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1 Introduction

In 1990 Manz et al. developed the concept of micro total analysis systems (µTAS) [1]. The
idea of µTAS is to build a few cm2 sized device that consists of several preparative and
analytical tools to realize a so-called Lab-on-a-chip. Since that time the development as
well as the range of applications continuously increase as regularly reviewed [2–16]. But
even when the development has made significant progress in particular investigations of
nanoobjects like small DNA-fragments or proteins are still a blind spot. With respect to
the size of these, the devices must be further miniaturized towards nanofluidics.

Up to now, the precise and reproducible production of nanochannels is very challenging
[17]. Most often nanochannels are produced by chemical or physical etching that is very
time-consuming and expensive [18]. Thus, new techniques for production of nanochannels
are required.

Two major applications can be envisioned for nanofluidic devices in medicine [9, 19, 20]:
1) the extremely fast detection of minimal amounts of specific markers, 2) new tools for
faster drug design. In medicine early detection of specific markers is indispensable to start
therapies as soon as possible. Beyond development of new detection methods, ever since
investigation concentrates on developing new drugs. During drug discovery, interaction
studies are performed to investigate the sensitivity and specificity of the drug, which is often
very cumbersome [21]. In recent years a new class of therapy became more prominent, the
so-called gene vaccination [22–25]. Gene vaccination is the introduction of genes of interest
into patients. Most often viral and bacterial vector systems were used as transporter
systems [24]. This revealed great hindrances concerning safety regulations as the viral or
bacterial gens were inserted, too. In contrast, minicircle DNA consists only of the gene of
interest and its regulating sequences [22–25]. Thus, production and purification control of
minicircle DNA is of very high interest for medical applications.

To accelerate and push these amazing medical approaches µTAS preparative tools like
mixing or separation/purification as well as analytical tools for detection of specific analytes
or complex-formation have to be developed.

Several microfluidic analytical and preparative separation methods have been realized, so
far. Some are based on hydrodynamic separation [26–31]. For example, Yamada and Seki
exploited that particles of different sizes were aligned at different distances to the channel
wall within a pinched microchannel. They were separated according to the particles sizes
by the spreading flow profile at the constriction outlet [26]. Other separation techniques
were based on magnetic fields [32–36], e.g. functionalized magnetic beads with receptor
molecules on the surface. Electric fields yield a wide field of applications in microfluidics
as for electrophoresis [37–42] or dielectrophoresis [3, 43–48]. Additionally, entropy was
exploited to separate linear molecules like DNA in entropic ratchets [49–52]. Many of the
mixing devices, published in literature, used diffusion in augmented contact areas as was
nicely summarized in recent reviews [9, 12, 15, 16, 19, 53–55].

In this thesis, all methods that are demonstrated relied on one or several ridges that



2 1 INTRODUCTION

narrowed a microchannel, and thus formed nanoslits. At these devices electric voltages were
applied that effected electrophoretic, electroosmotic, dielectrophoretic and electrostatic
sieving effects either in the microchannel or at the nanoslits.

Hence, the experimentalist had some parameters to control the processing performance:

• Udc → linear transport effects

• Uac → non-linear transport effects

• ω → non-linear transport effects

• slit height → potential depth

• shape of ridge → ratio of linear and non-linear transport effects

• buffer concentration → sieving mechanism

• channel dimensions → geometrical factor

Generally, the processing mode can be distinguished between batch-processing and conti-
nuous-flow processing. In batch-processing mode, one partition of analyte is processed
at a time. Whereas in continuous-flow mode, an analyte-stream is continuously injected
towards the processing area and a real-time monitoring of the results, e.g. in analytical
separation, is possible as well as on-line optimization, continuous harvesting or further
downstream applications [32, 36, 56–63]. Thus, continuous-flow processing is of very high
interest for µTAS for smart and maybe even self-optimizing devices (see Outlook).

In this thesis, several features were combined concerning the device as well as the per-
formance that appear very contrary at a first glance. So, the device allowed easy and
cost-effective fabrication of sophisticated nano-microfluidic channels. The techniques al-
lowed efficient separation as well as mixing in one and the same device. And, especially
with respect to µTAS, the novel tools enabled preparation as well as analysis. Although
this was very challenging, the successful realization is laid out in this thesis.

The results are divided in five parts:

1. Production and characterization of the nano-microfluidic devices (section 4.1): pre-
sentation of novel technique that allowed fast prototyping of nano-microfluidic devices
of very high width-to-height aspect ratio and characterization with respect to the sta-
bility and reproducibility. With that novel technique, a world record aspect ratio was
achieved.

2. Electrostatic sieving of nanoobjects (section 4.2): realization of continuous-flow sep-
aration of nanobeads and manipulation of proteins by electrostatic sieving. Concen-
tration polarization at the nanoslit was exploited to selectively manipulate nanobeads
and proteins. Although the concentration polarization was known for a long time no
continuous-flow operation of electrostatic sieving have been demonstrated to date.
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3. Concept of continuous-flow dielectrophoresis (section 4.3): separation of mixtures
of two or more species and mixing of analytes in one and the same device just
by adapting the injection. The general requirements of the system are discussed
concerning the electrokinetic effects and the device layout. Simulations of separation
and mixing were performed and allowed analysis of the sensitivity of the system, i.e.
minimal difference in size that could be sufficiently distinguished.

4. Dielectrophoretic nanobead manipulation (section 4.4): experimental results of conti-
nuous-flow mixing and separation of nanobeads. The separation procedure is demon-
strated for mixtures of two or three species (100 nm, 60 nm, and 20 nm beads). Al-
though various devices for continuous-flow separation of microbeads were published
in literature for dielectrophoresis and electrodeless dielectrophoresis, the minimal
manipulated bead size was 1 µm [58, 60, 61, 64–72]. Thus, nanobeads or small
DNA-fragments were not accessible, except with the devices presented in this thesis.
In case of mixing, some methods that exploited dielectrophoresis at microelectrodes
were published [60, 73–79]. In contrast, here for the first time, continuous-flow mixing
was performed by electrodeless dielectrophoresis.

5. DNA manipulation and characterization by dielectrophoresis (section 4.5): prepara-
tive and analytical separation of topological DNA variants. Continuous-flow separa-
tion and mixing of biological and medical relevant DNA-molecules were performed
in the vicinity of nanochannels. Binary separation and mixing experiments proved
the general applicability to linear DNA (2.686 kbp and 6.0 kbp) as well as circular
DNA (parental DNA and minicircle DNA). Beyond binary separation, even more
sophisticated total multiple-separation of parental, miniplasmid and minicircle DNA
was achieved for the first time without the need of specific matrices.

Concerning analytical separation, two novel fast methods for detection of DNA-
complex formation are presented. The first method relied on continuous-flow sepa-
ration of pure DNA and the anticipated DNA-complex. Hence, further downstream
analysis would be possible. The second method was termed dielectrophoretic mo-
bility shift assay (DEMSA) due to the detection technique. The DEMSA was a
batch-processing technique that was based on dielectrophoretically retarded migra-
tion within an array of nanoslits.

Even when the before mentioned techniques differ, the general procedures/handling was
similar for all continuous-flow experiments. So, the analyte was injected towards the struc-
tured channel and affected at the nanoslits. Downstream of the nanoslit the fluorescence
intensity distribution was monitored and evaluated (see also figure 1.1).
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Figure 1.1: Scheme of the continuous-flow separation and analysis. The analyte is injected
towards the ridge as a narrow stream. At the ridge, one species is deflected, the second species
passes the ridge unaffected. Downstream of the ridge the response is monitored by fluorescence
intensity distributions.
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2 Theory

2.1 DNA

Deoxyribonucleic acid (DNA) is a long polymer that encodes the genetic information of
every living organism. Via DNA the genetic information is passed from parental generation
to daughter generation and so serves as long time information memory [80]. The genetic
information is encoded by four different nucleotides that build the DNA. The nucleotides
consist of a sugar (deoxyribose), phosphate and one base of adenine, thymine, guanine,
or cytosine, respectively. Sugar and phosphate form the so-called backbone of the DNA
whereas the bases lie in between (figure 2.1). Two of the bases are purines (adenine and
guanine) and the others are pyrimidines (cytosine and thymine). One purine and one
pyrimidine at a time are bound via hydrogenbonds forming complementary pairs, adenine
and thymine with two hydrogen bonds and cytosine and guanine with three hydrogen
bonds, respectively. For this, the genetic code is unique. The genetic information is read
via specific enzymes that bind to the DNA. These enzymes, e.g. polymerases, bind to
specific regions at the DNA and translate the DNA sequence into the aminoacids sequence
of the protein of interest [80]. There are complex regulatory mechanisms that control the
production of proteins or the inhibition of production, either. Diseases can occur, if the
regulatory mechanisms are disturbed, as for cancer.

Figure 2.1: Chemical structure of DNA. The backbone is built by sugar and phosphate while
adenine (A) and thymine(T), and cytosine (C) and guanine (G) form the treads, respectively
[80].

The complementary binding of the nucleotides results a formation of a double helix with two
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anti-parallel strands, winding around a common axis. Hydrophobic interactions stabilize
the helical structure. The double helix structure forms a minor and a major groove. The
grooves serve as recognition sites for several DNA-binding proteins [81, 82]. The periodicity
of the helical structure is about 3.4 nm and spans over 10 bases. In diameter, the DNA is
about 2 nm [80]. The helical conformation of the DNA is specified by the base sequence.
In physiological solution the most often form is the B-form, a right-handed double helix
with a standard distance of 0.34 nm of adjacent bases (see figure 2.2).

Figure 2.2: DNA with helical structure. The width of the strand is about 2 nm. A fully twist of
the strand is completed after 10 base pairs, 3.4 nm [80].

In aqueous solution at neutral pH, the DNA backbone, more precisely the phosphate group,
carries one negative charge per nucleotide. For this, the DNA can be regarded as polyelec-
trolyte that is surrounded by counterions of the surrounding solution (see section 2.3.2).
The electric properties of the DNA become important for the separation processes in-
vestigated in this work. The electrokinetic mobility (see section 2.3.3) as well as the
polarizability of the DNA molecule depend on the ion cloud (see section 2.3.4).

Possible conformations of DNA molecules are linear and circular. For bacterial DNA,
also called plasmid DNA, the circular form is the most present. Genome DNA of higher
organisms is mostly linear. The DNA of complex organisms is quite long (e.g. human
genome with about 2 m within each cell). As a consequence, storage as random coil in
the cell nucleus is impossible. Thus, the DNA strands are highly packed with structure
proteins like histones [80].

For the circular form of DNA, there are two conformations to be distinguish. First, the
circular form with its intrinsic number of helical turns, so called relaxed or open circle
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(oc) form. When twisting or untwisting the linear DNA strand before covalently closing
to the ring form, the ring forms a super helix, called the covalently closed circular (ccc)
form. The supercoiled/ccc-form is of high biological and medical interest due to its ability
to infiltrate cells, e.g. for plasmid vaccination or gene-therapy [23].

