experiments, the best resolution at all voltages is achieved at
fo = 210 kHz (top left). In this setting, the larger particles experience balanced pDEP and nDEP, thus almost no
retardation, and are consequently eluted only about two seconds later than without an applied voltage (without
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applied voltage Tryax = 26.91 s & 0.28 s). The 2.12 um particles, which experience more pDEP than nDEP, instead
show a significant retardation. With increasing voltage, Timax of the 2.12 um particles and thus the experimentally
determined Ry increase. In contrast, at f. = 280 kHz (middle panel), the 2.12 um particles now experience bal-
anced pDEP and nDEP behaviour and are eluted much earlier than the larger particles, which now experience
an nDEP dominated movement. The Tp,x of the 3.1 wm particles and thus R here also increase with voltage,
but the resolution is generally lower compared to f. = 210 kHz. At f. = 245 kHz, as expected, we observe only
small retardation for both particle types, which consequently leads to a low experimental resolution among all
voltages. These experiments show the three different types of particle movement in frequency modulated DPC.
The set of experiments validates the theory stated before and is used for comparing chromatograms of experi-
ment and simulation.

To achieve a good agreement in the residence time distributions between the experiments and our simula-
tions, we applied empirical corrections to the surface conductance (see below). Especially maxima of the resi-
dence time distributions (Trmax) agree quite well across all frequencies and voltages. For the 3.1 pm particles we
applied an offset of 0.05 nS to the surface conductance (experimentally determined Ky = 0.95 nS vs. simulated
Ks = 1 nS), which is within the uncertainty of the method to determine the surface conductance. To the smaller
particles we applied an offset of —0.125 nS , resulting in a simulated Kg-value of 0.775 nS versus 0.9 nS found
in the experiment. Since this would correspond with a crossover frequency of about 250 kHz, this can not be
explained with the uncertainty of the surface conductance alone. Lowering the surface conductance in our simu-
lation equals reducing the time the smaller particles spend adhered to the wall, resulting in a faster elution of the
particles, which was observed experimentally. This is because they show predominately pDEP and by lowering
the simulated conductivity of the particles, they show nDEP for longer periods of time. As the fixed-frequency
experiments already suggest, not all particles adhere to the wall at fixed frequency, even when a frequency dif-
ferent from the crossover frequency is applied. Transferring this observation to the simulation, this means that
the trapping of the particles at the wall is not as strong as predicted by the simulation. This is shown here for
2.1 wm particles (Fig. 3). We also tested this for 6.14 um particles (see supplement). In general, corrections to the
surface conductance are required so that they reduce the residence time in simulation. This means, particles that
are predominantly experiencing pDEP require a correction so that the surface conductance is lowered. Particles
that are experiencing more nDEP than pDEP require a correction that raises the surface conductance so that
they experience nDEP for a shorter duration and thus spend less time adhered to the wall in the simulation.
One explanation is that particles hop from one trapping location to another. (Electro-)thermal fluid movement
and unspecific adhesion or hydrodynamic lift might be the reason behind this behaviour. Additionally, Adams
et al.*® showed, that the sweeping rate (frequency change per time) can affect the polarization of microspheres
significantly, which may contribute to the observed effects. To account for the experimentally observed behaviour
in the simulation, we chose to adjust the surface conductance of the particles to reduce the time particles spend
adhering to the wall. The data of the size-selective experiments show that the particle-wall interactions should be
studied in more detail in the future to remove the surface conductance of the particles as a fitting parameter from
the simulation. By now, in addition to the experiments that we require to determine the surface conductance, we
also require experiments providing retention behaviour of the particles during frequency modulation to calibrate
the surface condutance offset. Based on this calibration experiments we perform extensive parametric studies.

Interestingly, at f. = 210 kHz, the simulated T,y of the 2.12 pm particles decreases with voltage. Due to
higher voltages, the 2.12 pm particles can travel larger distances away from the electrode array, reach regions
with higher fluid velocity (parabolic flow profile) and can consequently cover more distance per frequency cycle.
This results in a faster simulated elution. The significantly lower predicted R; compared to the experiments is a
combination due to diverging Tmax of both particles in comparison to the experiments and broader peaks (higher
FWHM, Supplementary Fig. 4) in the simulation. Further, at f. = 280 kHz, the simulation predicts significantly
higher resolutions compared to the experimentally determined Rg. Trmax for both particle types match quite well
across all voltages, leaving the width of the residence time distribution as diverging parameter (Eq. 4). Generally,
a high resolution is achieved by a large time between the maxima of two peaks in combination with a small peak
width. When the resident times show only small differences (small A Tp,x), the resolution becomes sensitive to
small differences of the width of the residence time distributions (FWHM) when comparing experiment and
simulation. Consequently, the reason for the disagreement concerning the R between experiment and simulation
is the stronger peak broadening in the experiments and minor differences in Tinax. As soon as the 3.1 pm particles
experience retardation due to their nDEP dominated behaviour, their peaks begin to broaden (Supplementary
Figs. 3 and 4). This peak broadening of the 3.1 wm particles can also be seen in the elution profiles (Fig. 3, bottom
row, middle and right panel, solid green line). In the simulation the particles behaviour is not as inhomogeneous
as in the experiments, resulting in narrower peaks. When the larger particles are showing predominantly negative
dielectrophoresis, they migrate close to the ceiling of the channel. The electric field is here much lower compared
to the bottom, which is the location of the electrode array. In combination with the lower dielectrophoretic force
(Fpep o V|E|?) this leads to inhomogeneous retention times, as now other effects such as unspecific particle-wall
interactions or other fluid movements (e.g. electrothermal, buoyancy, AC electro-osmosis, hydrodynamic lift)
can influence the particle movement. Additionally, as the DEP force decreases, particles travel shorter distances
orthogonally to the wall due to DEP and consequently, cover less distance per frequency cycle. This could be
compensated by adjusting the distribution with which the particles are released from the wall (see “Simulation
model” section). Without detailed insight into the reasons behind these interactions, however, this seems like
an arbitrary fit within the model. For achieving rapid separation with high resolution, consequently, pDEP
dominated behaviour seems favourable according to the experiments.

Overall, the simulation gives valuable insight into the particle behaviour and trajectories in the channel and
is able to support the process design. Additionally, it can be used to study the impact of side effects, since the
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Figure 4. (A): Simulated (blue) and experimentally determined (green) resolution R at different center
frequencies ( fc). Simulations were repeated 5 times. (B): Chromatogram of a non-optimized separation of 2 pm
carboxy functionalized and 2.12 pm plain PS particles at a f. = 240 kHz. (C) Chromatogram of an optimized
separation of 2 pm carboxy functionalized and 2.12 pm plain PS particles at fc = 210 kHz. (D) Purity asa
function of time at f. = 210 kHz.

simulation is able to isolate the movement due to drag, gravitation and dielectrophoresis and therefore a signifi-
cant divergence between experiment and simulation suggests the presence of side effects.

Material-selective separation. In this section, we will demonstrate the separation of polystyrene parti-
cles of almost equal size based on their surface functionalization. Firstly, we determine the crossover frequency
using fixed-frequency experiments. Then, we input the crossover frequency into the simulation to find ideal
separation parameters. Finally, we will use these parameters to separate the particles efficiently in an experiment.
The separation was conducted using the already characterized 2.12 pm PS particles without surface functionali-
zation (plain) and 2 pm carboxy functionalized PS particles (COOH).

The fixed-frequency experiments (see Supplementary Fig. 2) suggest a crossover close to 210 kHz for the
carboxylated particles, resulting in a surface conductance of K = 0.6 nS, significantly lower compared to K; of
the plain particles (K = 0.9 nS). The voltage for separating theses two particle types was fixed at 160V, because
this voltage showed the highest separation efliciency before. Modulation frequency (300 mHz) and bandwidth
(240 kHz) remain unchanged. Since no training data for the carboxy modified particles was available before
the experiments, they were simulated with the experimentally determined surface conductance (K; = 0.6 nS).
Compared to the plain 2.12 pm particles, the surface conductance is lower. Therefore, the carboxy particles are
expected to show balanced pDEP and nDEP movement or, with increasing center frequency, an nDEP dominated
behaviour similar to the 3.1 pm plain particles at center frequencies between 200 kHz and 300 kHz. Although
the crossover frequency of the carboxy 2 pm and plain 3.1 um particles are comparable, the mobility deviates
significantly (Fpgp o< dS) leading to a more challenging separation task.

The simulated resolutions (Fig. 4) show a first maximum at the lowest simulated center frequency. In this
setting the carboxy particles show an almost balanced pDEP and nDEP movement and are therefore eluted first,
while the better polarizable plain particles experience retardation due to pDEP. With increasing centre frequency
the resolution reduces significantly as now both types of particles experience balanced pDEP/nDEP behaviour
and thus, only small retardation. The minimum is reached at 240 kHz. Afterwards the resolution increases again,
leading to a second peak at 270 kHz center frequency at which the plain particles experience a balanced pDEP/
nDEP behaviour in contrast to the carboxylated particles which are now slowed down due to showing predomi-
nantly nDEP. At even higher center frequency, both particles show predominantly nDEP and the resolution is
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again low. Compared to the separation with respect to size (Fig. 3), the resolution is generally lower, which is
expected because the magnitude of the DEP force depends less strongly on surface functionalization than on size.

Experiments then were conducted for four different sets of frequencies to test the separation in the experi-
ment. The selected center frequencies were 210, 240, 270 and 290 kHz. The best experimental separation resolu-
tion was achieved at a cetner frequency of 210 kHz with a value of Ry = 1.39 & 0.25. This is lower compared to
the simulation but the setting allows a chromatographic separation as predicted by the simulation (Fig. 4, bottom
row). The simulation suggested a minimum of the separation efficiency at a centre frequency of 240 kHz. At this
frequency an experimental separation was also not possible, resulting in a resolution of Ry = 0.18 & 0.15 (Fig. 4,
top right). To check whether with increasing frequency the resolution increases again, higher centre frequencies
were tested. At a centre frequency of 270 kHz a resolution of Ry = 0.64 £ 0.42 was measured, whereas 290 kHz as
the centre of the modulation spectrum resulted in an increase of the resolution up to Ry = 1.02 & 0.17. Similar
to the value at 210 kHz these values are below the simulative predicted ones, but the experiments do mirror the
trends provided by the simulation.

In addition to the elution peaks, the purity (Eq. 5) is also plotted in Fig. 4. This provides another parameter
besides retention time and resolution. Before a relevant amount of plain particles elute from the channel about
60 % of the carboxylated particles are crossing the measurement area. Furthermore, over 80% of the plain par-
ticles are eluted within a few seconds, which is crucial for a good separation.

Conclusion

To conclude, we have used simulation and experiments to demonstrate three different particle behaviors in
frequency-modulated chromatography, i.e., retardation due to nDEP or pDEP-dominated behavior or a bal-
anced behavior leading to no retardation. We have firstly addressed size-selective separation of two different PS
particles to investigate the particle retention mechanisms. Here, the simulation model supported our previous
hypothesis. We then addressed the more challenging material-selective separation of particles of equal size to
show the power of the simulation method: We used the simulation to find suitable operating parameters which
allow a separation of two equally sized 2 um PS particles with different surface functionalization.

In the future, our simulation model can be used as a valuable tool to design operating schemes capable of
addressing more complex separation tasks, for example shape sensitivity or heterogeneous samples, or to study
how a reduction of the applied voltage would be possible for handling sensitive samples such as cells. To address
biological particles we have to reduce the applied voltage while maintaining the ability to perform a chroma-
tographic separation. This can be possible, for example, via geometrical optimization. Since biological systems
typically have higher medium conductivities than used here, significant heat could develop if the voltage is not
reduced. Additionally, high electric field strength could lead to irreversible electroporation of the suspended cells.
The simulation does not always match the experiments exactly, which could only be achieved using extensive
fitting considering the complex trap and release cycles. Nevertheless, the simulation can be used to perform
design optimizations or to perform extensive parametric studies without the requirement to invest time and
money on equipment and particles.

Methods

The principle behind the fixed-frequency and frequency-modulated experiments were presented in the “Intro-
duction” section for readability of the manuscript. However, experimental and simulative details are presented
in the following.

Functionality of frequency-modulated DPC. The suspended particles are injected into the channel
and transported further by a carrier flow. During the experiments the particles are carried over an electrode
array (Fig. 1A,B) and consequently subjected to an electric field. In this method, to generate trap and release or
deceleration and acceleration cycles, the frequency of the electric field is not kept constant but modulated. In
contrast to techniques published before, to the best of the authors knowledge, in this technique a modulation
spectrum is chosen that generates pDEP and nDEP for all suspended particles during short periodic cycles
rather than trapping one species first and releasing it after a different species was eluted from the channel. There-
fore, the method does not dependent on strongly diverging polarizability of the particle mixtures for separation.
Instead, it can be used to resolve minute or even overlapping distributions of the polarizability of particles. Using
this approach a fast chromatographic separation can be achieved™®.