One special supercoiled DNA used in this work was the minicircle DNA. Minicircle DNA
is defined to contain almost exclusively the ”Gene of interest” and its regulating sequence
motifs without bacterial backbone sequences [23]. Usually, the ”Gene of interest” is inserted
in a bacterial plasmid and duplicated along the bacterial cell cycle. For detection of infected
bacterial cells often an antibiotics resistance is in the inserted sequence, too. When using
such a plasmid for vaccination or gene therapy, the patient gets the bacterial DNA and the
antibiotics resistance, which is a huge problem. Hence, minicircle DNA becomes important
for gene-therapy or plasmid vaccination. For production of minicircle DNA the ”Gene of
interest” and a gene of antibiotics resistance is inserted in bacterial DNA, forming so-called
parental DNA (see figure 2.3). After an inducible, sequence specific, in-vivo recombination
process the minicircle-DNA is purified via an affinity-based chromatography [23].

Figure 2.3: Production of minicircle DNA. The parental plasmid carries a selection marker, the
origin of replication, two recombination sites and the ”Gene of interest”. The recombination of
parental DNA results in two circular, supercoiled molecules (miniplasmid and minicircle). The
miniplasmid contains the selection marker, the ori, and bacterial sequences. The minicircle con-
tains hardly more than the ”Gene of interest” and all necessary elements for regulation in the
target cells [83].

2.1.1 Statistical description

Biopolymers can be described by statistical models, as freely-jointed-chain (FJC), freely-
rotating-chain (FRC) or worm-like-chain model (WLC). FJC and FRC describe a polymer
as an ideal chain with stiff segments. Whereas in FJC the segments are freely jointed,
without any restrictions in rotation, in the FRC model the rotation is somewhat reduced
in freedom, based on restricted angle of rotation. In contrast to these two models, the WLC
model assumes the polymer as a single continuous, flexible cylinder, without segments. This
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model is best suited for polymers that can be described with certain stiffness, like DNA.
The persistence length defines the length on which the polymer can be assumed as a stick.

From the models above, the WLC model describes the DNA best. When the contour
length L becomes large (L ≪ lp) the DNA molecule can be described as a random walk
of a chain with segments of Kuhn length lKuhn = 2lp. The average end-to-end distance
rend−to−end and the radius of gyration rG are related by [84]

rend−to−end =
√
6rG = lKuhnL

2 . (2.1)

The radius of gyration is defined as the distance between the axis of a rotating body and
its center of gyration. The radius of gyration is related to the hydrodynamic radius rH
[85],

rG = 1.51 · rH . (2.2)

Up to now, the excluded volume was not considered. It describes the effect that two
monomers cannot be at the same place at same time. As a consequence, the radius of
gyration becomes larger. When describing the DNA statistically, two forces are mainly
acting on the DNA molecule, 1) entropic forces that tend to minimize the radius, 2)
repulsion forces that enlarge the radius. In equilibrium the radius scales with the number
of basepairs N

rG,WLC ∝ N ν , (2.3)

with ν the Flory exponent, that depends on the dimensionality d, the describing model and,
especially, the excluded volume effect. For repulsive forces it is defined as ν ≃ 3

d+2
. In 3

dimensions, the Flory exponent is 0.5 without excluded volume and 0.588 with appreciable
excluded volume effects.

It is often assumed that the effective radius of DNA molecules additionally depends on
screening ions of the ion cloud, i.e. the solvent. The characteristic parameter to describe the
ion cloud is the Debye length (see section 2.3.2). It determines the electrostatic repulsion
of the segments. Consequently, the radius and the persistence length scale with the ionic
strength of the solvent. Under physiological conditions, the persistence length of double
stranded DNA is about 50 nm [86].

2.1.2 Fluorescence labeling of DNA

According to Abbès formula for the diffractive limit R = λ
2NA

[87] is given with R object
size, λ wavelength and NA numerical aperture of microscope. Thus, objects that are
smaller than half of the wavelength of incident light, are not detectable with classical
light microscopes. All analytes used in this work were below this limit. Hence, for all
experiments the objects, (DNA, nanobeads, and proteins) were fluorescently labeled to
overcome the diffraction limit.

Generally, fluorescence (F) is an effect of electron excitation and relaxation with light
emission. First, the dye molecule absorbs a photon by exciting one electron into a higher
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energy level (see figure 2.4). After a characteristic time of about 10−8 s, the electron
relaxes to the ground state emitting a photon. In the excited state energy loss occurs
without radiation, e.g. rotational relaxation or collisions with other molecules near by
(internal conversion (IC)). The energy loss leads to reduced energy of the emitted photon,
the so-called red shift or Stokes-shift [88]. By using dichroic mirrors, emitted photons can
be selectively detected (see also section 3.4).

Beyond fluorescence, several other relaxation processes are possible. Phosphorescence is
one of the relaxation pathways that might reduce the fluorescence efficiency. The phos-
phorescence (P) is an intersystem crossing (ISC) effect between the singlet state (S1) and
the triplet state (T1). Since this is quantum mechanically forbidden, the lifetime is much
longer than for fluorescence. Another relaxation process is the photo induced chemical
reaction (PIC). All these effects can lead to quenching and reduced fluorescence intensity
[88].

Figure 2.4: Jablonski diagram. The system is excited from the ground state S0 to first excited
state S1 by absorption of a photon, several pathways of relaxation are possible (see main text)
indicated by the arrows.

In this work the intercalator YOYO-1 1 was used for fluorescent labeling of DNA. YOYO-1
is built by planar aromatic rings that are four times positively charged (see figure 2.5).
The structure allows intercalation between two base pairs with a very high binding constant
of 6 · 108 Mol−1 [89]. When YOYO-1 intercalates between two base pairs the conformation
of the dye changes, resulting in a significant increased quantum yield by a factor of 410
compared to the free molecule [90].

111,1-(4,4,7,7-tetramethyl-4,7diazaundecamethylene)-bis-4-[3-methyl-2,3-dihydro-(benzo-1,3-oxazol)-2-
methylidene]-quinoliumtetraiodid
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Figure 2.5: Chemical structure of YOYO-1. The planar rings (positively charged) intercalate
between two base pairs (negatively charged backbone) [91].

2.1.3 Protein-DNA and drug-DNA complexes

As already mentioned in section 2.1 diseases may occur if the regulatory mechanisms of
DNA transcription are defect or when proteins bind to DNA inhibiting the transcription.
In this context, the investigations as well as the detection of DNA complexes with proteins
or drugs are of great interest in medicine. On the one hand for screening methods, like the
detection of anti double-stranded DNA antibodies, specific for systemic lupus erythemato-
sus [92]. On the other hand, for binding interaction studies as for rational drug design
[21]. In this work, two different types of complexes were investigated. The first complex
was a drug-DNA complex and the second complex was a protein-DNA complex.

For the drug-DNA-complex, Actinomycin D (ACTD) was used because of its special inter-
est in cancer and HIV therapy. It binds to the DNA, thus blocks the assembly of proteins
to the DNA, and stops cell proliferation [93]. It consists of a phenoxazone ringsystem,
bound to two cyclic pentapeptides (see figure 2.6) [94]. These are built of threonine (con-
junction to phenoxazone), d-alanine, proline, sarcosine, and methyl-valine, respectively.
An ester-bound closes the ring to lactone. The aromatic ringsystem intercalates unspe-
cific in the DNA with a binding constant of 106 Mol−1 [95]. After the intercalation of
ACTD to DNA, the shape of the DNA-molecule is changed a bit to a slightly bended and
unwound form [81]. Additionally, the net charge of the DNA-complex changes. As a con-
sequence, the electrophoretic mobility changes. Furlan et al. could detect a shift between
DNA/ACTD-complexes and DNA by EMSA (see section 3.1.2) [96].

The protein-DNA complex, used in this thesis, was with Escherichia coli (E.coli) RNA
polymerase core enzyme (RNAP). Polymerases bind to the DNA due to protein synthesis,
according to the base sequence [80]. RNA polymerase for example synthesizes RNA. The
E.coli core enzyme consists of three subunits (see figure 2.7) with molecular mass of 389
kDa [97]. When the polymerase binds to the DNA the DNA strand is strongly bend, thus
the conformation of the DNA changes [98]. Due to the charged groups, the polymerase
also changes the net charge of the DNA molecule. Both of these effects results in altered
electrokinetic mobilities, observed in EMSA experiments [99, 100].
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Figure 2.6: Chemical structure of Actinomycin D. The planar rings can intercalate between two
base pairs [94].

Figure 2.7: DNA polymerase complex. The E. coli RNA polymerase consists of three subunits
[97].
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2.2 Gelelectrophoresis and electrophoretic mobility shift assays

The new technique of dielectrophoretic separation of DNA and DNA complexes presented
in this work is compared to well-established techniques of gel electrophoresis and elec-
trophoretic mobility shift assays (EMSA). In gelelectrophoresis two separation criteria are
possible, either the size of the analyte [41, 84, 101] or the conformation [102].

When describing the separation mechanism the gel is assumed to be a porous media and
the analyte (here DNA) to be small and a hard sphere [41]. The specific ratio between the
free mobility of the analyte and mobility in the separation matrix depends on the available
volume of the particle (with respect to the molecules size and the concentration of the gel)
[103]. There are three different regions for migration within a porous material [84]: 1)
the Ogston limit, for analyte of diameter smaller than average pore size, 2) the reptation
regime, for analyte of diameter larger than most of the pores, 3) the biased reptation with
molecular alignment.

In this work, 1.2% agarose gel was used, with pore size of 100 nm to 200 nm. Thus, for
DNA of size 2.0 kbp to 7.0 kbp, as used in this thesis, the migration mechanism was in the
reptation regime.

Depending on the pore size and the analyte size, the electrophoretic mobility significantly
alters (see figure 2.8). Generally, DNA with larger diameter migrates more slowly than
smaller DNA.

Figure 2.8: Dependence of size of DNA versus mobility for different concentrations of agarose
gel [41].
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DNA-complex formation can be detected via gel electrophoresis, by so-called electrophoretic
mobility shift assay (EMSA). The electrophoretic mobility is altered by change in analyte
size and/or in analyte conformation [104]. Thus, a shift between DNA and DNA-complexes
occur due to the different migration velocities. The typical runtime of gelelectrophoresis is
3 h. Hence, the investigated analyte has to be stable for at least a few hours [104–109].

To characterize the separation, the resolution can be calculated by [110],

Res =
x1 − x2

2 · (σ1 + σ2)
, (2.4)

with x1,2 positions of bands and σ1,2 widths of bands. The resolution of gelelectrophoresis
depends on the gel (pore size and running buffer), the separation time, and the analytes.

2.3 Electrokinetics and hydrodynamics

For all chip experiments, as well as the gel electrophoresis, electric fields or hydrostatic
pressures were used to drive the molecules. Due to the small volumes of the microflu-
idic devices, other effects dominate the flow than in the macroscopic regime. In the next
sections, the basics of electrokinetics and hydrodynamics on the micrometer-scale are pre-
sented.

2.3.1 Scaling laws and hydrodynamics on the µm-scale

When scaling down a system to microscopic dimensions, effects known from macroscopics
become negligible (mass, gravity), whereas other effects become dominant (surface, viscos-
ity, diffusion) and some new effects occur (new transport mechanisms) [7, 111]. Most of
them are based on the surface to volume ratio rS,V

rS,V ∝ a2

a3
, (2.5)

with a characteristic length, for example diameter of capillaries or channels. From this
equation, it is clear that the surfaces become more important for smaller devices. In the
chip experiments, typical lengths are at micrometer scale (few micrometers in height and
hundreds of micrometer in width). Thus, surface effects are very important when describing
migration in microfluidic channels.

One dimensionless number to characterize fluid flows is the Reynolds number Rη [111]. It
is defined as ratio of inertia and viscous forces and allows a prediction whether the flow is
laminar or turbulent [112],

Rη =
ρva

η
. (2.6)

With ρ density of fluid, v velocity, and η dynamic viscosity of fluid. Laminar flow is
observed for Reynolds numbers below 2300 [113]. To calculate the Reynolds number for
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rectangular channel geometries the hydraulic diameter, dh = 2bh
b+h

, with h and b channel
height and width [114], is used. According to channel dimensions, Reynolds numbers for
microfluidic devices are typically smaller than 1. Laminar flow or simply Stokes flow is
generally accepted for microscale devices [111]. Thus, for mixing in microfluidic devices
stirring does not work [54], and diffusion becomes predominant (see also section 2.5).

2.3.2 The electrical double layer

All chip experiments were performed in poly(dimethylsiloxane) (PDMS) devices with aque-
ous solutions (see section 3.3). SiOH-groups are formed at PDMS surfaces and are nega-
tively charged in aqueous solutions at about pH 7 [39].

Charged surfaces are shielded by counter ions and appear (at distance) electrically neutral.
The ion distribution at the surface is referred to as electrical double layer (EDL). The first
layer, next to the surface, is called the Stern-layer. In the Stern-layer the counter ions are
assumed to be immobilized at the surface. The characteristic length is estimated by the
Bjerrum-length and about the thickness of single ions [115]. The Stern-layer is followed
by the diffusive or Gouy-Chapman-layer. Within that layer, the electrostatic attraction of
the surface charge is weakened so that the ions can diffuse [116].

To calculate the electric surface potential, with respect to distance to channel wall, the
ions distribution can be described by the Boltzmann equation [117],

n± = n0exp

(

±eψ(r)
kBT

)

, (2.7)

with n± ion number densities, n0 bulk concentration of salt, e electron charge, ψ(r) external
field at position r and kBT thermal energy. Furthermore, ψ is equal to the average field
established by the ions. This leads to the nonlinear Poisson-Boltzmann equation [118],

−∇2ψ =
e

ǫm

∑

i

ciziexp

[−zieψ
kBT

]

. (2.8)

ǫm is the permittivity of the fluid, ci and zi are concentration and valency of i-th ion.

Under the assumption that the thermal energy is much smaller than the potential energy
of the external field (eψ ≫ kBT ), equation (2.8) can be linearized (Debye-Hückel-theory).
For the linearized equation (2.8) the characteristic length of the electrical double layer,
Debye length λD, can be calculated to

λD =

√

ǫkBT
∑

iNAciz
2
i e

2
. (2.9)

λD is the characteristic length scale over which the potential is decreased to 1/e of the
surface potential. At the Debye length the attractive potential of the surface charges and
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entropic repulsion of ions are equal [119]. As a rule of thumb the Debye length can be
estimated by λD[nm] ≃ 9.6/

√
cz with c in [mM], for a symmetric electrolyte in water at

298 K [120].

In figure 2.9 the electric double layer and the resulting potential are depicted. Although
the Stern-layer and the Gouy-Chapman-layer are combined in the electrical double layer,
the electric potential decay is different. So for the Stern-layer the potential decreases
linearly, whereas in the diffusive layer the decay is exponentially [115, 121]. The potential
at the interface of these two regions is called ζ-potential.

Figure 2.9: Electrical double layer at negatively charged surface and resulting potential. Region
I is the Stern-layer, the potential decays linearly. Region II is defined as diffusive or Gouy-
Chapman-layer with exponentially decay of potential. lB and λD are Bjerrum and Debye length.

2.3.3 Electrophoresis and electroosmosis

The analytes were driven in chip experiments either by external electric fields or by hydro-
dynamic pressures, applied to the microfluidic channel. When electric fields are applied
to charged objects or electrolyte solutions, mainly two phenomena can be observed: 1)
electroosmotic flow and 2) electrophoresis.

Electroosmotic flow is based on the electric double layer that occurs at charged surfaces
(see section 2.3.2). If an electric field is applied tangentially to the charged surface, the
ions within the electrical double layer start to migrate. Due to viscous drag forces the
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molecules outside the electrical double layer follow the migration and a flow over the whole
channel width occurs [115, 121]. This induced electroosmotic flow yields some advantages
for analytes transport, like the plug like flow profile (see figure 2.10).

Figure 2.10: Flow profiles. a) Electroosmotic flow profile. Electric voltages are applied to the
channel that drive ions and consequently the whole buffer. b) Hydrostatic flow profile. Hydrostatic
pressures are applied to the channel that drive the solution.

The electroosmotic mobility µeo, characterizes the electroosmotic flow by the ratio of elec-
troosmotic velocity veo and applied electric field E µeo =

veo
E
. µeo can be calculated if the

following boundary conditions are fulfilled: the surface exhibits a no-slip condition, i.e.
the velocity at solid-liquid interface equals zero; the electrical double layer is small relative
to the characteristic length, i.e. λD ≪ h; the electric field E is constant over the whole
channel; the flow is stationary. Then the electroosmotic mobility is given by [121],

µeo = −ǫ0ǫmζ
η

. (2.10)

This formula is known as Helmholz-Schmoluchowski equation.

The second electrokinetic phenomenon, electrophoresis, describes the migration of a charged
object, with surface potential ζ, relative to a stationary liquid by an applied electric field.
The electrophoretic mobility of the charged object can be obtained from the electroosmotic
mobility by just changing the frame of reference. It calls [115],

µep = +
ǫ0ǫmζ

η
. (2.11)

This property is also called the similitude of electrophoresis and electroosmosis [71]. The
similitude is true if the above mentioned boundary conditions are fulfilled. For all per-
formed chip experiments the boundary conditions were fulfilled, so the electroosmotic and
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electrophoretic motion of charged objects can be described by equation (2.10) and equa-
tion (2.11).

From equation (2.11) it becomes clear that the electrophoretic mobility is independent of
object size and shape, and only depends on surface potential. This is important especially
for the separation of DNA molecules. Since the surface potential of DNA molecules is
independent of the molecules size, a length independent migration occurs in free solution
[42, 84].

2.3.4 Dielectrophoresis

Dielectrophoresis is described as the migration of a polarizable particle in an inhomoge-
neous electric field. This offers the possibility that particles with no net charge can be
manipulated via electric fields, offering new applications in separation science. The polar-
izability is influenced by the material, the size, and the surrounding of a particle. Thus,
dielectrophoresis can be exploited to distinguish analytes with respect to these parame-
ters. Dielectrophoresis is used to selectively manipulate or separate analytes, like DNA
[122–129], proteins [130–132], cells [133–143], (nano)beads [56, 58, 66, 75, 78, 144, 145] or
carbon nano tubes [146, 147].

There are two established techniques to generate the necessary inhomogeneous electric
fields (figure 2.11). 1) Microelectrodes are placed inside the microchannel. 2) The mi-
crochannel is structured with insulating posts or hurdles, usually referred to as insulating or
electrodeless dielectrophoresis (eDEP) [43, 148]. In this thesis, the latter route is pursued,
because the electrodeless dielectrophoresis lacks of electrochemical effects at the region of
manipulation, allows easy fabrication processes and yields homogeneous electric fields over
the full channel height [43–45, 47].

Figure 2.11: Established techniques for dielectrophoresis with electrodes a) and insulator based
b). The electric field lines are depicted in red, the strength of the electric potential is color-coded.
According to the technique, the electric field decays with respect to distance to upper electrode as
for DEP a). Whereas for eDEP the electric field is homogeneous over the whole channel height
for b).
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The dielectrophoretic force is given by [149],

~FDEP = ~p∇ ~E (2.12)

with ~p dipole moment of particle and ~E electric field. In literature, the dielectrophoretic
force is mostly written in a different form that depicts the influences of the particles radius
a and material (via permittivity ǫp), the surrounding medium (via permittivity ǫm) and the

frequency dependence via the Clausius-Mosotti factor (CM = ǫ̃p−ǫ̃m
ǫ̃p+2ǫ̃m

, ǫ̃p,m are the complex

permittivities of particle and medium) factor [75, 150–154],

~FDEP = 2πa3ǫmℜ[CM ]
(

∇ ~E2
)

. (2.13)

For equation (2.13) it is assumed that the polarizability is solely dominated by the material.
The ion cloud is neglected.

Via the Clausius-Mosotti factor the direction of dielectrophoretic force is defined, i.e. if the
permittivity of the particle exceeds the permittivity of the medium, particles are attracted
by regions of higher electric fields (positive dielectrophoresis) and vice versaa (negative
dielectrophoresis). Here, the experiments are performed with DNA or polystyrene beads.
DNA exhibits most often positive DEP [47, 65, 122, 123, 125, 154–157]. Polystyrene beads
exhibit negative DEP [56, 66, 134, 144].

For equation (2.13) the definition of the dipole moment

~p = α(ω) ~E (2.14)

is used with α(ω) frequency dependent polarizability. The polarizability can be calculated
for the following assumptions: 1) the particle is a homogeneous dielectric particle with
ohmic conductance but no dielectric loss. 2) It is spherical. 3) The frequency is in the
low frequency range, i.e. the time constant of electric field is larger than the time needed
for the charges to accumulate at the surface of the particle [158]. Then the polarization
processes are dominated by charge transport and the Clausius-Mosotti factor becomes [45]

CMcond =
σp − σf
σp + 2σf

, (2.15)

with σp conductivity of particle and σf conductivity of fluid. In the low frequency range,
the dipole moment of a particle is given by [159]

~p = 2πǫmℜ[CMcond]a
3 ~E . (2.16)

For the polystyrene beads, the assumptions are valid, whereas the DNA molecules are
no homogeneous dielectric particles. Hence, the exact polarizability of DNA cannot be
calculated with equation (2.16). But the polarizability may be estimated since it scales
with the Flory exponent [125].
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The dielectrophoretic potential is written byWDEP = −~p ~E. When applying an alternating
electric field ~E(t) = sin(ωt) ~E, and with equation (2.14) the time-averaged dielectrophoretic
potential can be written as

WDEP = −1

2
α~E2 . (2.17)

The inhomogeneous electric field is created at an insulating ridge that reduces the channel
height. The resulting dielectrophoretic potential landscape is depicted in figure 2.12. It
is obvious, that the dielectrophoretic potential significantly changes in the vicinity of the
nanoslit. Here, two cases have to be distinguished: positive and negative dielectrophoresis.
If the analyte exhibits a positive polarizability, the dielectrophoretic potential is reduced
within the nanoslit with local minima at the edges of the ridge. As a consequence, particles
with positive polarizability will be trapped on top of the ridge, where the dielectrophoretic
potential can be approximated as a well. In the case vice versa, negative polarizability,
the particles will be trapped before the ridge, since the dielectrophoretic potential forms
a hurdle to these particles. Even when the shape of the resulting potential is different,
well or hurdle, the escape process out of the potential well or over the potential hurdle is
similar (see section 2.6).