Modulating a sinusoidal voltage by a triangular function results in periodic changes of the frequency between
two values (Fig. 1E). The centre of this frequency range is called centre frequency ( f.). During the modulation,
particles may show pDEP in one part of the frequency range and nDEP in another one. Consequently, three
different particle behaviours can be distinguished, as long as the crossover frequency is between the maximum
and the minimum value of the modulation spectrum. Firstly, when particle shows more pDEP than nDEP in the
applied frequency range, they tend to migrate towards the field maxima, which are located at the bottom of the
channel at the electrode edges. Since in the channel a parabolic velocity profile is present due to the low Reyn-
olds number, particles close to the wall are significantly slowed down either by low fluid velocity or by trapping.
Consequently, their residence time in the channel is increased. Secondly, when a particle shows a balanced pDEP/
nDEP response, the particles spend less time in low velocity regions due to the constant movement orthogonal
to the fluid flow and therefore are only retarded minimal. Finally, when a particle predominately shows nDEP it
migrates towards the ceiling of the channel and is slowed down there. Since the electric field gradients are smaller
at the ceiling, trapping becomes more unlikely and migration velocities due to DEP are lower.
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Determination of crossover frequency. As presented above, the direction dielectrophoretic movement
is, among other things, influenced by the particles conductivity and its size. However, the conductivity of the
particles is unknown and needs to be evaluated prior to the DPC experiments or simulations. In this work,
model PS particles are used. Since their material conductivity is negligible, the surface conductance has a sig-
nificant impact on the polarization (Eq. 3). At suitable medium conductivities, PS particles are know to show
positive dielectrophoresis at low frequencies due to the surface conductance and negative dielectrophoresis at
high frequencies since the permittivity is much smaller compared to the surrounding medium'”.

In the literature, multiple ways are presented to determine the dielectric properties and consequently the
crossover frequency or vice versa. For example, the crossover can be measured by observing the particle move-
ment when subjected to various frequencies*?® or using electrorotation®*. Even commercial and label-free sys-
tems are available by now which provide a rapid analysis of the frequency response of (biological) particles®.

An approach compatible with the DPC set-up was proposed by Sano et al.”®. They stated that in dielectro-
phoretic particle chromatography a particle passes through a channel when the polarisation is negligible. This is
valid for particles that are subjected to an electric field with a frequency which is close to the crossover frequency
of the suspended particle and other effects such as hydrodynamic lift and gravitation are negligible. Gascoyne
and coworkers ** used a similar approach in batch-mode DEP field-flow fractionation and made it applicable
for deformable particles.

By testing differed frequencies subsequently, the crossover frequency can be approximated by comparing
the elution profiles of fixed-frequency DPC experiments to elution peaks where no voltage is applied (Fig. 1C).

Experimental details. The microfluidic device has been described in detail in a previous publication®.
Briefly, the & = 80 um high microfluidic channel is made from PDMS, has a width of 2 mm and a length of
about 17 cm. The channel is bonded to an electrode array using PDMS as a thin intermediate layer, which also
is meant to reduce particle adhesion to the electrodes. The electrodes have a width and a spacing of 100 um and
are connected to a single channel amplifier (A400, Pendulum Instruments, Sweden) which provides a constant
amplification factor over a large bandwidth. The signal is generated by a signal generator (Rigol DG4062, Rigol
Technologies EU GmbH, Puchheim, Germany) and controlled using a digital oscilloscope (Rigol DS2072A,
Rigol Technologies EU GmbH, Puchheim, Germany). The particles were observed at the outlet using a Nikon
TS2R-FL inverted fluorescence microscope (Nikon Instruments Europe BV, Amsterdam, The Netherlands), a
white light source (XCite 120 PC, Excelitas Technologies Corp., USA), a triple-bandpass (DAPI/FITC/TRITC)
and a USB RGB camera (GS3-U3-51S5C-C, FLIR Systems Inc., USA). Resident time distributions were obtained
by segmenting and processing the video files from the experiments with MATLAB.

The particles were purchased from Polysciences, Inc. (USA) and suspended prior to the experiments in the
medium. The suspension in all experiments has a conductivity of 2 S cm™. To produce the medium per 100 ml
pure water (OmniaTap 6 UV/UE, stakpure GmbH, Germany), we add 2 ml of 1 % Tween 20 and 3uL of 0.01 M
KOH to adjust the pH value. Further, KCl was added to adjust the conductivity to a value of 2 uS cm™". The
volume flow in all experiments was 5 mL h~! and the injection was conducted at# = 10 s by opening a manual 4
way valve (H&S V-101D, IDEX Health & Science, USA) for two seconds. The flow was generated by two syringe
pumps (Legato 200 & 270, KD Scientific Inc., USA).

To quantify the outcome of the separation we use the resolution R, which can be defined as

AT,
RS _ max (4)

L+ w)’

with Trax being the maximum of the residence time distributions and wy the full width at half maximum
(FWHM). In addition to the resolution the purity of each fraction can be used to describe the outcome of an
separation, which here is defined as

S0 Le(t)
Zg:lZOS Ix (t) >

by using ¢ as time and I, () as fluorescence intensity at time ¢. This sum is normalized by its maximum cumulated
intensity and therefore always reaches 1 at the end of the experiment (t = 120 s).

(5)

Simulation model. To investigate the particle movement and to isolate effects, we build a simulation model
using COMSOL Multiphysics linked to MATLAB. Boundary conditions are necessary, which were selected in
accordance with the literature!®*® and are shown in Fig. 5. More details of the simulation model as well as a mesh
independence study can be found in the supplement.

To compare experimental and simulative retention times of the particles quantitatively, a two-dimensional full
scale model was chosen as basis for the simulation. Within the model three different sections, the static electric
and velocity fields, particle tracing, and the MATLAB-COMSOL interaction, can be distinguished. The laminar
flow (Re < 1) profile is calculated using the Stoke’s approximation for low Reynolds numbers. The inlet velocity
can be obtained by dividing the volume flow by the area of the microchannel. As outlet boundary condition a
constant pressure (0 Pa) is used. In combination with a no slip condition at ceiling and bottom a parabolic flow
profile is calculated.

The electric field in experiment and simulation is generated by an electrode array and simulated at the center
frequency of the modulation spectrum. In these arrays an electrode with a applied potential of Vrys is neigh-
boured by two electrodes on GND (0 V) potential (Fig. 5). A thin PDMS layer is placed on top of the electrodes.
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Figure 5. Important boundary conditions and materials of the simulative model. Important parameters: height
of the channel h = 80 jum, width d; and spacing d; of the electrodes is 100 wm. Inlet velocity 8.68 mm s~!and
insulation thickness ipppms = 1.75 wm. At the inlet 200 particles were randomly distributed in a 1.5 cm x 60 wm
area being 10 um away from bottom and ceiling.

The thickness has not been determined experimentally but is significantly below 3 um according to literature®.
It has been used as a fitting factor and the best match between experiment and simulation was achieved when
using hppms = 1.75 wm. Placing PDMS as dielectric material on top of the electrode array generates a high-pass
filter. The effect was simulated and implemented into to the model (Supplementary Fig. 1). The medium was
simulated with a conductivity of o, = 2 S cm™! and a relative permittivity of 78 whereas the particles were
simulated with a substatially lower relative permittivity of 2.7 and a conductivity calculated according to Eq. (3)
using ok = 0. Coupling of fluid field and electric field was not added, since the experiments were conducted at
low medium conductivity and sufﬁcientlz high frequencies. The first point does reduce the effect of electrother-
mal movement (heat loss density = o1, E*) whereas the latter suppresses the influence of AC electroosmosis***!.

However, in microfluidics unspecific adhesion, (electro-)thermal flow, hydrodynamic lift, particle-particle
interactions and/or electrokinetic phenomena can play an important role, but are hard to quantify and therefore
to implement. As a result, experimental training data was used to get a good match by adjusting some parameters
of the simulation in a reasonable range. The adjusted parameters were PDMS isolation thickness and the surface
conductance (“Size-selective separation” section) as well as the particle release offset (see below).

The second part of the simulation is the particle movement description. Particles are experiencing positive
and negative dielectrophoresis, viscous drag, and gravitation. All particles are assumed to be massless, which
is reasonable given their small stopping distance, to reduce the computational effort. Additionally, as soon as
particles reach the ceiling or bottom they are assumed to be trapped, which is not always true in reality. Once
particles are trapped in the simulation they stay at their location. This is not valid for a DPC experiment, which
leads to the third part of the model which is formed by the COMSOL-MATLAB interaction. The Re(CM) needs
to be calculated for each time step to implement the impact of the frequency modulation into the COMSOL
model and consequently produce pDEP and nDEP movement of the particles with respect to their properties.
To implement the frequency changes into the simulation a sawtooth function was used in COMSOL which then
was used as feed for a calculation of the Clausius-Mossotti factor as a function of time/frequency. This procedure
allows to reduce the computational cost of the simulation because is not needed to calculate the electric field in
every single time step of the time dependent solver.

Using MATLAB, the movement of the particles through the channel is divided into multiple parts. In the
experiment the valve to inject the particles is opened for two seconds. In this time period, particles are entering
the channel at different heights (y-positions) and times. Due to the constant flow they are at different (x-)positions
along the channel. Consequently to reproduce this kind of peak in the simulation, particles are initialized in an
area rather than on one point or line. For this purpose we added an inlet area of 1.5 cm in front if the simulated
channel where no electrodes are existent and n = 200 particles per type are randomly placed at the beginning
in a range of heights between 10 and 70 pm.

After the particles are released they experience dielectrophoresis and may eventually reach a boundary where
they freeze. Consequently, at sufficient high voltages no particles would exit the channel in the simulation. To
overcome this issue, a MATLAB script checks Re(CM) for changes of its sign and stops the simulation as the
value reaches zero. At this point the model checks for particles adhering to the wall and repositions them up
to 10 pm orthogonal to the wall into the channel. The extend of the manipulation of the particles position is
randomly chosen between 0 and 10 um to incorporate the inhomogeneous nature of particle-wall interactions,
which effectively can lead to broader, less pronounced elution peaks. Particle positions are logged to calculate
residence time distributions. Since the model contains random components multiple runs are necessary to check
for statistical validity (Supplementary Fig. 9).

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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6 Development of an high
throughput electrode based
dielectrophoretic separator |

This study was published as

Giesler, J.; Weirauch, L.; Thoming, J.; Baune, M.; Pesch, G. R. High-
Throughput Dielectrophoretic Separator Based on Printed Circuit Boards. ELEC-
TROPHORESIS 2023, /4, 72-81, DOI: 10.1002/elps.202200131.

This manuscript focuses on introducing large scale electrode arrays manufac-
tured by a commercial PCB manufacturer at costs around 1 € per board. The
area covered with electrodes and thus the throughput could be significantly in-
creased compared to, the two previous chapters. In the same time the setups
becomes less expensive and is easier to manufacture. In contrast to the chapters
before, the study focuses of selective trapping at a fixed frequency and flow rates
nearly two orders of magnitude larger than before.

The previously described DPC procedure (Chapter 4 and 5) requires high field
strength in order to create multiple trap and release cycles. As the separator
described in this chapter features significantly larger electrode arrays (array size
700 mm? vs. ~ 2x7000 mm?) such high voltages (80 to 160 V,,,) with a modulated
frequency are challenging to obtain due to an increased current. Therefore, a
fixed frequency approach seems reasonable as here the particles are experiencing
pDEP or nDEP for a longer period of time what allows reducing the voltage
significantly. Nonetheless, the setup presented in this study is in principle also
suitable to achieve higher throughput in DPC experiments. Therefore, this setup
should be considered as a potential basis for high throughput electrode based
dielectophoretic separators in general which includes the approach presented in
the previous two chapters.

Depending on the definition of microfluidics, the device in this chapter can
be considered as a microfluidic channel or not. Nguyen [56] defines microfluidic
devices as setups with dimensions of the channel from 1 pm to 1 mm, which is
true in this case for the height but not the width of the channel.

For this publication not only supporting information exist, which can be found
at the online version of the article, but also an online repository was created. The
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online repository can be found at

Giesler, J. Online Repository for "High Throughput Dielectrophoretic Separa-
tor Based on Printed Circuit Boards” Zenodo, https://doi.org/10.5281/
zenodo.6806667

and it contains not only measurement data but also evaluation scripts and
manufacturing data for the printed circuit boards that make follow-up studies by
other working groups easier.
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1 | INTRODUCTION

Abstract

The separation of particles with respect to their intrinsic properties is an ongo-
ing task in various fields such as biotechnology and recycling of electronic waste.
Especially for small particles in the lower micrometer or nanometer range, sepa-
ration techniques are a field of current research since many existing approaches
lack either throughput or selectivity. Dielectrophoresis (DEP) is a technique that
can address multiple particle properties, making it a potential candidate to solve
challenging separation tasks. Currently, DEP is mostly used in microfluidic sep-
arators and thus limited in throughput. Additionally, DEP setups often require
expensive components, such as electrode arrays fabricated in the clean room.
Here, we present and characterize a separator based on two inexpensive custom-
designed printed circuit boards (80 x 120 mm board size). The boards consist
of interdigitated electrode arrays with 250 um electrode width and spacing. We
demonstrate the separation capabilities using polystyrene particles ranging from
500 nm to 6 um in monodisperse experiments. Further, we demonstrate selective
trapping at flow rates up to 240 ml/h in the presented device for a binary mix-
ture. Our experiments demonstrate an affordable way to increase throughput in
electrode-based DEP separators.

KEYWORDS
dielectrophoresis, high-throughput, lab-on-pcb, selective trapping, separation

ing of minerals [1, 2] and recycling of electronic waste
[3-5]. Separation is also a unit operation in biotechnologi-

Separating particles according to their properties is an
important task in technical applications such as process-

Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; eDEP,
electrode-based dielectrophoresis; FFF, field-flow fractionation; IDE,
interdigitated electrodes; iDEP, insulator-based dielectrophoresis; nDEP,
negative dielectrophoresis; PCB, printed circuit board; pDEP, positive
dielectrophoresis; PS, polystyrene; TRITC, tetramethylrhodamine.

cal applications such as the detection of circulating tumor
cells [6-8], processing of proteins or DNA [9-11], or the
collection of micro algae with high lipid content [12-14].
Especially for particles with diameters in the microme-
ter or nanometer range, dielectrophoresis (DEP) is one
promising candidate to solve challenging separation tasks.
DEP is commonly used in the biomedical field [15, 16],

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
© 2022 The Authors. Electrophoresis published by Wiley-VCH GmbH.
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but also to separate non-biological particles [17-19]. Many
existing approaches to separate particles are based on
gravity or inertia. Both effects diminish with decreasing
particle size. Therefore, alternatives for particle separa-
tion in the micrometer or nanometer range are in the
focus of current research. Separators based on DEP usu-
ally show high selectivity, as it is for example necessary for
the detection of circulating tumor cells [7].

Dielect describes the movement of a suspended polar-
izable particle in an inhomogeneous electric field. The
dielectrophoretic force Fpgp affecting a spherical particle
can be approximated as [20]

2
Fprp = 27Tr[3)€mRe(CM)V|Erms| (1)

with Ips the radius of the particle, the electric field,
E,ns, and the permittivity of the surrounding medium
€m. Similar to gravitation or inertia, the magnitude of
the dielectrophoretic force decreases with particle size.
However, for strong electric fields, DEP can exceed the
gravitational force by several orders of magnitude [21]. The
frequency-dependent polarizability of a particle (subscript
p) in a medium (subscript m) is reflected by Re(CM) which
is the real part of the so-called Clausius-Mossotti factor
[20]

& —&m
Re(CM) = Re(—). 2)

£, + 28,
The complex permittivity £ is defined as
~ .0
€=gog —i—. 3)

Here, o represents the conductivity, ¢, the vacuum permit-
tivity, €, the relative permittivity of particle or medium, and
w = 27 f the angular frequency. When the sign of Re(CM)
is positive, Fppp points toward local field maxima, which
can be observed for particles that have higher polarizabil-
ity than the surrounding medium. This is referred to as
positive DEP (pDEP). When the sign of Re(CM) is neg-
ative, particles are less polarizable than the surrounding
medium, which will result in negative DEP (nDEP). nDEP
is a repulsive force pointing away from local field maxima.
Both, pDEP [22-24] and nDEP [22, 25, 26] can be utilized
to separate or trap particles specifically.

For small particles with low material conductivity oy
in an aqueous suspension, the surface conductance K
becomes an important parameter when calculating the
overall particle conductivity o,. This conductivity can be
approximated with [27]:

2K,

p

4

Op = Opulk +

Most DEP separators are microfluidic devices and there-
fore handle volume flows in the uL/h or lower ml/h range
[20, 28, 29]. For highly valuable products such as pro-
teins or cells, this is sufficient and can be considered as
high throughput [7, 30, 31]. Moreover, dielectrophoretic
field-flow fractionation (DEP-FFF) setups can achieve a
throughput in the 100 ml/h range but are challenging to
scale up [32]. However, when high quantities or less valu-
able products are to be processed, a further increase of
throughput is necessary. The DEP force scales with the
gradient of the electric field squared (equation (1)). Dur-
ing device scale up, it is therefore important to keep the
gradient of the electric field high, so that DEP is the dom-
inant force in the separator. In microfluidic separators
the gradient is often generated by using either interdig-
itated electrodes (IDE) [11, 29, 33, 34] or via disturbing
an otherwise homogeneous electric field by adding insu-
lating structures into the device [10, 35, 36]. These two
approaches are referred to as electrode-based DEP (eDEP)
and insulator-based DEP (iDEP). iDEP devices often use
PDMS posts as insulating material. To scale up iDEP
devices, our group proposed a setup consisting of a macro-
scopic ceramic foam which acts as insulator. The particle
suspension flows through the foam that is sandwiched
between two steel plates that act as electrodes [22, 28].
The insulating foam scatters the electric field and allows to
apply flow rates above 0.5 L/h. Other approaches use for
example glass spheres [37] or insulating polymer meshes
[19, 38] to increase the volume of the separation chamber
and hence the throughput.

In eDEP devices, the field strength is exponentially
decreasing with distance from the IDE [39] making it diffi-
cult to increase the dimension orthogonal to the electrodes.
Furthermore, electrodes in many cases are produced using
a variety of clean-room techniques, making the produc-
tion time consuming and expensive and therefore less
accessible for many research groups [40]. One approach
to reduce the costs of setups containing IDE is the lab-on-
PCB approach [40, 41]. Here, printed circuit boards (PCB)
are used as base material for lab-on-a-chip approaches.
Because many commercial manufacturers exist that pro-
duce custom PCB and the process is highly automated
and parallelized, this provides an inexpensive solution for
groups wanting to design custom patterns on PCB [40].
These cannot only be utilized as electrodes but also as mas-
ter molds for replica molding in microfluidics [42]. While
clean rooms offer the opportunity to create electrodes with
small width and spacing or three-dimensional structures
that are required for highly sensitive separators and sen-
sors [29, 43], commercially manufactured PCB are cheap
and can be obtained without access to a clean room. Fur-
ther, PCB can be produced with large surface areas (e.g.,
46 X 61 cm [40]), while maintaining small enough elec-
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trode spacing for many applications (minimum feature
size around 100 um) [40, 41]. Several groups showed the
applicability of PCB in eDEP setups, mainly in the biotech-
nological field to manipulate and analyze cells [41, 44-46].
One of such applications is the commercially available
3DEP device [46]. However, these PCB-based approaches
focus on analyzing or separating cells or particles from
small volumes and are not designed for a continuous high-
throughput separation. Williams et al. [23] proposed a
setup with PCB structured by milling. The authors pre-
sented two different electrode configurations that can
either concentrate PS particles in microfluidic channels
utilizing nDEP or pDEP or analyze the frequency response
of the particles. Other groups used PCB to fabricate cus-
tomized electrical connections for their setups [47, 48].
PCB were also used to manipulate particles using so-called
electric curtains for example for dust repulsion [49] or
metal sorting [5].

To the best of the authors’ knowledge, no eDEP device
based on PCB with an application focus on high through-
put separation has been published yet. The inexpensive
manufacturing and easy scalability of PCB make these
boards a good candidate to develop high throughput sep-
arators. In contrast to large-scale iDEP devices, devices
based on eDEP are simpler to construct and easy to clean,
as no additional material is blocking the fluid pathway.
In this manuscript, we show an easy method to construct
a scalable eDEP separator based on PCB. We also ana-
lyze the electrical properties of the separator and show
its potential for selective particle separation. We present
a low-cost device that can operate at high throughput
and is aimed at the separation of non-biological par-
ticles. Corresponding application examples include the
recovery of precious metals from electronic waste dust
or the recovery of active materials during battery recy-
cling. Apart from these applications, the setup presented
here is in principal also suitable for applications in the
biotechnological field.

2 | MATERIALS AND METHODS

2.1 | Channel fabrication

To create the inhomogeneous electric field necessary for
DEP, we designed a PCB (manufactured by JLCPCB
JiaLIChing (Hong Kong) Co. Ltd., China) with an inter-
digitated electrode array. The electrodes have a width and
a spacing of 250 um and are covered with a lead-free hot
air solder leveling (HASL) surface layer. We performed a
three-dimensional analysis of the electrode surface. The
surface roughness was found to be 0.66 um + 0.23 pm

(for further information please see Section S4, Support-

ing Information). We chose FR-4 as material for the
board itself. The outer dimensions of the board are 80 x
120 mm and the costs of one board were below 1€ (March
2022), when ordering a quantity of 50 boards per order,
which underlines the low-cost approach of this setup. We
designed the PCB using KiCad 5.1.12, the manufacturing
data can be downloaded at the online repository [50].
The board is shown in Figure 1A and a close up of the
electrode array is given in Figure 1B. Two neighboring elec-
trodes on the PCB are connected in an alternating order, so
that one electrode is grounded and the other one provides
the sinusoidal signal. The boards were embedded into a
recess of the cover plates by using an inexpensive silicone
sealant normally used in bath or kitchen environments
(Sikasil E Plus, Sika Deutschland GmbH, Germany). The
cover plates consist of polypropylene (PP). The PCB were
connected to an amplifier using connection pads at the
backside of the PCB and matching holes in the PP plates.
In this setup, two PCB face each other and therefore
form ceiling and bottom of the flow chamber (Figure 1C).
The boards are separated by a 0.5 mm silicone gasket which
also acts as spacer (Figure 2B). The gasket was cut using a
scalpel so that a meandering channel was created to avoid
shortcuts from inlet to outlet and thus increase the resi-
dence time of the suspension in the setup (Figure 2B). By
using this electrode configuration, particles showing pDEP
will be attracted toward the electrode arrays and trapped at
the local field maxima if the drag force is not exceeding the
dielectrophoretic force. Particles experiencing nDEP, in
contrast, will be repelled from them and are continuously
flushed out of the channel (Figure 1C). This electrode con-
figuration differs from traditional DEP-FFF setups where
electrodes at the bottom of the device are used to levi-
tate particles on specific flow lines to achieve characteristic
retention time [26, 51, 52] or guide them into specific
outlets [53]. In DEP-FFF setups, the drag force does not
compete with the dielectrophoretic force. As the electrode
material is opaque, the device has no optical accessibility
to observe the particle movement in the device directly.
For research projects where the observation of particles is
important, transparent substrates as PET are available for
flexible electrodes. In this study, optical access is not cru-
cial as the behavior of PS particles over electrode arrays
is well described in the literature [24-27, 33, 52, 54]. Drill
holes with an M6 thread are used as inlets and outlets to
which capillaries were connected using IDEX connectors
(P-213, IDEX Health & Science, LLC, USA). The particle
suspension was pumped by an Ismatec MCP-CPF IP65
piston pump with the pump head FMI 202 QP.Q0.SSY
(Cole-Parmer GmbH, Germany, Figure 2A). The voltage
was supplied by an F30PV (Pendulum Instruments, Swe-
den, Figure 2D) amplifier, which is capable of providing
a current of 2 A up to the MHz range at a maximum

A ‘T-1 “€20T *€897TTST

dny woyy

:sdny) suonipuo)) pue swId [, Ay S [£707/20/L1] uo Areiqiy autjuQ Ad[ip ‘Auewian aueryd0) £q [€100220Z Sd[9/2001°01/10p/wod" Ka[im”

19)/W00" K[

ASUADIT SUOWIO)) 2ANEAI) d]qearjdde oy Aq pauIaA0S a1k Sa[oIIe V() fash JO Sa|nI 10f AIRIqIT auluQ Ad[IA\ UO (



GIESLER ET AL. ELECTROPHORESIS Jj

° J I\ e
. 0.0 J- Electrodes
;nDEF‘ 'i i I

E

=
o O N
o O O
fod

impedance (Q)

phase (°)
&
o
(0]

Electrodes J1000L . .
103 ig* 10°
frequency (Hz)