Figure 2.12: Numerical simulation of dielectrophoretic potential (WDEP ∝ ~E2) at the nanoslit
in cross-sectional view. The color code indicates the magnitude of the potential energy in arbitrary
units. Potential minima occur at the edges for α > 0 (DNA), the arrows indicate the direction
of the resulting dielectrophoretic force. In case of α < 0 at the edges were potential maxima
(polystyrene beads).
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Since the dielectrophoretic potential is proportional to the polarizability, the particles
manipulated via dielectrophoresis must be sufficiently polarizable. The polarizability of
polystyrene beads is mainly understood [160]. For DNA the polarization effect is still
not completely known [161]. It is assumed, that the major part of the polarizability of
DNA stems from the induced dipole of the surrounding ion cloud [65, 155, 161, 162]. As
described in section 2.3.2, charged objects are shielded by counter ions and seem uncharged
in the absence of an electric field. However, when an electric field is applied the counter
ions are moved by the shear of fluid movement. This leads to increased net charge density
along the DNA strand, whereas the counter ion charge distribution becomes polarized (see
figure 2.13).

Figure 2.13: Scheme of DNA ion cloud polarization for large λD. a) In absence of an electric
field the DNA is completely shielded by counter ions. b) In presence of an electric field ~E the ion
cloud is shifted along the DNA, thus a dipole moment is induced.

In several experiments, a correlation between viscosity of fluid [155], ionic strength [122,
126, 161–164], surfactants [165] or frequency of electric field [79, 155] and dielectrophoretic
force was observed. For DNA the dielectrophoretic force decreases with increasing vis-
cosity of fluid [155]. In the ion cloud model, an increased viscosity would reduce the
polarizability and accordingly the dielectrophoretic force would decrease. Concerning the
ionic strength the electrical double layer is directly influenced. For an increased ionic
strength the thickness of the Debye layer decreases, at the same time the polarizability
decreases [122, 126, 161, 162]. Hence, the ion cloud model seems plausible for DNA.

The dipole formation and alignment process require a finite time [166]. For ac dielectro-
phoresis, the ion cloud migrates along the DNA strand. Every time the electric field alters,
it changes its direction. As a consequence, the available time for migration along the DNA
strand is set by the frequency. This effect was observed by several groups over a wide range
of frequencies (10−1− 107Hz) [122, 133, 155, 166, 167]. In the low-frequency region, up to
few kilohertz the ions are able to follow the electric field. In that region, the polarizability
depends primarily on the DNA size [166], whereas for higher frequencies the time is too
short for migration of the ion cloud. In the high frequency range, the frequency dependency
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is based on fluctuations in the double layer [166]. However, in this work the frequencies
were in the low frequency region. In this region, additional effects occur and complicate
the quantitative analysis of the polarizability. Generally, fluid motions by hydrodynamics
or electroosmosis influence the ion distribution along the DNA molecule. Additionally, the
electrophoretic motion of the DNA itself complicates the exact quantitative analysis of the
polarizability.

Since the dielectrophoretic force scales cubically with the particles radius (equation (2.13)),
separation of particles of same material but different size can be explained [66, 69]. Ad-
ditionally it becomes clear that for smaller objects, like nanobeads or proteins, it is more
difficult to generate dielectrophoretic forces to sufficiently manipulate objects of a few
nanometer size. The necessary dielectrophoretic potential/forces can be estimated if the
polarizability of the object of interest is known or, at least, could be estimated by equa-
tion (2.17) [43].

2.4 Intermolecular interactions

The objects used in the experiments were negatively charged DNA (see section 2.1) or
carboxylated surface of nano beads (see section 3.3), so repulsive forces occur between the
particles that can be described by Coulomb interactions. Additionally, the charges are
shielded by counter ions. Hence, the resulting interaction potential can be written by the
Derjagui-Landau-Verwey-Overbeek (DLVO) potential [168]

VDLV O(r) =

(

Qexp(κR)

1 + κR

)2
exp(−κr)

ǫr
. (2.18)

With r distance between two charged colloids, Q the charge of the colloid (without effects
of solvent molecules), R the hard core radius of colloid and κ = 1/λD. From equation (2.18)
it becomes clear that the DLVO potential decays exponentially. As already mentioned in
section 2.3.2 the Debye length characterizes the length for an exponential decay of a surface
potential. For buffer of 1 mM concentration, as used for all dielectrophoresis experiments,
the Debye length is about 3 nm. Thus, the interactions between the beads or DNA can be
assumed as hard ball interactions (see also section 4.3).

2.5 Brownian motion and diffusion

Diffusion is the (random) thermal motion of particles, firstly described by the Botanist
Brown for pollen. The origin of the motion is permanent collisions with molecules of the
surrounding medium.

As already mentioned in section 2.3.1, diffusion becomes important on the micrometer
scale. For example, a 100 µm particle moves 2 µm2/s by diffusion at room temperature
[8].
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The diffusion can be characterized by the diffusion coefficient D that is defined as follows
[169],

D := lim
t→∞

< ~x(t)2 > − < ~x(t) >2

2dt
. (2.19)

With x(t) position of particle at time t, < · > denotes the ensemble average. Without
external forces < ~x(t) >2= 0.

In 1905, Einstein was able to explain the Brownian motion by the molecular kinetic theory
of heat [170]. He derived the diffusion coefficient as solely temperature dependent with

D =
kBT

6πηrparticle
. (2.20)

Accordingly, the radius of a particle rparticle can be determined from the diffusion coeffi-
cient for known temperature and fluid viscosity. Especially for DNA the diffusion coeffi-
cient allows determination of the hydrodynamic radius and so the radius of gyration (see
section 2.1.1).

2.6 Kramers rate and first mean passage time

Molecular reactions like binding or folding events as well as the escape of trapped molecules
out of a metastable potential well (see figure 2.14) can be described by the Kramers rate.

Figure 2.14: Potential landscape for molecular reactions and escape processes.

Therefore, the potential W (x) is approximated piecewise as harmonic potential and is
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described by [171]

W (x)−W (x0) =

{

1
2
Ω2

0(x− x0)
2 for x ≈ x0

WB − 1
2
Ω2

0(x− xB)
2 for x ≈ xB

. (2.21)

With x0 the starting position of the particle, xB local maximum of the potential, Ω0,B

curvatures of potential at x0 and xB, i.e. the second derivatives of the potential ∂2W (x)
∂x2 . It

is assumed, that the particle is much smaller than the dimensions of the potential, i.e. the
particle does not see changes in the potential landscape. With an overdamped Langevin
equation, the dynamics of the particle can be described [171, 172]. This becomes important
for simulation of the separation processes (see section 4.3).

Due to Brownian motion, the particle can escape out of the potential [169]. Even when the
thermal motion is a stochastic process the mean escape behavior is characterized by the
so called Kramers rate kKramers and depends on the thermal energy kBT and the shape of
the potential |Ω0ΩB |

2πf

kKramers =
|Ω0ΩB|
2πf

exp

(

−WB

kBT

)

. (2.22)

The inverse of the Kramers rate is equivalent to the first mean passage time [173]. The
first mean passage time is the average of N independent realizations of a particle starting
within the potential well and escape due to thermal activation. Thus, it corresponds to
the lifetime within the potential well, hence to the time the particle is trapped (trapping
time). So, the trapping time is defined as

τ =
1

kKramers

=
2πf

|Ω0ΩB|
exp

(

WB

kBT

)

. (2.23)

Adopted to dielectrophoretic trapping the Kramers rate can be simplified as

τ ∝ exp

(

∆W −∆Wdc

kBT

)

, (2.24)

where (∆W −∆Wdc) denotes the dielectrophoretic potential barrier reduced due to addi-
tional superimposed potentials (static voltages Udc, see section 3.5).
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3 Materials and methods

3.1 Biomolecular methods

3.1.1 Reproduction and extraction of DNA

For the experiments, linear as well as circular DNA molecules of different lengths were
used. One species, the linear 2.686 kbp DNA, was custom made. Briefly, pUC 18 vector
DNA was cloned with Escherichia coli (E.coli) cells, isolated and linearized with NdeI.

Transfected E. coli cells, containing the pUC 18 vector, were raised in LB medium2 with
ampicillin at 37 ◦C in a wobble incubator at 300 rpm and cultivated over night. Next day,
the cells were centrifuged at 3200xg3 for 5 min.

Afterwards the DNA was isolated with the QIAprep Miniprep Kit (Qiagen, USA) according
to supplier’s information. The bacteria were lysed with a proteinase and the DNA was
bound via centrifugation to the column. Impurities were removed during washing steps and
the DNA was eluted with 50 µl EB buffer (10 mM Tris Cl, pH 8.5). A DNA concentration
of 295 ng/µl was determined via UV-VIS spectroscopy. For linearization, the pUC 18
DNA was digested with NdeI. Therefore, 600 µl of DNA solution, 20 µlNdeI, 70 µl buffer
and 10 µl MilliQ water were incubated for 4 h at 37 ◦C.

To determine the purity of the DNA after restriction, gelelectrophoresis was performed (see
figure 3.1). Therefore, a 1.2% agarose gel (see 3.1.2) was used. In figure 3.1 the difference
between the pUC18 DNA before and after digestion could be clearly noticed. Before the
restriction, several bands could be seen whereas after the restriction only one bright band
was visible. The several bands before restriction were based on different conformations of
the circular vector.

After quality check, remaining impurities were removed from the DNA. Therefore, a QI-
Aquick Purification kit from Qiagen, USA, was used, according to supplier’s information.
The DNA bound specifically to the column, whereas impurities were removed during the
washing step. Afterwards, the DNA was eluted with 50 µl MilliQ water. The concentration
was determined to 360 ng/µl, the total amount of linearized pUC18 DNA was 72 µg.