FIGURE 1 (A)Frontview of the electrode array. Outer dimensions of the printed circuit board (PCB) are 80 X 120 mm. The substrate
(green) is nonconductive and made out of FR-4, whereas the electrodes consist of copper. Additionally, a lead-free hot air solder leveling
surface finish (silver) is applied. (B) Close-up of PCB. Width and spacing of the electrodes are 250 um each. (C) Schematic representation of
the device. PCBs are used as bottom and ceiling to form a channel through which a particle suspension is pumped. The electrodes generate an
electric field that leads to positive (pDEP) and negative dielectrophoresis (nDEP) of the suspended particles. The boards are separated by a
silicone gasket (not shown). (D) Measured impedance and phase shift of the device. During the measurement, water with a conductivity of
2.1 uS/cm was pumped through the channel.
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FIGURE 2 Overview of the experimental setup. The particles are suspended in water, stirred by a magnetic stirrer, and pumped by a
piston pump (A) into the separation device (B). The separation chamber is formed by two PCBs on which the electrodes arrays are located. A
silicone gasket (0.5 mm thickness) defines the flow path of the suspension as well as the height of the channel. Cover plates made of
polypropylene and screws are used to press the components onto each other. The electrodes are connected to an amplifier which provides a
sinusoidal voltage to operate the device (D). The suspension leaving the channel is flowing into a flow cell (C) that is coupled to a light source.
The resulting fluorescence signal is recorded by a spectrometer (E) connected to a computer.

voltage of 75 V,,. The sinusoidal voltage was generated We measured particle concentration using a fluores-
by a signal generator (Rigol DG4062, Rigol Technologies cence spectroscopy setup. A capillary was connected
EU GmbH, Germany) and monitored using a digital oscil-  from the outlet of the setup to the inlet of a flow cell
loscope (Rigol DS2072A, Rigol Technologies EU GmbH,  (HL176-760-85-40, Hellma GmbH & Co. KG, Germany,
Germany). Figure 2C). A white-light source (XCite 120 PC, Excelitas
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Technologies Corp., USA) was connected via a liquid light
guide to the cuvette holder (CVH100/M, Thorlabs GmbH,
Germany). In a 90° angle to the excitation light, a light
guide adapter was mounted behind a triple-bandpass filter
(DAPI/FITC/TRITC). The light guide was also connected
to a spectrometer (Silver nova, StellarNet, Inc., USA,
Figure 2E). The spectrometer measured the light intensity
in the 190-1100 nm spectrum and the spectrum was stored
every 250 ms using a LabVIEW script and subsequently
evaluated using MATLAB.

We measured the impedance of the device with a
91 mQ resistance in series to the setup using an oscillo-
scope, which measured both the voltage emitted from the
amplifier and the voltage drop across the 91 mQ ohmic
resistance. A more detailed description of the impedance
measurement can be found in the Section 2 of the Support-
ing Information. At a medium conductivity of 2.1 uS/cm,
the impedance is about 120 Q up to about 50 kHz leading
to a current of about 0.6 A, at 75V, (Figure 1D). As the
frequency increases further the impedance decreases and
the phase shift between voltage and current increases, indi-
cating the presence of capacitive currents. At the highest
measured frequency (200 kHz), a phase shift of 86.2° and
an impedance of only 53 Q was recorded. At low frequen-
cies, the electronic double layer dominates the impedance
of the setup, but with increasing frequency, the double
layer, which acts as a capacitor, becomes less dominant.
At higher frequencies, the voltage drop across the medium
dominates the overall impedance of the device [55]. This
measurement helps selecting the correct amplifier for
the experiment.

2.2 | Particle suspension

We used fluorescent polystyrene (PS) particles (Poly-
sciences Europe GmbH, Germany) that act as model
particles for process development. They show good polar-
izability in low conductive media and are easy to detect due
to their fluorescent labeling. Particles with diameters of
0.5, 1, and 3 um were yellow-green labeled (excitation max-
imum = 441 nm, emission maximum = 486 nm), whereas
the 6 um particles were labeled with a dye called poly-
chromatic red (excitation maximum = 525 nm, emission
maximum = 565 nm) making it possible to distinguish
between the two fluorescent dyes (see below). The particles
(for the particle concentration see Section 1, supporting
information) were suspended in a medium composed
of pure water (Omniatap 6 UV/UF, stakpure GmbH,
Germany) with 0.005 vol.% Tween20 (Sigma-Aldrich, Ger-
many) to reduce particle-wall interactions and improve the
wettability of the PCB boards. Additionally, we added 6 uM

potassium hydroxide to adjust the pH value and potassium
chloride to set the electrical conductivity of the suspen-
sion medium to 2.1 uS/cm. At this conductivity all selected
particles are known to show pDEP at 15 kHz frequency
(Figure S1).

2.3 | Experimental procedure

Prior to the experiments, we calibrated the volume flow
using a measuring cylinder, since this type of pump is
sensitive to air inside their pump heads. At the begin-
ning of the experiment, no voltage was applied for 30 s
to obtain the initial concentration ¢, of the particles. As
a second step, we applied a voltage at a fixed frequency
for 270 s. After the voltage was switched off, we continued
recording the fluorescence intensity until the initial fluo-
rescence intensity was regained. After three experiments,
we flushed the channel at 10 ml/min to remove any air
bubbles and stuck particles from the channel, flow cell, and
pump head. During the entire experiment, we recorded
the emission spectrum of the flow cell by the spectrome-
ter that was connected to a computer. We used a LabVIEW
program to store the data and MATLAB scripts to process
them. These scripts and the recorded data can be found in
the online repository [50]. We used a moving-average algo-
rithm to reduce the noise of the fluorescence signal and
to suppress the influence of air bubbles rushing through
the flow cell as these produce high reflection and conse-
quently spikes in the data. Once per day, medium without
particles was used to measure the background signal i}, of
the flow cell and the medium. This signal was subtracted
from the data before further processing. We assume that
the fluorescence intensity is proportional to the particle
concentration. The trapping efficiency T was defined as the
mean value of reduction of the intensity i from 200 s (¢;) to
300 s (t,) after the background was subtracted:

6. .
1 i—1
/ —— " ar. (5)
L=t Jy by~

Between 200 and 300 s the trapping was observed to reach
a steady-state and therefore used for defining the overall
trapping efficiency. All intensities in the manuscript are
normalized to the initial concentration i, measured at the
beginning of the experiment.

The procedure to obtain the concentrations of a mix-
ture of polychromatic red and yellow-green particles is
based on a linear combination of their two individual spec-
tra. The best fit was found using a genetic algorithm in
MATLAB. The procedure is published elsewhere in more
detail [38].

T=1-
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FIGURE 3

Trapping of monodisperse PS particles of different size and at different flow rates. All data are obtained at 15 kHz and 75 V,,,,.

Voltage was applied after 30 s and turned off at 300 s. (A) Fluorescence signal of 3 um and 6 um PS particles at 6 ml/min volume flow. (B)

Fluorescence signal for 1 um particles at 1 and 4 ml/min. (C) Monodisperse trapping efficiency as a function of particle size and flow rate.

3 | RESULTS AND DISCUSSION
Before assessing the possibility to perform selective separa-
tion, we perform trapping experiments with monodisperse
PS particles ranging from 500 nm to 6 um in diameter
(Figure 3). To investigate the influence of the fluid veloc-
ity, we varied the volume flow in the range from 1 ml/min
(60 ml/h) to 6 ml/min (360 ml/h). All experiments were
conducted at a frequency of 15 kHz and voltage of 75 V,,,,
(26.5 V,s) and at a medium conductivity of 2.1 uS/cm.
The experiments for each parameter were conducted three
to four times (for the exact number of repetitions per
experiment, please consult the online repository [50]). All
trapping and separation efficiencies are given as mean
+ standard deviation. The standard deviation is calcu-
lated with data from all conducted experiments for this
specific parameter.

In Figure 3A, we compare the fluorescence intensity as
a function of time for 3 and 6 um particles at 6 ml/min.
We applied the voltage after 30 s and shortly after, the
fluorescence intensity and therefore the amount of eluted
particles begins to drop until a steady state is reached. Both,
the 3um and 6 um particles, show significant trapping
(74.33 £ 1.54% and 91.33 + 4.04%, respectively) during the
experiments. After 300 s, we turn the voltage off. Shortly
thereafter, previously trapped particles are leaving the
channel and the fluorescence signal exceeds the initial sig-
nal for some time until it slowly converges towards the
initial value. The overshoot of the particle concentration

indicates a recovery of the trapped particles. The recovery
rate in our experiments ranged from almost 100% to only
25% of the trapped particles (data not shown, for further
information please see Section 1, Supporting Information).
Optimizing the recovery rate of the device is out of the
focus of this study and needs to be investigated in the future
in more detail. Our results show, however, that using high
flow rates for the recovery of particles is favorable, which is
likely due to increasing drag force at higher fluid velocity.
Two experiments at different flow rates of equally sized
(1 um) particles are displayed in Figure 3B. Here, the influ-
ence of the volume flow becomes evident. As the residence
time in the channel decreases with increasing volume
flow, the trapping efficiency drops from 101.33 & 0.58% at
1 ml/min to 49.67 + 1.53% at 4 ml/min. A trapping effi-
ciency above 100% seems odd, however, we observed this
phenomena multiple times during the experiments. For
example, it was observed for 3 pm at 2 ml/min (Figure 3C)
with a calculated trapping efficiency of 101.5 + 0.58%. We
decided to include the data for full transparency. One
reason for this behavior may be due the subtraction of
the background signal. The setup is sensitive to reflective
and fluorescent material inside the flow cell. During the
measurement of the background no fluorescent particles
should be present but we cannot exclude the presence of
(small) air bubbles at all times. Small air bubbles tend to
attach to the surface of the flow cell and then randomly
detach from the surface. When they enter the flow cell,
they scatter the emission light and consequently influence
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the measurement. Another reason might be the position
of the flow cell. During the experiments, we observed that
even minor movements of the flow cell in the fluorescence
measurement setup lead to a shift in measured intensity.
In any case, the deviations are small and do not affect
the drawn conclusions. In Figure 3B, it can also be seen
that a lower volume flow leads to a slower drop in fluores-
cence intensity. This is because it takes longer time for the
particles to reach the flow cell. The remobilization is also
significantly slower at the lower flow rate.

Generally, at constant volume flow, trapping efficiency
increases with particle size (Figure 3C). For example at
4 ml/min (240 ml/h), only 29 + 3.16% of the 0.5 um parti-
cles are retained in the channel. With increasing diameter,
on the other hand, the trapping efficiency increases and
reaches 49.67 +1.53%, 89.33 + 0.58%, and 97.5 + 3.79%
for 1um, 3um, and 6um, respectively. As the dielec-
trophoretic force is proportional to the particle volume
(equation (1)), this size dependency was expected and does
agree with the theory.

To show that selective trapping is achievable with this
setup, 3um and 6 um particles, the same as used in the
experiments described above, were selected to be sepa-
rated. For this, we created a binary mixture of the particles.
In a preliminary experiment, we tested the trapping effi-
ciency for both particles at three different frequencies (see
Section 3, Supporting Information). We found that the
trapping efficiency for the 6 um particles decreases sharply
from 50 to 100 kHz from 80% to ca. 10%. The decrease of
trapping efficiency with increasing frequency was signifi-
cantly less for the 3 pm particle, from ca. 70% at 50 kHz to
ca.40% at 150 kHz. This behavior was expected, as the 6 um
particles have a lower net conductivity than the 3 um par-
ticles. The surface conductance of the 3 um particles was
determined in a previous study as 0.95 nS, resulting in a
cross over from pDEP to nDEP at a frequency of 210 kHz
(see also Figure SI). Hence, 3 um particles are expected
to still show strong pDEP at 100 kHz. The 6 um particles
on the other hand seem to have a cross-over frequency
close to 100 — 150 kHz, which we deduce from the sharp
decrease in separation efficiency at this frequency. The
lower cross-over frequency for 6 um particles is expected,
as the particle net conductivity decreases with increasing
particle size (equation (2)-(4)). We thus selected 100 kHz as
a suitable frequency to demonstrate selective separation of
the binary mixture as 6 um particles show only weak pDEP
or even nDEP at this frequency. We further performed the
experiment at two different volume flows (2 and 4 ml/min)
and at an applied voltage of 75 V,,,.