3.1.2 Gelelectrophoresis/ EMSA

The gelelectrophoresis was performed in 1.2% agarose gel. For production of the gel, the
appropriate amount of agarose was solved in 1 fold TAE buffer, containing 400 mM Tris
(99%, Roth, Germany), 100 mM NaCl (Riedel-de-Haen, Germany) and 10 mM EDTA
(Sigma-Aldrich, Germany) in MilliQ water. The pH-value was set to 7.8 by glacial acetic
acid (100%, Merck, Germany). The suspension was heated up until the agarose was fully
dissolved. Afterwards, the suspension was filled in an acrylic glass chamber and a basset

2LB-medium consists of bacterial peptone, yeast extract, NaCl and agar
3g stands for acceleration of gravity with 9.81m/s2. That is a common notation of size in centrifugation.
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Figure 3.1: Gel electrophoresis of pUC18 DNA before (right) and after digestion (left) with
NdeI.

was placed into it to form wells. After the gel was at room temperature, the basset was
removed and the gel was carefully poured with TAE buffer.

100 ng of the DNA of interest was pipetted in each well with the same volume of loading
buffer (TE/G buffer, Molekularbiologisches & Biochemisches Labor Dr. Bartling GmbH,
Germany). For control of the experimental performance, size marker, pBR 328 Mix I
from Molekularbiologisches & Biochemisches Labor Dr. Bartling GmbH, Germany, were
pipetted in the outer wells in every experiment. The gelelectrophoresis was performed at
333 V/m for about 3 h. Afterwards, the DNA was labeled with ethidiumbromide (Merck,
Germany), illuminated under UV-light (3UV-38 3 UV Lamp, UVP, Cambridge, UK) to
visualize the DNA bands and photographed.

3.2 Production of masterwafer

During the experiments, several different channel layouts have been used for the differ-
ent applications and chip enhancements (see section 4.1). The general chip production,
nevertheless, was always the same according to the concept of soft lithography using a
masterwafer with the negative relief structure [17, 174]. Briefly, on a silicone wafer the
negative relief structures of the devices were built via photolithography. Afterwards, a
liquid polymer was poured over the negative relief structure, cured, and peeled off.

In figure 3.2, the two-step contact lithographic production of the masterwafer is depicted.
First, the silicon wafer (CrysTec, Germany) was purified twice in peroxy sulfuric acid,
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one part sulfuric acid (concentrated, Merck, Germany) and three parts hydrogen peroxide
(30%, Merck, Germany), for 5 minutes at a time and rinsed with deionized water. The
wafer was dried in a centrifuge (Delta10, Ble-Laboratory Equipment GmbH, Germany)
and baked on a hot plate (200 ◦C) for 20 minutes to remove the remaining water.

When the wafer was at room temperature, the first layer of SU-8 photoresist (Microre-
sist, Germany), defining the height of the nanoslit, was spin coated. The layer thickness
could be varied depending on the centrifugation time and speed and the solid fraction of
photoresist (see also section 4.1). After prebake at 95 ◦C for 3 min the photoresist was illu-
minated through a chromium mask (Delta Mask, Netherlands) in a mask-aligner (MJB3,
Süss MicroTec, Germany) for 1.7 s. Afterwards, the wafer was baked at 95 ◦C for 1 min
and developed in mr-dev developer (Microresist, USA) for 1 min. With acetone and iso-
propanol, successively, the wafer was rinsed and dried with nitrogen. The layer thickness
was determined with a profilometer (DekTak 3030 ST, Stanford Nanofabrication Facility
Equipment, USA).

The outline of the ridge was structured with the second layer of photoresist also determining
the height of free channel. Before the second layer of photoresist was poured onto the wafer,
the position crosses were covered with adhesive tape. For the second layer, SU-8 photoresist
with 52% solid fraction was used for all devices. The photoresist was poured onto the wafer
and spincoated at 3000 rpm for 30 s. After a prebake at 95 ◦C for 3 min, the adhesive
tapes were removed and the second photomask was carefully aligned with the mask aligner.
The second layer was illuminated for 7 s according to supplier’s information. Again, the
photoresist was developed after a post exposure bake at 95 ◦C for 3 min. With acetone
and isopropanol, successively, the wafer was rinsed and dried with nitrogen. A thickness of
5 µm was determined for the second layer. Whereas the total structure height depended
on the height of the first layer.

After terminal bake, 200 ◦C for 20 min, the masterwafer was silanized to enable repeated
molding. Therefore, the wafer was mounted in an exsiccator and 10 droplets of Tridecafluor-
1,1,2,2-tetra-hydrooctyltrichlorsilan (TTTS) from Merck, Germany, were given on a watch-
glass. Then the exsiccator was evacuated with a turbo pump for 30 min and rest for further
30 min.

3.3 Preparation of microfluidic chip

The masterwafer was poured with a double-layer of hard poly(dimethylsiloxane) (h-PDMS)
[175] and poly(dimethylsiloxane) (PDMS) [17]. The h-PDMS, 3.4 g vinylmethylsiloxane-
dimethylsiloxane trimethylsiloxy terminated copolymer (ABCR GmbH & Co KG, Ger-
many), 18 µl platinum-divinyltetramethylsiloxane complex (ABCR GmbH & Co KG, Ger-
many), 1 droplet of 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane (Sigma Aldrich,
Germany) and 1 ml (25-35% methylhydrosiloxane)-dimethylsiloxane copolymer (ABCR
GmbH & Co KG, Germany ), was stirred and poured onto the masterwafer and precured
on a hot plate at 65 ◦C for 3 min. The height of the h-PDMS layer was about 40 µm.
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Figure 3.2: Scheme of masterwafer production. a) Thin layer of photoresist (dark grey) was
spincoated on a silicon wafer (light grey) and illuminated through a chromium mask (orange),
defining the nanoslit height and the general channel layout. b) Silicon wafer with first layer of
photoresist after developing. c) Second layer of photoresist was spincoated and illuminated through
a chromium mask, defining the ridge shape and free channel height. d) Masterwafer, with negative
relief structure, ready to be molded with PDMS.
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Thus, the h-PDMS covered the whole photoresist structures. On top of the h-PDMS layer
a layer of PDMS, 7 g prepolymer (Sylgard, Dow Corning, Germany) and 0.7 g linker (Sili-
cone elastomer curing agent, Dow Corning, Germany), was poured. The double layer was
cured on a hot plate, 65 ◦C for 45 min [56].

Figure 3.3: Chemical structure of PDMS and the linker, accordingly. The cross-linking was
catalyzed by a platinum-based catalyzer [176].

After curing, the PDMS slab was peeled off and the channel structures of interest were
cut out. For access to the channel, holes were punched at the channel ends. With PDMS
spincoated (3000 rpm, 30 s, cured at 65 ◦C for 10 min) coverslips the structures were
closed (see figure 3.4). The PDMS slab and the coverslips were cleaned successively in
acetone, ethanol (Merck, Germany), and deionized water in an ultrasonic bath (T490A,
Elma, Germany) and dried with nitrogen. The PDMS slab and the cover slips were oxidized
(for 30 s) in a homemade plasma-chamber [125]. The chip was assembled subsequent to
the plasmaoxidation.

30 min after chip assembly, the channels were filled with the running buffer. To mini-
mize adhesion of particles to the PDMS surface and for control of electroosmotic flow,
the running buffer contained n-dodecyle-β-D-maltoside for the DNA experiments, or the
Pluronic F108 for the polystyrene bead experiments [17, 56, 177]. A Plexiglas holder with
platinum electrodes was placed on the microchip for electronic contact and to enlarge the
reservoirs. In each reservoir of the Plexiglas holder 9 µl solution were pipetted according
to the experiment.

As mentioned in section 2.1.2, the DNA was fluorescent labeled with YOYO-1 (Invitrogen,
USA). Therefore, DNA was incubated with YOYO-1 (ratio of 1 YOYO-1 per 10 DNA base
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Figure 3.4: Scheme of double-layer soft lithography. a) First layer of h-PDMS 40 µm in height
(not to scale), to stably mold the constriction. b) Second layer of PDMS 1 mm (not to scale), for
better handability. c) Cross section of assembled chip with reservoirs and running buffer (blue).

pairs) for 2 h on a vortexer (Vortexer-Genie 2, Scientific Industries, USA, 0-level). For the
drug-DNA complexes Actinomycin D (ACTD, 384 MDa, Applichem, Germany, 0.3 mM)
was added to 100 ng DNA in three different amounts, 2 µl (ratio of 1 ACTD per 5 DNA
base pairs), 1 µl (ratio of 1 ACTD per 10 DNA base pairs) or 0.5 µl (ratio of 1 ACTD per
5 DNA base pairs), respectively. The second DNA-complex was formed with E. coli RNA
polymerase core enzyme (Epicentre Biotechnologies, USA, MW 389 kDa), 2 µl of stock
solution were added to 100 ng DNA. The DNA-complex solutions also contained YOYO-1
and were incubated for 2 h, either.

Additionally, to DNA experiments, nanobeads were used for manipulation experiments and
characterization of the nano channel (see section 4). Therefore, carboxylated polystyrene
beads (FluoSpheres, Invitrogen, USA) were used. The beads were fluorescently labeled, 20
nm and 100 nm (Ex 580 nm/ Em 605 nm) and 40 nm, 60 nm and 500 nm(Ex 505 nm/Em
515 nm).

For all on-chip experiments, the solutions were diluted to about 10 pM concentration, for
the DNA experiments as well as for the bead experiments.

3.4 Experimental setup

The prepared microchip with the Plexiglas holder was mounted on the motorized xy-stage
of an inverted fluorescence microscope (Axiovert 200, Zeiss, Germany) (see figure 3.5).
Illumination of the specimen was performed with a mercury vapor lamp (HBO50, Zeiss,
Germany). All experiments, except for 500 µm beads, were performed with a 100-fold oil-
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immersion objective (PLAN Neofluar, NA 1.3, Zeiss, Germany). Two different fluorescence
filter sets consisted of 1) BP 450-490 a FT 510 and BP 515-565 (for DNA, 40 nm, 60 nm,
and 500 nm bead experiments) and 2) BP 546/12 a FT 560 and BP 575/640 (for 20 nm
and 100 nm bead experiments).

A gray filter with 25% transmittance reduced the emission light to minimize photobleach-
ing. For image acquisition a SensiCam PCI interface board (PCO, Germany) was used as
video grabber together with DaVis 6.2 software (LaVision, Germany).

Figure 3.5: Setup of inverted fluorescence microscope with mounted microfluidic chip connected
to voltage source.

The dc-voltages were generated with power supplies from FUG (HCL 14-12500, Germany),
the ac-voltages were generated with a DS 345 function generator from Stanford Research
Systems, USA, and 100-fold amplified with an AMS-1B30 amplifier (Matsusada Precision,
Japan). The applied voltages and frequencies were controlled via custom-made LabView
6i programs.

For the hydrodynamically driven nanobeads (see section 4.2), the pressure was generated
by applying nitrogen. A custom-made LabView 6i program controlled the 3/2 way valves
(MHA2-MS1H-3/2G-2-K, Festo, Germany).
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3.5 Experimental procedures

3.5.1 Polystyrene bead procedures

Passability of nanoslit The passability of the nanoslits was tested with appropriate
polystyrene beads. Beads with diameter of 100 nm for heights of 125 nm and 180 nm,
or beads with diameter of 500 nm, for nanoslits of height more than 500 nm were used,
respectively. In case of the 100 nm beads, a 100-fold oil-immersion objective was used. For
the 500 nm beads a 40-fold objective was used, that allowed overview of the whole channel
width. The beads were driven by dc-voltages and image sequences of fluorescence video
microscopy were recorded at the nanoslits for each ridge layout and width-to-height aspect
ratio. The frame rate was 10 fps. The binning was 8 by 8 pixels.

Electrostatic sieving For the continuous-flow electrostatic sieving of nanobeads, first the
mixture was injected towards the nanoslit by hydrodynamic flow. Therefore, pressures were
applied at reservoirs 1 and 3 (see figure 3.6), such that the nanobeads flow in a narrow
stream that occupied less than a quarter of the channel width. Additionally, dc-voltages
were superimposed at reservoir 2 and adapted until a total deflection of one species was
observed. The channel was scanned over the whole channel width up- and downstream of
the ridge (see Image processing).

Figure 3.6: Sketch of continuous-flow electrostatic sieving. A mixture of nanobeads was injected
from channel 3 into channel 2 via pressure driven flow. For appropriate parameters (dc-voltage,
pressure) one sort of beads was totally deflected, whereas the second sort passed the nanoslit
unaffected (see section 4.2).

Dielectrophoretic mixing For the continuous-flow mixing of nanobeads, two sorts of
beads were injected from opposed channels 3 and 4 into channel 2 (see figure 3.7). The
beads were driven by electroosmotic flow. Therefore, appropriate dc-voltages -less than 40
V- were applied at channels 1, 3, and 4 such that both particle streams immediately bend
and flow parallel to the channel wall occupying less than a quarter channel width each.
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Figure 3.7: Sketch of continuous-flow mixing procedure of polystyrene nanobeads. The nanobeads
were injected from channels 3 and 4 via electroosmotic flow. For appropriate parameters (dc- and
ac-voltages, frequency) beads from reservoir 4 were totally deflected at the ridge and led into the
second stream.

To start the mixing process ac-voltages were superimposed at channel 1 to deflect the
beads of channel 4 into the second stream. Appropriate ac-voltage and frequency were
determined as follows. First, ac-voltage was set to a reasonable small value, 50 V. Then
the frequency was tuned in the range of 50 Hz to 1000 Hz. If no full deflection of beads
was observed, the ac-voltage was set to a higher value and again the frequency was tuned
from 50 Hz to 1000 Hz. This scheme was repeated until a full deflection of beads along the
ridge was observed.

During the mixing the channel was scanned over the whole channel width (see Image
processing). Since the two bead species differed in brightness, the joined stream could be
evaluated by eye due to the particles distribution.

Dielectrophoretic separation For the nanobead separation, a mixture of various species
was continuously injected from channel 4 into channel 2 towards the ridge (see figure 3.8).
The beads were driven via electroosmotic flow by appropriate dc-voltages applied to chan-
nels 1,3 and 4. The dc-voltages were set such that the particle stream was bended imme-
diately in a narrow stream -occupying less than quarter of the channel width- that flew
parallel to the channel wall. An ac-voltage was superimposed at channel 1 to generate a
dielectrophoretic landscape.

Appropriate ac-voltage and frequency were determined as follows. First, ac-voltage was
set to reasonable small value of 50 V, then the frequency was tuned in the range of 50 Hz
to 1000 Hz. If no full deflection of beads was observed at the ridge, the ac-voltage was set
to a higher value and again the frequency was tuned from 50 Hz to 1000 Hz. This scheme
was repeated until a full deflection of beads along the ridge was observed. Afterwards, a
separation of the mixture was performed. During the separation, the channel was scanned
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Figure 3.8: Sketch of continuous-flow separation procedure of polystyrene nanobeads. A mixture
of nanobeads was injected from channel 4 into channel 2 via electroosmotic flow. For appropri-
ate parameters (dc- and ac-voltages, frequency) one sort of beads was totally deflected, whereas
the second sort passed the nanoslit unaffected. The manipulated/deflected nanobeads exhibited
negative dielectrophoresis (see section 2.3.4).

(see Image processing).

Image processing For the 100-fold objective the region of interest (ROI) captured 86 µm
in x-direction and 68.6 µm in y-direction, i.e. the channel had to be scanned during the
experiments to catch the whole channel width. The channel was scanned in y-direction
with constant speed, 10 µm/s at different x-positions of interest. The y-position within
the channel was determined by scanning time and speed. Raw image data were processed
in DaVis 6.2 with a nonlinear filter.

The region of interest (ROI) was partitioned in six slices (see figure 3.9) each with height
11.4 µm (y-direction) to reduce convolution effects. Successively recorded images were
shifted by 1 µm in y-direction (due to scanning speed and frame rate), so that every
eleventh image the slices overlapped. The fluorescence intensity distribution in the channel,
corresponded to the nanobead distribution. For all slices, the total fluorescence intensity
was determined. The measured intensity was averaged up to six such overlapping slices
and plotted versus the y-position. These data were fitted with Gaussian curves and the
separation resolution was calculated by equation (2.4).

Mean free mobility The mean free mobility of the polystyrene beads was determined for
successful separation and mixing experiments at fixed voltages. Therefore, the molecules
flow was recorded (10 fps, 8 by 8 pixels binning) downstream of the constriction for separa-
tion and upstream of the constriction for mixing. Using tracking software (ImageJ plugin
”ParticleTracker” by G. Levy) the trajectories, parallel to channel axis, were evaluated
and the velocity was calculated by the trajectory length and recorded time. The mean free
mobility was calculated for an average of 30 particles per experiment.
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Figure 3.9: The region of interest was partitioned in six slices, each with height of 11 µm.
To determine the analytes distribution the fluorescence intensity was measured in each slice,
separately, along the scanning procedure, and averaged over up to six overlapping slices.

3.5.2 DNA procedures

Separation For the continuous-flow DNA separation and complex detection the mixture of
DNA molecules was continuously injected from channel 4 into channel 2 towards the ridge
(see figure 3.10). The DNA was driven electrophoretically by appropriate dc-voltages
(see section 4.3) applied to channels 1,3 and 4. The dc-voltages were set such that the
DNA was immediately bent in a narrow stream -occupied less than quarter of the channel
width- that flew parallel to the channel wall. An ac-voltage was superimposed to generate
a dielectrophoretic potential landscape.

Appropriate ac-voltages and frequencies were determined as follows. First, ac-voltage was
set to reasonable small value, 50 V, then the frequency was tuned in the range of 50 Hz to
1000 Hz. If no full deflection of DNA was observed, the ac-voltage was set to a higher value
and again the frequency was tuned from 50 Hz to 1000 Hz. This scheme was repeated until
a full deflection of DNA along the ridge was observed. Afterwards, a separation of the
mixture was performed. During the separation the channel was scanned over the channel
width (see Image processing).

Mixing For the DNA continuous-flow mixing experiments two sorts of DNA were injected
from opposed channels 3 and 4 into channel 2 (see figure 3.11). The DNA was driven
electrophoretically by appropriate dc-voltages applied to channels 1,3 and 4 such that
both DNA streams immediately bend and flow parallel to the channel wall each occupying
less than a quarter channel width.

To start the mixing process, ac-voltages were superimposed at channel 1 to deflect the
DNA of channel 4 into the molecules stream of channel 3. Appropriate ac-voltage and
frequency were determined as follows. First, ac-voltage was set to reasonable small value
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Figure 3.10: Sketch of separation procedure. A mixture of two sorts of DNA was injected from
channel 4 into channel 2 via electrophoresis. For appropriate parameters (dc- and ac-voltages,
frequency) one sort of DNA was deflected at the ridge whereas the second sort passed the nanoslit
unaffected.

Figure 3.11: Sketch of mixing procedure. The DNA was injected from channels 3 and 4 via
electrophoresis. For appropriate parameters (dc- and ac-voltages, frequency) DNA from reservoir
4 was totally deflected at the ridge and led into the second molecules stream.
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of 50 V, then the frequency was tuned in the range of 50 Hz to 1000 Hz. If no full deflection
of DNA was observed, the ac-voltage was set to a higher value and again the frequency
was tuned from 50 Hz to 1000 Hz. This scheme was repeated until a full deflection of DNA
along the ridge was observed. During the mixing the channel was scanned over the whole
channel width (see Image processing).

Image processing For the 100-fold objective the region of interest (ROI) captured 86 µm
in x-direction and 68.6 µm in y-direction, i.e. the channel had to be scanned during the
experiments to catch the whole channel width, important for the continuous-flow perfor-
mances. The channel was scanned in y-direction with constant speed, 10 µm/s at different
x-positions of interest. The y-position within the channel was determined by scanning time
and speed. Raw image data were processed in DaVis 6.2 with a nonlinear filter.

The region of interest (ROI) was partitioned in six slices (see figure 3.9) each with height
of 11.4 µm (y-direction) to reduce convolution effects. Successively recorded images were
shifted by 1 µm in y-direction (due to scanning speed and frame rate), so that every eleventh
image the slices overlapped. For all slices, the total fluorescence intensity was determined.
The measured intensity at a fixed position in the array of nanoslits was averaged up to
six such overlapping slices and plotted versus the y-position. These data were fitted with
Gaussian curves and the separation resolution was calculated by equation (2.4).

Dielectrophoretic mobility shift assays (DEMSA) For performing DEMSA exper-
iments, the analytes of interest were driven subsequently through an array of nanoslits.
Therefore, pinched injection protocol was used to inject a defined amount of analyte to-
wards the nanoslits [178]. In first step, at reservoirs 1,2 and 3 dc-voltages were set such that
the DNA molecules migrated from reservoir 3 to reservoir 4 without leaking into channels 1
and 2 (see figure 3.12). In the second step, dc-voltage was superimposed by an ac-voltage,
both applied at reservoir 1, to drive a defined amount of DNA molecules to reservoir 4 and
simultaneously create dielectrophoretic traps at the nanoslits. Channels 2,3 and 4 were
grounded. The fluorescence intensities were monitored during the second step and plotted
versus time for each species, afterwards.

Polarizability For quantification of the polarizabilities, pinched injection protocol was
used similar to the DEMSA experiments (see above) to drive the DNA-molecules through
the array of nanoslits. Additionally, after each injection the applied ac-voltages were varied
to generate dielectrophoretic traps of varying depth.

In a well-defined region of interest (ROI), an image sequence of molecules passing by was
recorded for each Uac, also for Uac = 0. Since the fluorescence intensity was directly
proportional to the amount of DNA the mean trapping time of DNA could be determined
automatically [126]. To calculate the polarizability, equation (2.24) is rewritten as [126, 179]

lnτ = const+
ξαU2

ac

kBT
. (3.1)

With ξ as a constant value of the device that depended on the exact geometrical channel
dimensions. For calculation of the polarizability lnτ was plotted versus U2

ac and fitted with
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Figure 3.12: Sketch of pinched injection protocol and fluorescence evaluation, as used for
DEMSA experiments. First, the analyte stream was focused in a narrow stream a). In the
second step a defined amount of analyte was injected in the structured channel b) and fluores-
cence intensity was monitored downstream of the ridges. By plotting the fluorescence intensities
versus time for each species, complex formation was detected c).
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equation (3.1). With the slope of the linear fit, ξ, and kBT , the polarizability could be
determined [126].