At both selected volume flows, substantial separation
of the 3 um particles can be observed (Figure 4), which
decreases with increasing flow rate. At100 kHz, 79 + 1.63%
(2 ml/min) and 60 + 1.15% (4 ml/min), respectively, of

3 T T .
25| 6 um, 2 mLmint
======3pum, 2 mLmin!
2
A

intensity (a.u.)
—
(9)]
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FIGURE 4 Exemplary experimental results for mixtures of

6 um and 3 um PS particles for 2 ml/min (top) and 4 ml/min
(bottom) volume flow. Sinusoidal voltage (100 kHz and 75 V,,) was
applied after 30 s and turned off at 300 s.

the 3 um particles are trapped. The trapping efficiency at
100 kHz is lower compared to those measured at 15 kHz.
The trapping rate of the 3 pm particles during the sep-
aration is in good agreement with the trapping rate at
100 kHz, when no 6 um particles are present in the channel
(Figure S3). Since, for polystyrene particles, the polariz-
ability decreases with increasing frequency (equation (2)
and Figure S1), this agrees with the theory as well. The
6 um show no significant trapping during the experiments
at both flow rates. Trapping efficiencies were measured to
be 2.25 + 4.19% (2 ml/min) and —2 + 5.57% at 4 ml/min. A
negative trapping efficiency corresponds to a higher parti-
cle concentration at the outlet as it is at the inlet. However,
since no particles are produced within the experiments,
this has to be due to other effects. One explanation is that
the linear unmixing algorithm does not always produce
completely accurate results. However, as we monitor the
quality of the superposition of the peaks this might not
be a major influence. More likely, either particles adher-
ing to the electrodes or trapped between electrode array
and gasket (see Figure 2B) are released due to the nDEP
combined with the drag force exerted by the motion of
the fluid. The gasket and the PCB base material (FR-4,
green in Figure 2A) are separated by the electrodes that
have a height of approximate 35 pum creating a dead spot
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were particles could be trapped until released for exam-
ple due to nDEP. This should be addressed for future
studies and shows that in a next iteration of this setup,
dead spots should be avoided. During monodisperse exper-
iments with the 6 um particles at 100 kHz, we observed a
trapping efficiency of 11 + 1%. This is higher than in the
selective trapping experiment but also low compared to the
trapping of the 3 um particles. One possible reason for this
divergence is particle-particle interactions either before
particles enter the separation device or in the separation
device itself. For example, the 3 um particles do experi-
ence an attraction toward the local field maxima and could
form pearl chains that influence the local field distribution
and therefore reduce trapping of the 6 um particles. This
phenomenon is not fully understood by now and could be
investigated by using transparent substrates or electrodes.
Nevertheless, at 100 kHz the trapping of the larger parti-
cles seems to be low, whereas the 3 um particles could be
trapped selectively.

4 | CONCLUDING REMARKS

In this study, we presented and characterized a high
throughput eDEP setup. We used inexpensive PCB to gen-
erate the electric field. We used fluorescent polystyrene
microparticles of different diameter to show the capa-
bilities of our setup. In monodisperse experiments with
particles from 500 nm up to 6 um good trapping could be
observed at 15 kHz and 26.5 V., and at flow rates up
to 6 ml/min. The volume flows in this study are signifi-
cantly higher than in most microfluidic dielectrophoretic
separators. In experiments with binary mixtures of 3 pm
and 6 um PS particles, we demonstrated selective trapping
at 100 kHz of the smaller particles due to the difference
in pDEP and nDEP. We consider the separator described
here as a starting point for further developments of high
throughput dielectrophoretic separators, that can be used
to separate complex mixtures such as electronic waste.
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7 Development of an high
throughput electrode based
dielectrophoretic separator |i

The fourth publication was published as

Giesler, J.; Weirauch, L.; Rother, A.; Thoming, J.; Pesch, G. R.; Baune, M.
Sorting Lithium-lon Battery Electrode Materials Using Dielectrophoresis. ACS
Omega 2023, DOI: 10.1021/acsomega.3c04057.

and uses an improved version of the setup described in Chapter 6. As the prior
publications focus on process development, this study evaluates the potential of
the PCB based setup in order to tackle separation problems with particles of
high technical relevance. In this study, the separation of graphite and lithium-
ion phosphate microparticles via dielectrophoresis is tested and evaluated at high
throughput. Battery-grade graphite and lithium-ion phosphate microparticles
were chosen, as these are state-of-the-art active materials for the electrodes of
lithium-ion batteries.

The design in this chapter features a flux of over 80 Lh™'m~2 when calculat-
ing with an area of 45 x 150 mm which equals size of one PCB and a volume
flow of 10 mL/min. This is below the flux of microfiltration. Here, a flux over
1 m®*m~2h~! can be reached [134, 135]. In contrast to microfiltration, the pressure
drop should be lower in this setup as the pore size of this PCB based setup is
high (500 pmx45 mm) compared to micofiltration setups (< 1 pm). However,
the unique characteristics of DEP based techniques (e.g., address lipid content
of cells or conductivity of particles) make comparisons only valid when the same
goal is pursued (e.g., size exclusion) in the two separation processes.

Again, supporting information can be found at the journals’ website for this
publication. Additionally, an online repository was created.

Giesler, J. Online Repository for ”"Sorting Lithium-Ion Battery Electrode Ma-
terials Using Dielectrophoresis” Zenodo, https://doi.org/10.5281/zenodo .
7593873.

It contains measurement data, evaluation scripts and manufacturing data for
the refined printed circuit boards.
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ABSTRACT: Lithium-ion batteries (LIBs) are common in
everyday life and the demand for their raw materials is increasing.
Additionally, spent LIBs should be recycled to achieve a circular
economy and supply resources for new LIBs or other products.
Especially the recycling of the active material of the electrodes is
the focus of current research. Existing approaches for recycling
(e.g, pyro-, hydrometallurgy, or flotation) still have their
drawbacks, such as the loss of materials, generation of waste, or
lack of selectivity. In this study, we test the behavior of
commercially available LiFePO, and two types of graphite
microparticles in a dielectrophoretic high-throughput filter.
Dielectrophoresis is a volume-dependent electrokinetic force that
is commonly used in microfluidics but recently also for applications
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that focus on enhanced throughput. In our study, graphite particles show significantly higher trapping than LiFePO, particles. The
results indicate that nearly pure fractions of LiFePO, can be obtained with this technique from a mixture with graphite.

1. INTRODUCTION

Lithium-ion batteries (LIBs) are power electrical devices in
nearly all parts of modern society. For example, LIBs are used
in portable electronics and electric vehicles. Consequently, the
demand for LIB resources is growing." To recover materials of
spent LIBs, the recycling of electrodes is a focus of current
research. As about one-half of the weight of LIBs consists of
the actlve material of anodes and cathodes, their recycling is
desirable.” Cathode active materials typically are lithium metal
oxides (e.g, LiCoO,, LiFePO,, or L1N11/3Mn1/3C01/302),
whereas graphite is common for anodes.”” Anodes and
cathodes consist, among carbon black as a conductive additive
and a polymer binder, of a current collector (Cu or Al foil) to
which the active material adheres.”~* The current collector and
the active material can be separated by both chemical and
mechanical approaches, such as crushing and sieving."”™>
Typically, one product of these processes is the so-called black
mass, a mixture of anode and cathode active materials.*
Current recycling techniques for black mass are, for example,
pyro- or hydrometallurgical and focus on the recovery of the
cathode active material because of its higher value than that of
graphite. Graphite might be lost or burned as an energy source
within the recycling process."”>~” Yet processes exist where
graphite can be recovered. In hydrometallurgical approaches,
lithium metal oxides are dissolved in acid during a leaching
step and recovered in subsequent unit operations. Graphite can
simply be recovered by filtration after the leaching step.” But as
significant amounts of liquid wastes are produced in this
recycling pathway,” it would benefit from an efficient sorting

© XXXX The Authors. Published by
American Chemical Society
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step before the leaching to reduce the amount of chemicals
needed. As the active materials are essentially micro-
particles,””"" direct recycling using particle separation
techniques could play a vital role within the recycling process
to enhance or replace existing recycling approaches of LIBs.
One approach that is well established for particulate systems
and capable of handling large amounts of product is flotation,
which was also applied to separate black mass. This works
because anode and cathode materials show different
wettability.s’7’12_14 However, according to Neumann et al,?t
the process needs to be optimized further, as the achievable
recovery rates are currently too low. Other direct approaches
that utilize, for example, eutectic salts or ionic liquids can be
found in two recent reviews'”'® that elaborate these
techniques in more detail than the scope of this study.

This paper investigates the possibility of addressing particles
found within black mass using dielectrophoresis (DEP) at high
throughput. DEP is the movement of a polarizable particle in
an inhomogeneous electric field. Usually, it is used in the
biomedical field and primarily in microfluidic devices.'”"®
Although DEP is label-free and has high selectivity and
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Figure 1. Rendered overview of the separator. The suspension is pumped from the inlet to the outlet through a channel formed by two printed
circuit boards (PCBs), a silicon gasket, and polypropylene (PP) holders. The PCBs feature an interdigitated electrode structure (bottom right

inset) that is used to generate a highly inhomogeneous electric field.

capability of addressing nanometer- to micrometer-scaled
particles,"” ™" few studies have addressed recycling or the
throughput that would be required for this.””~>” While DEP is
well studied with biological samples, such as DNA***’ and
cells,’*™** the separation of nonbiological particles, besides
polystyrene particles, is rarely described in the literature.'® This
study is designed to expand this field by using artificial black
mass to show that conductive particles can be addressed with
an electrode-based DEP separator at high throughput. By using
a setup based on printed circuit boards (PCBs), we assess the
behavior of LiFePO, and graphite microparticles and their
mixture under the influence of DEP. To the best of the
authors” knowledge, the separation of LIB electrode materials
using dielectrophoresis has not yet been addressed. This study
aims to serve as a starting point for future research in this field
by describing the possibilities and limitations of DEP as a
separation technique for these materials.

2. MATERIALS AND METHODS

2.1. Dielectrophoretic Separator. The separator used in
this study is an updated version of the one that was evaluated
and published in ref 25 and is designed to selectively trap
particles when an electric field is applied. An overview of the
device can be seen in Figure 1. The key feature of this device is
two inexpensive (<1 €/pc.) custom-designed PCBs (manufac-
tured by JiaLiChuang (Hong Kong) Co., Limited, China) with
a size of 45 X 150 mm, which is slightly different from the
previous design.”> The improved design showed similar
performance with reduced PCB size and energy demand.
The new design has an impedance of 20 © at 500 kHz in
comparison to 13  from the old design. The PCBs are
covered by an interdigitated electrode array with the electrode
width and spacing both being 250 gm. The two PCBs face
each other and are separated by a 0.5 mm silicone gasket. The
two PCBs together with the gasket form a channel. The gasket
is manually cut to form a channel that is about 175 mm X 38
mm X 0.5 mm (L X W X H) and thus has a theoretical volume

of 3.33 mL. We additionally measured the volume using a scale
and found that the actual volume is 2.8 + 0.1 mL, which is
slightly lower and likely caused by a compression of the sealing.
The calculated height of the sealing results to be 0.42 mm.
This gives average residence times of 28 s at 6 mL/min and 17
s at 10 mL/min in the channel. Consequently, at 6 mL/min, an
average velocity of 6.3 mm/s can be expected and that of 10.4
mm/s at 10 mL/min. The electrodes are connected to a power
amplifier (F30PV, Pendulum Instruments, Sweden), which is
capable of providing up to 75 V,, at a maximum current of 2 A.
The sinusoidal signal was generated by a signal generator
(Rigol DG4062, Rigol Technologies EU GmbH, Germany),
monitored using an oscilloscope (Rigol DS2072A, Rigol
Technologies EU GmbH, Germany) and a power analyzer
(PPA1510, Newtons4th Ltd, Leicester, United Kingdom). The
suspension was pumped using a piston pump (Ismatec MCP-
CPF IP6S with a pump head FMI 202 QP.Q0.SSY, Cole-
Parmer GmbH, Germany).

The operating principle is described in detail elsewhere.”
Briefly, DEP can be an attractive force (positive DEP/pDEP) if
a particle is better polarizable than the surrounding medium or
a repulsive force (negative DEP/nDEP) when the particle is
less polarizable. Positive DEP guides particles toward local field
maxima, whereas nDEP pushes particles away from them.'”
This can lead to a separation as was previously shown several
times.”>***> Whether a particle experiences pDEP or nDEP
depends on the real part of the Clausius—Mossotti factor
(CM), which is defined as'”

£, — &,
Re(CM) = Re T——
& + 28, (1)
PP P _ .i
where the complex permittivity is & = £y, — i~. The complex
permittivity incorporates not only the permittivity € but also
the angular frequency of the electric field @ and the
conductivity of a material 6. Re(CM) is bound between —0.5
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and 1.0 and is negative in the case of nDEP and positive in the
case of pDEP. Finally, the DEP force Fpgp for a spherical and
homogeneous particle can be approximated as

Fpgp = 27756, Re(CM)VIE,,,

2)
where r,, is the radius of the particle, E,, is the electric field,
and ¢, is the permittivity of the surrounding medium.
Conductive particles in a medium with low conductivity, as
used in this study, will usually experience pDEP. Fp;» depends
not only on the particle and medium polarizability but also on
the particle volume (r;), which is important in the following.