Diffusion To determine the diffusion constant of DNA the Brownian motion was recorded
over about 60 s in the microfluidic chip. The images were taken with a 100-fold oil-
immersion objective with 10 frames per second (fps) and a binning of 8 by 8 pixels. Via
pinched injection a defined volume (≈ 60 fl) of DNA was injected into the channel [178].
After the injection, all voltages were switched off.

The DNA was highly diluted (≈ 10 pM), thus single molecule trajectories could be observed.
Using tracking software (ImageJ plugin ”ParticleTracker” by G. Levy) the trajectories were
evaluated. When plotting the mean square distance versus the time the diffusion constant
could be calculated from the slope of the fit using equation (2.19)(see section 2.5).

3.6 AFM imaging of DNA/RNAP-complexes

The DNA/RNAP-complexes were displayed via scanning force microscopy, AFM (Bio-
scope, Veeco, USA). The DNA was prepared as for the chip experiments, lacking the
dilution to 10 pM concentration. The stock solution of RNAP/DNA-complexes was di-
luted 20-fold with 1 mM phosphate buffer, consisting 1 mM EDTA and 2 mM Trolox. 1.5
µl of the solution was pipetted on a silanized Mica slice. After the buffer was completely
evaporated, the Mica slice was rinsed with MilliQ water and dried with nitrogen.

The prepared samples were mounted on the Bioscope stage and images were taken in
tapping-mode (frequency 300 kHz, scan rate 0.5 Hz) with TAP 300-AL cantilever from
Budget Sensors, Bulgaria.
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4 Results and discussion

In the next sections, the results are presented and discussed. The goal of this thesis was
to develop new analytical and preparative tools for application in µTAS that combined
several contrary features. All novel tools that were developed had in common that they
were placed in the vicinity of a nanochannel. Thus, at the beginning the reproducible
production of nanochannels was necessary. In section 4.1 the production and character-
ization of the nano-microfluidic devices is presented. After the successful production of
nano-microchannel the results of continuous-flow separation of nanobeads and manipula-
tion of proteins via electrostatic sieving is demonstrated in section 4.2. In section 4.3 the
basic concept of dielectrophoretic continuous-flow mixing and separation of nanoobjects
is described. The experimental results of dielectrophoretic manipulation of nanobeads
are presented and discussed in section 4.4. That is followed by the description of dielec-
trophoretic manipulation and characterization of DNA in section 4.5. Finally, two new
techniques for detection of DNA-complexes are presented with continuous-flow detection
and dielectrophoretic mobility shift assays. Both new detection methods are compared
with the established technique of electrophoretic mobility shift assays (EMSA).

4.1 Production of device

When designing a microfluidic device some preliminary conditions have to be considered.
First, the function of the device, i.e. is it used for detection, separation or mixing? Second,
the kind of operation mode, batch processing or continuous-flow, is important for the design
layout. Additionally, the investigated probe, biological or artificial, must be considered.
Especially for biological probes, the experimental environment is important. Some analytes
need special surroundings, like pH-value, surfactants, and gases and so on. Last but not
least the material of the device had to be capable to the former mentioned requirements
[17].

The goal of this thesis was to develop versatile nano-microfluidic devices that allowed
preparative tools like mixing, separation or purification as well as analytical tools for
detection. The novel method should yield access to nanobeads, small DNA-fragments
or proteins and detection of complex-formation. The nano-microfluidic devices were as
various as the aimed applications (see figure 4.1). Nevertheless all methods that are
demonstrated relied on one or several ridges that narrowed a microchannel, and thus formed
nanochannels.

Up to now, the production of nanochannels was challenging. Most of the nanochannels
are made by chemical or physical etching [18]. Physical etching is very time consuming
and for chemical etching, often hazardous acids or bases are necessary, furthermore both
techniques are very expensive [174, 180].

In contrast to the etching techniques, in this thesis, soft lithography with poly(dimethyl-
siloxane) (PDMS) was used to fabricate the microfluidic devices. Soft lithography allowed



40 4 RESULTS AND DISCUSSION

Figure 4.1: Overview of variety of device layouts (all in top view). Top: layouts of ridges, from
left to right: diagonal, arc, s-shaped, perpendicular. Bottom: layouts of microchannel.

solid fraction [%] rpm time [s] thickness [nm]

52 3000 30 5000 ±50

17 900 30 670 ±30

17 1000 30 520 ±20

13 1000 30 180 ±15

13 1500 30 115 ±15

Table 1: Thickness of photoresist due to solid fraction of SU-8 and centrifugation pa-
rameters (rounds per minute (rpm) and time). The height slightly varies between two
masterwafer according to the time of precentrifugation.

fast chip developments in one day and subsequent chips within few hours [17]. PDMS
was used throughout this work because of its material properties; PDMS is biocompatible,
gas permeable and electric insulating as well as mechanical and chemical stable [2, 181].
Due to its transparency in the visible spectrum, 300-700 nm [182], it allowed detection
of fluorescent stained molecules. With US$ 0.47 costs per device, reflecting the raw ma-
terial costs and effort it took to produce the device, PDMS chips were very cheap [183].
Although PDMS exhibited several advantages, up to now monolithic production of stable
nanochannels of PDMS was impossible.

When producing the device, first the negative relief structures were built on a silicone
wafer, forming the masterwafer. As described in section 3.2, the masterwafer was built via
two-step contact lithography. In the first lithography step, the height of the nanoslit was
defined. The solid fraction of SU-8 photoresist was 17% or 13%, respectively. According to
the spin coating parameters and the solid fraction, the structure height could be adjusted
(see table 1) and was controlled by profilometer scans (figure 4.2 a-c). In the second
photolithography step, the layout of the ridges and the total channel height were defined.
The second layer had a thickness of 5 µm, whereas the total structure height varied between
5.2 µm and 5.7 µm, due to the height of the first layer.
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Figure 4.2: Control of production process via profilometer scans (a-c) and photographs of mas-
terwafer with 20 fold magnification, all channels with width of 200 µm (d-g). a) 126 nm structure
height for first SU-8 layer. b) 510 nm structure height for first SU-8 layer. c) 5.6 µm height of
whole structure after terminal back. d) and f) perfectly aligned structures with asymmetric-s and
arc-shaped ridges. e) and g) Structures with lateral displacement. The second layers were slightly
shifted to the left.

The second lithographic step was the most critical and time-consuming along the produc-
tion process, since the photomask had to be aligned perfectly to the first layer without
lateral displacement or tilting. Most of the second layers fit perfectly to the first (see fig-
ure 4.2 d) and f). Only in few cases a displacement of the two layers became visible (see
figure 4.2 e) and g).

A double layer of hard PDMS (h-PDMS) [175] and PDMS enabled a stable nanochannel.
The h-PDMS exhibited a higher mechanical stability, but was too brittle for single use, no
peel off of the masterwafer was possible. PDMS exhibited a higher elasticity that allowed
an easy peel off of the master wafer, but prohibited a stable nanochannel. With the double
layer, the advantages of both sorts were combined [17].

The stability or sagging, respectively, of the nanochannel was investigated by passability
tests with appropriate nanobeads. In figure 4.3, time-lapsed fluorescence images are de-
picted. For nanochannels of height more than 500 nm, 500 nm polystyrene beads were used
to investigate the sagging. The 500 nm beads passed the nanoslit over the full channel
width. Hence, the flow through height was assumed to be more than 500 nm, since the
beads could not pass the nanoslit otherwise. For the 125 nm and 180 nm nanochannels
100 nm beads were used. The beads only passed the 180 nm slit over the whole channel
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width.

Concerning the reproducibility of the nanoslits, it was found that about 95% of the devices
were stable. When passing the nanoslit the beads were depicted as longish structures. This
was due to the fast migration according to the high electric fields within the nanoslit and
the frame rate of image acquisition.

Figure 4.3: Passability control of nanoslit. Time-lapsed fluorescence images of nanoslit are
depicted. 500 nm beads were used, except for nanoslits of heights of 180 nm where 100 nm beads
were used. The longish structures of the beads when passing the nanoslits were due to the increased
electric fields within the nanoslit and the frame rate of image acquisition. The direction of flow
was from left to right.

Here, the 180 nm PDMS nanochannels were the channels of minimal height. The 125
nm slits collapsed and were not passable (not shown). Based on these results, stable
nanochannels with width-to-height aspect ratios up to 873:1 were demonstrated. Thus,
the highest aspect ratio was 14.5 times higher than the previously published results of Mao
with an ratio of 60:1, for the use of PDMS [184], and 3.5 times higher than the results for
the use of glass-silicone structures with a ratio of 250:1 [185].
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4.2 Electrostatic sieving of nanoobjects

In this thesis, two different approaches for continuous-flow manipulation are presented.
The general concept of continuous-flow processing was that a (selective) force was applied
perpendicular to the direction of flow [186]. Hence, if two species, with different response to
the force, reached the active region, each would exhibit a specific trajectory. Throughout
this work, two independent forces were applied to the analytes. 1) A force that drove the
analytes through the channel system. 2) A selective force in the vicinity of a nanoslit that
allowed control of the analytes.

The first separation mechanism was based on an ion- or charge(density) selective elec-
trostatic sieve (selective force) that was formed by an overlapping Debye layer within a
nanoslit of 520 nm height [187]. This effect is also called concentration polarization [188].
Additionally, hydrodynamic pressures were applied to drive all analytes. The ridge was
arranged with a 45◦ angle to the direction of flow. As a consequence, nanoobjects that
were retarded by the electrostatic sieve migrated along the ridge. At the other channel
wall, the beads passed the nanoslit, activated by thermal energy (cf. section 2.6). The
hydrodynamic transport vhydr depended only on the channel geometries and the applied
pressures, i.e. vhydr ∝ ∆p. Thus, by combining both transport effects, different properties
were addressable selectively.

Since the separation mechanism was based on an overlapping electrical double layer, the
dimensions of the electrical double layer were considered with respect to the nanochannel.
An electric double layer was formed in the whole device due to the negatively charged
PDMS surface (see section 2.3.2). To estimate the thickness of the electrical double layer
a rule of thumb was used, that considered the ionic strength I [189]:

λD =
2.1 · 10−10m√

I
. (4.1)

With equation (4.1) a double layer of about 100 nm was calculated for MilliQ water (con-
ductivity 4.59 µS/cm). Although smaller than the nanochannel height, it might be recalled
that λD referred to the length at which the Debye potential dropped to 37%. Thus, a small
overlap of both electric double layers seemed reasonable in the 520 nm height nanoslit. As
a consequence, the nanoslit exhibited a non-neutral charge distribution (see figure 4.4),
hence concentration polarization, and became ion-selective, i.e. differently charged objects
exhibited different electrostatic interaction energies [57]. Gillespie calculated the ratio
βpart =

cn
co

of nanoparticles within cn and out co of the nanoslit by density functional the-
ory for various particle radii and valencies [189]. An exponential dependency on radius
and valency was found, that was used for separation throughout this thesis.