2.2. Particles. The particles investigated here all are
commercially available and are specifically designed for battery
research. We chose LiFePO, (Nanografi Nano Teknoloji AS,
Turkey) as a cathode material, not only because it is widely
used for LIBs but also because it is considered to have low
toxicity, which makes it more convenient to work with.'"***
LiFePO, as a cathode material is carbon coated to enhance its
otherwise poor conductivity (about 1 nS/cm).***” This leads,
according to the distributor, to an electrical conductivity of
0.88 S/m. The used LiFePO, shows a distributed particle size
from several hundred nm to a few ym (Table 1 and Figure

Table 1. Parameters Describing the Size Distribution of the
Used Particles

particle d,o/pm dso/pm dgo/pm
LiFePO, 0.6 1.5 6.0
KS6 1.5 34 6.1
actilion 13 17 23

2A,D). The small size of LiFePO, particles and their high
specific surface area is a result of design optimization, as this is
favorable for the performance of batteries.*” This is in the
range of sizes mentioned in the literature for application in
LIBs*' ™" and also in the range of sizes reported for some
other cathode materials.*> Additionally, two types of graphite
particles were selected. Timrex KS6 (MSE Supplies LLC) is a
synthetic graphite with high purity, which can be used as a

conductive additive for anodes and cathodes. According to the
manufacturer (Imerys Graphite & Carbon, Switzerland), it is
larger than LiFePO, particles (Table 1 and Figure 2B,E). The
second type of graphite C-NERGY Actilion GHDR 15-4
(provided by Imerys Graphite & Carbon, Switzerland), here
referred to as Actilion, is an active material for anodes of LIBs
and significantly larger than the other two materials (Table 1
and Figure 2C,F). The larger size of graphite that is used as an
active material in anodes in LIBs was also described in the
literature'”""** and again is a result of optimizing the battery
performance.”® Both graphite and LFP are highly conductive
compared to the suspension and thus will show pDEP at all
frequencies used in this study (see Section S6 in the
Supporting Information). Therefore, all particles move toward
field maxima, which are located at the edges of the electrode
array on PCBs. As the sizes of the particles here diverge
significantly, we aim to exploit the linear volume dependence
of Fppp to achieve separation.

The size differences in graphite and LiFePO, particles are
critical for size-dependent sorting, as conducted in this study.
This difference may be affected by an upstream liberation step
that produces black mass. This, however, depends strongly on
the liberation step itself. Mu et al.*” described for a cathode
material, here LiCoO,, no apparent size changes when
liberating the particles with calcination or supercritical CO,.
The liberation of particles from black mass during the recycling
of spent LIBs is a separate field of research and not part of this
study. Artificial black mass is used here to exclude the effects of
upstream processes, focus on separability under ideal
conditions, and facilitate reproducibility.

2.3. Measurement System. Two methods were used to
measure the particle separation. Qualitatively, the total particle
concentration was measured by white-light reflection in real
time at the outlet. Quantitatively, the LiFePO, concentration
was further evaluated using photometric detection of dissolved
iron mass. The reflection measurement system is described in
ref 25. Briefly, it consists of a spectrometer (Silver Nova,
StellarNet, Inc.) and a flow cuvette (176-765-85-40 and 176-
760-85-40, Hellma GmbH & Co. KG, Germany). A white-light

LiFePO, 1 pm

LiFePO,

H 300 nm

ACTILION

H 300 nm ACTILION

Figure 2. SEM images of LiFePO, (A&D), KS6 synthetic graphite (B&E), and C-NERGY Actilion GHDR 15-4 (C&F) microparticles. The scale
bar in the top row equals 1 #m and 300 nm in the bottom row. Please note that the magnification and consequently the scale bar varies in size.
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source (XCite 120 PC, Excelitas Technologies Corp.) is
connected at 90° with respect to the light guide of the
spectrometer. Particles in the flow cuvette will scatter the light
and produce a signal that can be recorded by the spectrometer.
For size-distributed particle systems, it is important to keep in
mind that the reflection intensity varies with particle size. For
spheres in the size range of the particles used here and the
wavelength of the light source, the scattering intensity is
proportional to r2.*° As the particles here are not perfect
spheres (Figure 23, the signal recorded by the spectrometer
does not provide the information of the number or mass of
eluted particles, which is different from those in monodisperse
particulate systems as in refs 22 and 25. This certainly is a
downside of the reflection measurement setup. We thus use
the measured reflective light intensity reduction at the outlet as
a qualitative real-time indicator of particle retention. To
measure the retention of LiFePO, in the filter, we used a
chemical procedure that allows a photometric determination of
the iron mass. The procedure was derived from DIN 38406
(see Section SS in the Supporting Information). Briefly, the
LiFePO, particles are dissolved in an acid and the iron content
is determined using a complexing agent and performing a
photometric measurement afterward.*’

2.4. Experimental Procedure. Experiments were carried
out in a low-conductivity medium (2.1 4S/cm) consisting of
pure water (Omniatap 6 UV/UF, Stakpure GmbH, Germany),
0.01 vol % Tween 20 (Sigma-Aldrich, Germany), and KCl to
adjust the conductivity. A low-conductivity medium was
selected, as this reduces the influence of thermal effects. For
future applications, the impact of increased conductivity needs
to be investigated, as this may have an impact on the
separation. The black mass used in this study is artificial.
Consequently, the impact of residuals from an upstream
process that produces actual black mass is not considered and
is beyond the scope of this study. To create particle stock
suspensions, the particles were suspended in a 1 vol % aqueous
Tween 20 suspension with 4 g/L for LiFePO, and KS6 and 12
g/L for Actilion. The LiFePO, suspension was renewed every
three days as Li is known to dissolve to a low extent into
aqueous solutions,”® and we wanted to exclude this effect from
our experiments. Prior to the experiments, we sonicated the
particle stock suspensions and added 0.22 vol % of it, for
LiFePO, and KS6, into the medium for the experiments. In
order to achieve a sufficient reflection signal, we had to
increase the Actilion concentration, resulting in a 10X higher
total mass of Actilion in the final suspension than those of the
other two particle types. The reason behind this might be the
lower specific surface area of the larger Actilion particles and
thus lower reflectance per added mass.

The suspensions were stirred throughout the entire
experiment. To subtract the background signal, we recorded
the intensity signal daily with no particles being present
(Section S2 in the Supporting Information). At the beginning
of the experiments, we measured the initial reflection signal of
the particle suspension for 30 s. At 30 s, the electric field was
turned on for 270 s. After the voltage was turned off, the
experiment was further monitored until the initial intensity was
obtained again. Sometimes, the initial signal was not fully
reached due to effects such as sedimentation or bubble
adhesion in the flow-through cuvette. As a consequence, we
flushed the entire setup at a high flow rate after every two
experiments. Every data point represents three experiments.

Equation 1 in Section S1 of the Supporting Information is used
to calculate the signal reduction.

To chemically determine the retention of the LiFePO,
particles, we collected 4 mL of suspension in a 5 mL
container. The samples were taken at the beginning of the
experiment, starting after S s and during trapping, starting after
200 s. In order to obtain a sufficient sample volume at the
beginning of the experiment, the voltage was turned on after 60
s.

All data from the reflection measurements, the evaluation
script (MATLAB, for details, see Section S1 in the Supporting
Information), and PCB manufacturing data are uploaded to an
online repository (ref S1).

3. RESULTS AND DISCUSSION

3.1. Frequency-Dependent Behavior up to 500 kHz.
All particles in this study are conductive and thus should show
pDEP. To test this hypothesis, we conducted experiments at
30 V,,, from 1 to 500 kHz at a volume flow of 6 mL min™" with
only one particle type present per experiment (Figure 3).
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Figure 3. Frequency dependency of the signal reduction of Acilion,
KS6, and LiFePO, suspensions at 6 mL min™' and 30 Vip:
Frequencies were varied between 1 and 500 kHz.

Higher frequencies at the selected voltage were not applicable
in this setup because the required current would exceed the
maximum of the amplifier. For all particles, the trapping
efficiency (measured qualitatively in terms of reduction of
reflective light intensity signal, called signal reduction) was
highest at 500 kHz and significantly higher than that at lower
frequencies. This might be because disturbing electrokinetic
effects like AC electroosmosis can be dominant at lower
frequencies.”” However, as the frequency significantly exceeds
the electrothermal hydrodynamic relaxation frequency (f =
o./(27e,) ~ 48 kHz), this effect should be negligible.’
Currently, we are not sure what is causing the trapping
increase/signal reduction when the frequency is increased; the
effect is, however, reproducible. Nonetheless, a significant
difference in signal reduction becomes apparent when
comparing the particle types. This is likely caused by the
differences in particle size as DEP scales with particle volume
(eq 2). For example, at 30 V,,, and 500 kHz, Actilion shows a
high signal reduction of 93 + 0.6% but the signal of LiFePO, is
only reduced by 26 + 1.5%. To further investigate the behavior
of the particles, we selected 500 kHz as the frequency for all

https://doi.org/10.1021/acsomega.3c04057
ACS Omega XXXX, XXX, XXX—XXX



ACS Omega

http://pubs.acs.org/journal/acsodf

T T T T

100f A A_____& -8 ]
gt F e
2 gop A -
= I 7 ‘o
= ; P 6 mLmin
o I - D
S 60 1 o L
% ! e
GL') /'/ v.-‘:i
7CD 401 ,/'
=) i f
) i Q - - ili
wer e LiFEPO,
0_% n L 5 -
10 30 50 75

voltage peak-to-peak / Vpp

. - e y
100t B ] S r -4 =
i I ,_,—""
1 "
) ,'/ | bl
~ & 1 » -
= 1 1 10 mLmin
] ! 1 #1
+ L ] 1 o 1
S e — T A
° i (198 1
2 1/ T @D
— L S S ]
S 40 % /{ - § ,,,,,,,
o s e
» T 8 llemed 1
20t S % -
...... % I
gg S I—
0 i i i i
10 30 50 75

voltage peak-to-peak / Vpp

oo 30V A0 mLmin?
i '
Lole ;
1 1
1 -4 1
1> 1
I ‘53 1
(= 1
I 1
1 £2 1
I signal reduction, 1
1 1 1
1 1
1 0 1
: 0 200 400 600 :
: 6 time /s :
D KS6

PS5 i
i L4l voltageon voltage off -
1 3 1
I % 3 1
[} q:) 1
I 1
= 1
1 1
1 1 1
1 1
1 0 1
- 0 200 400 600 |
1 time/s 1
- ° LiFePO i
Lo E |
i 1
1 -4 1
o> 1
= 1

1
1 g2 1
1= 1
D ke N
1 1
p 0 :
i 0 200 400 600 i
1 time/s 1
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for all materials at 30 V,,, and 10 mL min™" are also shown (C—E). For all experiments, the signal reduction was measured between 200 and 300 s

pp
(C). The voltage was applied after 30 s for 270 s (D).

subsequent experiments because the performance of the device
is the highest at this frequency, and DEP is the dominating
force. We note that a direct quantitative comparison between
the different particle types may be misleading. This is because
the scatter properties between distributed particle samples may
be different due to different shapes. The qualitative
comparison, however, reveals significant differences that
agree well with the proposed size selectivity. The application
of 500 kHz also demonstrates that frequencies in this range can
be applied in a high-throughput device. Compared to previous
high-throughput approaches by our group”~** that were
insulator-based DEP devices, the applicable frequency
bandwidth was expanded from 75 to 500 kHz while
maintaining the possibility of applying high-volume flows. A
higher possible frequency can be beneficial when designing the
process, as with increasing frequency, the polarizability can
alter and enable separation. In a previous study, we could show
that retention due to nDEP is small (<10%) in such a setup
and therefore is not the reason for our observations.”’

3.2. Influence of Voltage and Volume Flow. As a
second step, we investigated the influence of voltage on signal
reduction from S to 75 V,,, at 6 mL min~" (Figure 4A) and 10
mL min~" (Figure 4B). At both flow rates, all particles show an
increased signal reduction or particle retention with increasing
voltage. This is in line with the approximation of the DEP force

(eq 2). Additionally, increasing volume flow decreases the
signal reduction. This is due to the increased viscous drag and
decreased residence time in the setup at the higher flow rate.
The data at 6 mL min~" and 30 V,, are the same as in Figure 3,
except for Actilion. Here, we used a different flow cuvette for
this measurement to prevent sedimentation. However, the
results are quite similar (here 97 + 2.7% compared to 93 +
0.6%). Figure 4C—E shows intensity plots over time for all
particles at 30 V,, and 10 mL min~". Three things become
apparent from Figure 4. First, the signal reduction of Actilion is
significantly higher than that of LiFePO,. For example, at 30
V,, and 10 mL min~" (Figure 4B,C,E), the signal reduction of
Actilion is over four times higher than that for LiFePO,. Here,
the recorded intensity for Actilion is close to zero, indicating
complete removal. The relative difference in the signal
reduction of LiFePO, and Actilion, however, decreases with
increasing voltage (Figure 4A,B). Likely, this is because
Actilion is already almost completely removed at voltages
over 30 V,, at both flow rates, whereas LiFePO, removal
increases with voltage from 0 to 75 V.. Second, KS6 also
shows significant trapping and gets fully removed at about 75
V,p at both flow rates. Third, the reflection measurements can
create signal reduction slightly higher than 100%, which is
linked to the subtraction of the background signal and was
observed before.”” The highest recorded value was 104 + 1.5%
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at 10 mL min~" and 30 V,,. As the deviation is explainable
(Section S2 in the Supporting Information), relatively small,
and showing complete removal of Actilion, we do not consider
this problematic.

In summary, the size, voltage, and volume flow dependency
of the signal reduction for these particles was as expected. In
addition, we observed almost complete removal of Actilion
from the suspension starting at 30 V,. For mixtures of
LiFePO, and Actilion, this would correspond to a pure fraction
of LiFePO, at the outlet and the enrichment of Actilion within
the filter. Higher voltages than 30 V,, would not lead to
significantly increased trapping of Actilion but to more
retained LiFePO,. Therefore, we selected 30 V,, for the
separation experiments of Actilion and LiFePO,.

3.3. Behavior in a Mixture of Graphite and LiFePO,.
As a final step, we investigated the separability of a mixture of
LiFePO, and Actilion. We did not include KS6 because
conductive additives are only around 4% of the battery mass.”
It would further increase the difficulty of analyzing the results
because the reflection measurement is not material-sensitive.
We tried to calculate separate reflection spectra for each
component by superposition of the reflection spectra of pure
LiFePO, and Actilion, as they are slightly different. For
fluorescent particles, this can be achieved by coupling these
reference spectra with global optimization to calculate separate
intensities over time distributions as described in ref 24.
Unfortunately, the results were not reliable for this mixture.
Therefore, we had to rely on the information drawn from the
experiments with only one particle type present (Figures 3 and
4). To determine the removal of LiFePO, from the mixture, we
performed an additional chemical analysis of the mixture to
measure the iron content. Prior to experiments with both
particle types present, we compared the chemical- and
reflection-based methods using 6 mL min~', 500 kHz, and
30 V,, with only LiFePO, particles in our suspension. The
reflection measurement revealed a signal reduction of 19 & 1%
(Figure SB: LiFePO, reflection at 30 V,,), whereas the
chemical analysis showed a removal of 36 + 3.0% (Figure SA:
ratio of 0). Please note that two slightly different signal
reductions of two experimental runs, each representing three
experiments, at 30 V,, and 6 mL min " are shown (Figure SB).
One set of measurements showed a signal reduction of 25 +
1.5%, whereas the other was 19 + 1%. We collected the
samples for the chemical analysis from the very same

experiments in which we recorded 19 + 1% signal reduction.
It is therefore reasonable to compare these two values. The
difference between chemical analysis and reflection measure-
ment can be explained by the different principles of
measurement. While the chemical analysis measures the mass
of iron, the reflection does correspond to the particle surface
area. Larger LiFePO, particles have high volume and mass but
a low specific surface area. Due to their large size and thus
higher DEP force, they are likely to be retained, whereas
smaller particles are eluted and detected by the spectrometer.
As the smaller particles have a higher specific surface area, they
show higher reflection per mass. Consequently, these two
measurement techniques are likely to obtain different yet valid
results. In Section S4 in the Supporting Information, we
provide more data, including calculations concerning the mass-
and surface-weighted distributions of the LiFePO, material,
which can explain the deviation.

Additionally, we conducted a series of experiments to
investigate the influence of the mass ratio of Actilion and
LiFePO, (Figure SA). The ratio is defined as mygjion/Myikepo,-

The mass ratio does not influence the retention significantly at
our set of parameters. Assuming a complete removal of
graphite above 30 V,,, as measured for the pure graphite, we
can assume an almost pure fraction of LiFePO, at the outlet at
voltages above 30 V,,, and a retention of about 35—-40% by
mass of LiFePO, in the filter.

The encircled data in Figure SA are also shown in Figure 5B
in comparison with results at other voltages. We included the
reflection data from Figure 4A of pure Actilion and LiFePO,
for comparison (dotted lines). The chemical analysis again
shows increasing retention of LiFePO, with voltage (Figure
5B), as observed before. Consequently, the conclusions drawn
from the suspensions with only one particle type present
remain valid, meaning that higher voltages than 30 V,,, would
not enhance the separation any further. It is likely that the
retention of Actilion in the mixed sample is similar to the
previously measured retention of pure Actilion, mainly because
of two effects. First, we could not observe any saturation effects
within our experiments. Even after almost 1000 s of trapping,
the signal remained constant (Section S3 in the Supporting
Information). Second, the addition of LiFePO, particles could
even increase the trapping efficiency. This is because trapped
particles can create additional field inhomogeneous that would
increase trapping efficiency by forming so-called pearl chains.>*
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Nonetheless, the results would benefit from a further
investigation of the particles and their mixture before and
after the separation to show which particle sizes are retained in
the channel and whether there is a cutoff diameter. Also, it
needs to be investigated how residuals on the particles (e.g.,
binder or electrolyte) or changes in particle size due to
upstream processes interfere with the DEP behavior of the
particles and what space-time yield this method can achieve.
However, this is beyond the scope of this study.

Concluding, we presented the first study on the separation
of commercially available electrode active materials using
dielectrophoresis. The sorting of the particles could lead to a
direct recycling step that can be combined with other recycling
techniques which then can reduce the amount of chemicals or
energy needed. The results strengthen the assumption that
separability using DEP increases with the difference in particle
size. As some cathode active materials are even smaller than
LiFePO, used in this study,” it is worth investigating this
pathway of recycling further. DEP can also be an option for
larger cathode active materials, since the separation could be
improved by selective removal of graphite (several nm
thickness®®) from the cathode particles while not dissolving
the anode graphite in the black mass completely. This would
decrease the conductivity of the cathode particles and result in
a weaker pDEP or even nDEP response of the particles. This
would allow material- rather than size-selective separation,
which is more robust to size changes in the particle mixture.
With this study, we gave a starting point to direct future
research on the direct recycling of particle systems using
dielectrophoresis. We further demonstrated the applicability of
dielectrophoresis besides microfluidic applications.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c04057.

Details of signal processing and background intensity;
filter saturation analysis; analysis of the influence of
particle distribution on measurement procedures;
experimental details of the chemical analysis; and
calculations of the Clausius—Mossotti factor (PDF)

B AUTHOR INFORMATION

Corresponding Author
Georg R. Pesch — School of Chemical and Bioprocess
Engineering, University College Dublin, Dublin 4, Ireland;
orcid.org/0000-0003-4676-1908; Email: georg.pesch@
ucd.ie

Authors

Jasper Giesler — Chemical Process Engineering, Faculty of
Production Engineering, University of Bremen, Bremen
28359, Germany; © orcid.org/0000-0003-1334-3013

Laura Weirauch — Chemical Process Engineering, Faculty of
Production Engineering, University of Bremen, Bremen
28359, Germany

Alica Rother — Center for Environmental Research and
Sustainable Technology (UFT), University of Bremen,
Bremen 28359, Germany

Jorg Thoming — Chemical Process Engineering, Faculty of
Production Engineering, University of Bremen, Bremen
28359, Germany; Center for Environmental Research and

Sustainable Technology (UFT), University of Bremen,
Bremen 28359, Germany; ® orcid.org/0000-0002-5374-
114X

Michael Baune — Chemical Process Engineering, Faculty of
Production Engineering, University of Bremen, Bremen
28359, Germany; Center for Environmental Research and
Sustainable Technology (UFT), University of Bremen,
Bremen 28359, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c04057

Author Contributions
IG.R.P. and M.B. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the German Research Foundation (DFG)
within the priority program, “MehrDimPart—Highly specific
and multidimensional fractionation of fine particle systems
with technical relevance” (SPP204S, Grant Numbers PE 3015/
3-2, TH 893/20-2) for funding. The authors also thank
Krischan Sandmann and Dilyan Kamenov from the IWT
Bremen for helping to conduct particle size analysis.

B ABBREVIATIONS

CM  Clausius-Mossotti factor
DEP  Dielectrophoresis

LIB  Lithium-ion battery
nDEP negative Dielectrophoresis
PCB  printed circuit board
pDEP positive Dielectrophoresis

B REFERENCES

(1) Lv, W,; Wang, Z.; Cao, H.; Sun, Y.; Zhang, Y.; Sun, Z. A Critical
Review and Analysis on the Recycling of Spent Lithium-Ion Batteries.
ACS Sustainable Chem. Eng. 2018, 6, 1504—1521.

(2) Natarajan, S.; Divya, M. L.; Aravindan, V. Should We Recycle
the Graphite from Spent Lithium-Ion Batteries? The Untold Story of
Graphite with the Importance of Recycling. J. Energy Chem. 2022, 71,
351—-369.

(3) Wu, X;; Ma, J.; Wang, J.; Zhang, X.; Zhou, G.; Liang, Z. Progress,
Key Issues, and Future Prospects for Li-Ion Battery Recycling. Global
Challenges 2022, 6, No. 2200067.

(4) Neumann, J.; Petranikova, M.; Meeus, M.,; Gamarra, J. D,;
Younesi, R; Winter, M,; Nowak, S. Recycling of Lithium-Ion
Batteries—Current State of the Art, Circular Economy, and Next
Generation Recycling. Adv. Energy Mater. 2022, 12, No. 2102917.

(5) Vanderbruggen, A,; Hayagan, N.; Bachmann, K; Ferreira, A;
Werner, D.; Horn, D.; Peuker, U.; Serna-Guerrero, R.; Rudolph, M.
Lithium-Ton Battery Recycling-Influence of Recycling Processes on
Component Liberation and Flotation Separation Efficiency. ACS
ES&T Engg 20222, DOI: 10.1021/acsestengg.2c00177.

(6) Abdollahifar, M.; Doose, S.; Cavers, H.; Kwade, A. Graphite
Recycling from End-of-Life Lithium-Ion Batteries: Processes and
Applications. Adv. Mater.Technol.2023 8, 2200368. DOI: 10.1002/
admt.202200368.

(7) Werner, D.; Peuker, U. A.; Miitze, T. Recycling Chain for Spent
Lithium-Ion Batteries. Metals 2020, 10, No. 316.

(8) Heath, G. A.; Ravikumar, D.; Hansen, B.; Kupets, E. A Critical
Review of the Circular Economy for Lithium-Ion Batteries and
Photovoltaic Modules — Status, Challenges, and Opportunities. J. Air
Waste Manage. Assoc. 2022, 72, 478—539.

(9) Satyavani, T. V. S. L.; Ramya Kiran, B,; Rajesh Kumar, V,;
Srinivas Kumar, A.; Naidu, S. V. Effect of Particle Size on Dc

https://doi.org/10.1021/acsomega.3c04057
ACS Omega XXXX, XXX, XXX—XXX



ACS Omega

http://pubs.acs.org/journal/acsodf

Conductivity, Activation Energy and Diffusion Coefficient of Lithium
Iron Phosphate in Li-ion Cells. Eng. Sci. Technol. Int. ]. 2016, 19, 40—
44.

(10) Dai, K;; Wang, Z,; Ai, G,; Zhao, H; Yuan, W,; Song, X;
Battaglia, V,; Sun, C; Wu, K; Liu, G. The Transformation of
Graphite Electrode Materials in Lithium-Ion Batteries after Cycling. J.
Power Sources 2015, 298, 349—354.

(11) Kassem, M.; Delacourt, C. Postmortem Analysis of Calendar-
Aged Graphite/LiFePO4 Cells. J. Power Sources 2013, 235, 159—171.

(12) Vanderbruggen, A.; Salces, A.; Ferreira, A.; Rudolph, M.; Serna-
Guerrero, R. Improving Separation Efficiency in End-of-Life Lithium-
Ton Batteries Flotation Using Attrition Pre-Treatment. Minerals 2022,
12, 72.

(13) Zhan, R.; Oldenburg, Z.; Pan, L. Recovery of Active Cathode
Materials from Lithium-Ion Batteries Using Froth Flotation.
Sustainable Mater. Technol. 2018, 17, No. e00062.

(14) Harper, G.; Sommerville, R.; Kendrick, E.; Driscoll, L.; Slater,
P.; Stolkin, R.; Walton, A.; Christensen, P.; Heidrich, O.; Lambert, S.;
Abbott, A,; Ryder, K; Gaines, L.; Anderson, P. Recycling Lithium-Ion
Batteries from Electric Vehicles. Nature 2019, 575, 75—86.

(18) Xu, P.; Tan, D. H. S.; Jiao, B.;; Gao, H.; Yu, X;; Chen, Z. A
Materials Perspective on Direct Recycling of Lithium-Ion Batteries:
Principles, Challenges and Opportunities. Adv. Funct. Mater. 2023, 33,
No. 2213168.

(16) Larouche, F.; Tedjar, F.; Amouzegar, K; Houlachi, G;
Bouchard, P.; Demopoulos, G. P.; Zaghib, K. Progress and Status
of Hydrometallurgical and Direct Recycling of Li-Ion Batteries and
Beyond. Materials 2020, 13, 801.

(17) Pethig, R. Review Article—Dielectrophoresis: Status of the
Theory, Technology, and Applications. Biomicrofluidics 2010, 4,
No. 022811.

(18) Pesch, G. R;; Du, F. A Review of Dielectrophoretic Separation
and Classification of Non-biological Particles. Electrophoresis 2021, 42,
134—152.

(19) Pethig, R. Dielectrophoresis; Wiley & Sons, Ltd: Chichester, UK,
2017; pp 309—379. https://onlinelibrary.wiley.com/doi/book/10.
1002/9781118671443

(20) Balasubramanian, P.; Kinders, R. J.; Kummar, S.; Gupta, V,;
Hasegawa, D.; Menachery, A,; Lawrence, S. M.,; Wang, L.; Ferry-
Galow, K,; Davis, D.; Parchment, R. E.; Tomaszewski, J. E.;
Doroshow, J. H. Antibody-Independent Capture of Circulating
Tumor Cells of Non-Epithelial Origin with the ApoStream System.
PLoS One 2017, 12, No. e0175414.

(21) Sano, H.; Kabata, H.; Kurosawa, O.; Washizu, M.
Dielectrophoretic Chromatography with Cross-Flow Injection. Technical
Digest, MEMS 2002 IEEE International Conference. Fifteenth IEEE
International Conference on Micro Electro Mechanical Systems (Cat.
No. 02CH37266), Las Vegas, NV, USA, 2002; pp 11-14.

(22) Lorenz, M.; Malangré, D.; Du, F.; Baune, M.; Théming, J;
Pesch, G. R. High-Throughput Dielectrophoretic Filtration of Sub-
Micron and Micro Particles in Macroscopic Porous Materials. Anal.
Bioanal. Chem. 2020, 412, 3903—3914.

(23) Pesch, G. R; Lorenz, M.; Sachdev, S.; Salameh, S.; Du, F,;
Baune, M.; Boukany, P. E.; Thoming, J. Bridging the Scales in High-
Throughput Dielectrophoretic (Bio-)Particle Separation in Porous
Media. Sci. Rep. 2018, 8, No. 10480.

(24) Weirauch, L,; Giesler, J.; Baune, M.; Pesch, G. R;; Théming, J.
Shape-Selective Remobilization of Microparticles in a Mesh-Based
DEP Filter at High Throughput. Sep. Purif. Technol. 2022, 300,
No. 121792.

(25) Giesler, J.; Weirauch, L.; Théming, J.; Baune, M.; Pesch, G. R.
High-Throughput Dielectrophoretic Separator Based on Printed
Circuit Boards. Electrophoresis 2023, 44, 72—81.

(26) Shen, Y.; Elele, E.; Khusid, B. A Novel Concept of
Dielectrophoretic Engine Oil Filter. Electrophoresis 2011, 32, 2559—
2568.

(27) Suehiro, J.; Guangbin Zhou; Imamura, M.; Hara, M.
Dielectrophoretic Filter for Separation and Recovery of Biological
Cells in Water. IEEE Trans. Ind. Appl. 2003, 39, 1514—1521.

(28) Jones, P. V.; Salmon, G. L.; Ros, A. Continuous Separation of
DNA Molecules by Size Using Insulator-Based Dielectrophoresis.
Anal. Chem. 2017, 89, 1531—1539.

(29) Martinez-Duarte, R.; Camacho-Alanis, F.; Renaud, P.; Ros, A.
Dielectrophoresis of Lambda-DNA Using 3D Carbon Electrodes:
Microfluidics and Miniaturization. Electrophoresis 2013, 34, 1113—
1122.

(30) Gascoyne, P. R. C; Wang, X.-B.; Huang, Y.; Becker, F. F.
Dielectrophoretic Separation of Cancer Cells from Blood. IEEE Trans.
Ind. Appl. 1997, 33, 670—678.

(31) Gascoyne, P. R. C.; Noshari, J.; Anderson, T. J.; Becker, F. F.
Isolation of Rare Cells from Cell Mixtures by Dielectrophoresis.
Electrophoresis 2009, 30, 1388—1398.

(32) Shim, S.; Stemke-Hale, K.; Tsimberidou, A. M.; Noshari, J.;
Anderson, T. E.; Gascoyne, P. R. C. Antibody-Independent Isolation
of Circulating Tumor Cells by Continuous-Flow Dielectrophoresis.
Biomicrofluidics 2013, 7, No. 011807.

(33) Hughes, M. P. Fifty Years of Dielectrophoretic Cell Separation
Technology. Biomicrofluidics 2016, 10, No. 032801.

(34) Giesler, J.; Weirauch, L.; Théming, J.; Baune, M.; Pesch, G. R.
Separating Microparticles by Material and Size Using Dielectropho-
retic Chromatography with Frequency Modulation. Sci. Rep. 2021, 11,
No. 16861.

(35) Modarres, P.; Tabrizian, M. Frequency Hopping Dielectropho-
resis as a New Approach for Microscale Particle and Cell Enrichment.
Sens. Actuators, B 2019, 286, 493—500.

(36) Liang, Q; Yue, H.; Wang, S.; Yang, S.; Lam, K-h,; Hou, X.
Recycling and Crystal Regeneration of Commercial Used LiFePO4
Cathode Materials. Electrochim. Acta 2020, 330, No. 135323.

(37) Qiy, X; Zhang, B.; Xu, Y.; Huy, J.; Deng, W.; Zou, G.; Hou, H,;
Yang, Y.; Sun, W; Hu, Y,; Cao, X;; Ji, X. Enabling the Sustainable
Recycling of LiFePO , from Spent Lithium-Ion Batteries. Green Chem.
2022, 24, 2506—2515.

(38) Chen, Z.; Zhang, Q.; Liang, Q. Carbon-Coatings Improve
Performance of Li-Ion Battery. Nanomaterials 1936, 12, No. 1936.

(39) Doeff, M. M.; Wilcox, J. D.; Kostecki, R.; Lau, G. Optimization
of Carbon Coatings on LiFePO4. J. Power Sources 2006, 163, 180—
184.

(40) Yu, F.; Zhang, L; Li, Y,; An, Y.,; Zhu, M.; Dai, B. Mechanism
Studies of LiFePO4 Cathode Material: Lithiation/Delithiation
Process, Electrochemical Modification and Synthetic Reaction. RSC
Adv. 2014, 4, 54576—54602.

(41) Lepage, D.; Sobh, F.; Kuss, C.; Liang, G.; Schougaard, S. B.
Delithiation Kinetics Study of Carbon Coated and Carbon Free
LiFePO4. J. Power Sources 2014, 256, 61—65.

(42) Zhang, H; Wang, L; Chen, Y; Wen, X. Regenerated
LiFePO4/C for Scrapped Lithium Iron Phosphate Powder Batteries
by Pre-Oxidation and Reduction Method. Ionics 2022, 28, 2125—
2133.

(43) Larouche, F,; Amouzegar, K; Houlachi, G.; Bouchard, P;
Demopoulos, G. P. Conversion of LiFePO , to FePO, via Selective
Lithium Bicarbonation: A Direct Pathway Towards Battery Recycling.
J. Electrochem. Soc. 2022, 169, No. 073509.

(44) Zaghib, K; Striebel, K; Guerfi, A; Shim, J; Armand, M,;
Gauthier, M. LiFePO4/Polymer/Natural Graphite: Low Cost Li-ion
Batteries. Electrochim. Acta 2004, 50, 263—270.

(45) Li, J.; Daniel, C.; Wood, D. Materials Processing for Lithium-
Ion Batteries. J. Power Sources 2011, 196, 2452—2460.

(46) Zaghib, K.; Brochu, F.; Guerfi A.; Kinoshita, K. Effect of
Particle Size on Lithium Intercalation Rates in Natural Graphite. J.
Power Sources 2001, 103, 140—146.

(47) Mu, D; Liang, J; Zhang, J; Wang, Y, Jin, S; Dai, C.
Exfoliation of Active Materials Synchronized with Electrolyte
Extraction from Spent Lithium-Ion Batteries by Supercritical CO2.
ChemistrySelect 2022, 7, No. e202200841.

(48) Friedlander, S. K. Smoke, Dust, and Haze: Fundamentals of
Aerosol Dynamics, 2nd ed.; Topics in Chemical Engineering; Oxford
University Press: New York, 2000.

https://doi.org/10.1021/acsomega.3c04057
ACS Omega XXXX, XXX, XXX—XXX



ACS Omega http://pubs.acs.org/journal/acsodf

(49) DIN 38406 Teil 1 - Deutsche Einheitsverfahren zur Wasser-,
Abwasser- und Schlammuntersuchung. 1983.

(50) Porcher, W.; Moreau, P.; Lestriez, B.; Jouanneau, S;
Guyomard, D. Is LiFePO4 Stable in Water?: Toward Greener Li—
Batteries. Electrochem. Solid-State Lett. 2007, 11, A4.

(51) Giesler, J. Online Repository for “Sorting Lithium-Ion Battery
Electrode Materials Using Dielectrophoresis at Frequencies of up to
500 kHz”. https://doi.org/10.5281/zenod0.7593873, 2023.

(52) Castellanos, A.; Ramos, A.; Gonzilez, A; Green, N. G
Morgan, H. Electrohydrodynamics and Dielectrophoresis in Micro-
systems: Scaling Laws. J. Phys. D: Appl. Phys. 2003, 36, 2584—2597.

(53) Hong, F. J; Cao, J; Cheng, P. A Parametric Study of AC
Electrothermal Flow in Microchannels with Asymmetrical Interdigi-
tated Electrodes. Int. Commun. Heat Mass Transfer 2011, 38, 275—
279.

(54) Kong, T. F.; Tan, P. Y,; Tay, B. Z.; Shen, X.; Marcos. Bacteria
and Cancer Cell Pear]l Chain under Dielectrophoresis. Electrophoresis
2021, 42, 1070—1078.

https://doi.org/10.1021/acsomega.3c04057
ACS Omega XXXX, XXX, XXX—XXX



8 Conclusion and Outlook

Within this thesis, two novel approaches for electrode-based dielectrophoretic sep-
arators were presented. Both devices are able to separate microparticles according
to their size and polarizability. The frequency modulated dielectrophoretic par-
ticle chromatography offers rapid chromatographic separation but is limited in
throughput as electrode-based dielectrophoretic separators commonly are. An
approach based on printed circuit boards was developed to overcome this issue of
electrode-based dielectrophoretic separators. Consequently, these two approaches,
namely DPC and upscaling via PCBs, could be coupled in the future to allow fast
chromatographic separation with high throughput.

For the frequency modulated dielectrophoretic particle chromatography, first,
the procedure and afterward a comprehensive understanding of the mechanics
inside the separator was developed and presented. By developing a simulation
tool which was shown to be in good agreement with the experimental results, the
proposed separation mechanics could be validated in a subsequent step. Addi-
tionally, it was shown that this technique is capable of separating particles not
only by size but also by material (e.g., surface functionalization). The technique
allows fast separation within a few minutes or even below one minute, depending
on the process parameters and particles.

The frequency modulated particle chromatography needs to be seen in the
area of fundamental research. However, as similar but more time-consuming
approaches were successfully used to manipulate biological particles as cells, this
could be a future application of this methodology. However, this is beyond the
scope of the research presented here and the manuscripts describing frequency
modulated particle chromatography can be a starting point for other researchers.

The development of the second approach that was presented in this thesis fo-
cused on increasing the throughput of electrode-based dielectrophoretic separa-
tors. We could not only show selective trapping of polystyrene model particles,
but also its applicability for particles with significant technical relevance. The
removal of graphite was successfully shown from a mixture with lithium iron
phosphate particles. Both of them are common active materials in lithium-ion
batteries.

The design does not only feature a high throughput compared to classical mi-
crofluidic setups, but also maintained selectivity and the ability of applying high
frequencies at those flow rates. By increasing throughput and expanding the appli-
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8 Conclusion and Outlook

cable frequency range, this approach improves the feasibility of dielectrophoretic
setups for real-world separation tasks. Also, it could help to address separa-
tion problems with less valuable products as costs with this setup decrease while
throughput increases. A potential design to further enhance the throughput could
be derived from plate heat exchangers, which would result in a stacking of the
electrodes and a parallelization.

Further, the device has high adaptability for other groups of researchers, as
the electrodes consist of commercially available printed circuit boards that can
be purchased at low cost. The data to manufacture the printed circuit boards are
published under a creative commons license (CC BY 4.0) and thus can be used
by researchers without significant restrictions.
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