As a proof of principle, continuous-flow separation of highly carboxylated nanobeads, 20 nm
(fluorescence emission 605 nm) and 40 nm (fluorescence emission 515 nm), was performed.
The nanobeads differed significantly in surface charge density with 9.6 · 10−6 C/cm2 for
the 20 nm beads and 4.2 · 10−5 C/cm2 for the 40 nm beads. The mixture of the beads
was injected as a narrow stream towards the nanoslit via pressure-driven flow. When



44 4 RESULTS AND DISCUSSION

Figure 4.4: Electrical double layer in a nanoslit for different ionic strengths. In case of high
ionic strength, the Debye layers were small compared to the nanoslit height. In case vice versa,
low ionic strength, the Debye layers increased and might overlap. Thus, the nanoslit became ion
and (charged) particle selective, an electrostatic sieve, for either low ionic strength and/or narrow
nanochannels.

appropriate dc-voltages (7 V) were superimposed, the 36 nm beads were deflected along
the ridge and passed the nanoslit at the other channel wall by Brownian motion, whereas
the 15 nm beads passed the ridge unhindered. Thus, two distinct streams were observed
downstream of the nanoslit (see figure 4.5).

Evaluation of the fluorescence distribution downstream of the ridge revealed that about
97% of the 40 nm beads were deflected, whereas most of the 20 nm beads (79%) passed the
nanoslit unaffected. AFM images depicted that the size distribution of the 20 nm beads was
very wide ranging from 7 to 35 nm with mean size of 15 nm. Hence, the reduced amount
of unaffected 20 nm beads supported a size-dependent separation mechanism. Further
analysis of the 20 nm beads size distribution revealed that particles larger than 23 nm
were deflected. The size distribution of the 40 nm beads was more narrow with mean size
of 36 nm ± 5 nm. This corresponded to the high amount of affected/deflected 40 nm beads
(see figure 4.5).

To analyze the separation mechanism in more detail, additional experiments were per-
formed for varying ionic strengths (conductivity respectively) or dc-voltages. Therefore
response of 20 nm beads was investigated in MilliQ water with conductivity of 4.59 µS/cm,
Debye length of 100 nm, and 1 mM phosphate buffer, Debye length of 2 nm. Due to the
Debye lengths, the electrical double layers within the nanoslit overlapped only in MilliQ
water. For both experiments, dc-voltages of 40 V were used. In figure 4.6 fluorescence
images of the nanoslits during the experimental performance are depicted. The 20 nm
beads were fully deflected at 40 V for the use of MilliQ water. In contrast, for the use of
1 mM phosphate buffer the beads were not deflected. The 40 nm beads were not deflected
in 1 mM phosphate buffer, either (not shown). Thus, the electrical double layer overlap
was mandatory for the sieving mechanism.

After determining the effect of the ionic strength, the applied voltages were varied. Since
the electrical double layer overlap was mandatory dc-variations were performed in MilliQ
water to investigate the effect of the applied voltage to the sieving mechanism. 20 nm
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Figure 4.5: Electrostatic sieving of nanobeads. a) Sketch of device consisting a 45◦ tilted ridge
that created a 520 nm slit where the separation took part. A wall divided the channel into two
with an additional orthogonal 520 nm slit. The 40 nm beads (red) were deflected at the tilted
ridge, whereas the 15 nm beads (green) passed the ridge unhindered. Both species accumulated at
the orthogonal ridge. b) Fluorescence images of the orthogonal ridge using the 605 nm emission
filter, depicting the 20 nm beads. 79% of the 20 nm beads passed the nanoslit unaffected, i.e.
appeared in the upper channel. The reduced percentage of unaffected beads was due to the wide
size distribution of the 20 nm beads (particles up to 35 nm were observed in AFM images). c)
Fluorescence images of the orthogonal ridge using the 515 nm emission filter, depicting the 40 nm
beads. About 97% of the 40 nm beads were deflected. Hence, successful continuous-flow separation
was achieved with electrostatic sieving.
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Figure 4.6: The influence of electrical double layer overlap to the sieving mechanism was studied
by varying the ionic strength (nanoslit of 520 nm height). The applied dc-voltage and the hydro-
dynamic pressures were kept constant: 40 V at reservoir 2, and 428 Pa and 611 Pa at reservoirs
1 and 3. a) MilliQ water with Debye length of 100 nm, 15 nm beads were deflected. b) For 1 mM
phosphate buffer (2 nm Debye length) the 15 nm beads were not deflected.

beads were deflected at the nanoslit for dc-voltages of more than 20 V. Otherwise the beads
passed the ridge unaffected (see figure 4.7). This was in agreement with the separation
demonstrated above, because the dc-voltages used for the sufficient separation were 7
V. These findings implied that the dc-voltage influenced the charge distribution at the
nanoslit.

To understand these effects a close look is necessary concerning the ion distribution in the
vicinity of the nanoslit. When dc-voltages were applied to the channel, the ions started to
migrate. The counter-ions, positively charged, in the vicinity of the nanochannel migrated
towards the cathode and passed the nanochannel. This led to counter-ion depletion at the
anode side of the nanochannel [187]. In contrast, the negative ions migrated towards the
anode, but could not pass the nanochannel. Thus, at the anode side of the nanochannel
both sorts of ions depleted, whereas at the cathode side an ion-enrichment occurred. The
size of the ion-enrichment or -depletion zone, respectively, depended on the strength of
the applied voltages due to the equilibrium of the electrostatic and entropic forces. Hence,
by applying dc-voltages, the intrinsic concentration polarization was enhanced and perm
selectivity of the nanochannel was -controllably- increased. This effect has been mentioned
in literature [7, 187, 190–192] but has not been demonstrated for continuous-flow operating
processes, so far.

The electric double layer overlap within the nanochannel formed an electrostatic sieve for
anions or negatively charged nanobeads, like the carboxylated polystyrene beads used for
the experiments. The selectivity of the electrostatic sieving was controlled by the applied
dc-voltages, as observed by Plecis et al. [191]. The additional hydrodynamic pressure
allowed control of the particle migration without influencing the electrical double layer.
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When describing the analytes migration, especially the deflection, additional electroki-
netic effects like dielectrophoresis had to be considered. To exclude deflection based on
dielectrophoresis, the inhomogeneous electric field at the nanoslit was numerically calcu-
lated (COMSOL). With equation (2.15) and equation (2.16) the polarizabilities of the
nanobeads were estimated. Based on these results the dielectrophoretic potential was sig-
nificantly smaller than the thermal energy. Hence, dielectrophoretic manipulation was
excluded.

Figure 4.7: Injection and manipulation of 20 nm nanoparticles at the tilted nanoslit (520 nm
height) for different dc-voltages. Pressure was applied to reservoirs 1 (306 Pa) and 2 (469 Pa).
a) dc-voltage of 5 V was applied to reservoir 3 without any deflection of the nanoparticles. b) 20
V with a significant deflection.

After successful separation of 20 nm and 40 nm beads, the device was tested for manip-
ulation of proteins. Streptavidin, size of 67 kDa, was used for manipulation experiments.
A narrow stream of streptavidin was injected towards the nanoslit and deflected for ap-
propriate dc-voltages and pressures (see figure 4.8 a). If the voltage was switched off, the
streptavidin passed the nanoslit unaffected (figure 4.8 b). Thus, it was possible to control
the continuous-flow manipulation of streptavidin and deflection at the nanoslit.

The continuous-flow mode of separation allowed on-line adaption of the applied voltage
and hydrodynamic pressure. Hence, real-time optimization of the separation efficiency
and high reproducibility were capable. The current throughput of about 10 nl/min was
promising. By parallelization or optimization towards higher flow rates, the throughput
might be significantly increased.
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Figure 4.8: Migration of streptavidin (67 kDa) at the nanoslit (520 nm height). By applying
appropriate dc-voltages (4 V) and pressures (265 Pa at reservoir 1 and 408 Pa at reservoir 3)
streptavidin was deflected at the nanoslit. b) If the voltage was switched off, the streptavidin
passed the nanoslit unhindered.

4.3 Concept of dielectrophoretic mixing and separation

With the electrostatic sieving mechanism, a novel tool for continuous-flow separation of
nanoobjects was introduced. Continuous-flow processing exhibited several advantages,
like fast response-time, up- and downstream applications and on-line adaptability, thus it
is of very high interest for µTAS. Since the electrostatic sieving relied on very low ionic
strengths (see section 4.2), especially for biological active probes, a different continuous-flow
separation mechanism was requested. With electrodeless dielectrophoresis, a non-invasive
technique was developed that allowed continuous-flow manipulation in a biocompatible
environment.

For the dielectrophoretic manipulation dc- and ac-voltages were applied to actuate the
microfluidic chip. The resulting dynamical behavior was governed by linear and non-
linear electrokinetic effects of electric field ~E(r, t), at location r and time t. Due to the
applied external voltages several effects occurred. Here, the focus was on the dominating
electrokinetic effects of electroosmotic flow, electrophoresis, and dielectrophoresis, whereas
the effect of thermal noise and joule heating are discussed later on.

The resulting particle velocity by the applied electric fields can be written as [56]

~u = (µeo + µep) ~E + µDEP∇
∣
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In equation (4.2) the similitude of electroosmotic flow and electrophoresis (cf. section 2.3.3)
was assumed. Since the net particle migration was averaged out for the frequencies used
in the experiments (300-650 Hz, see section 4.5 and section 4.4), the ac-voltages did not
contribute to electroosmotic flow or electrophoresis.

Additionally, the dc-component of ~E, denoted as ~Edc was much smaller than the oscil-
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lating sinusoidal voltage signal, denoted as ~Eac, namely
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(see section 4.5

and section 4.4). Hence, the contribution of the dc-component could be neglected for
dielectrophoretic motion.

With these assumptions equation (4.2) was written as time-averaged form [56]
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The quintessence of equation (4.3) was, that both electrokinetic effects, linear as well as
non-linear, were controlled separately. The linear effects were governed by dc-voltages and
the non-linear effects by ac-voltages.

Generally, in the used devices two regions could be distinguished for the migration of
particles. The first region was far away from the nanoslit, where the electric field was prac-
tically uniform. In this region, the migration of particles was solely governed by the linear
electrokinetic effects. The dielectrophoretic forces and migration needed spatial inhomo-
geneities in the electric field, as could be clearly seen in equation (2.12) and equation (4.3).
Thus, dielectrophoresis was neglected for particle migration except for the region of the
insulating ridge, where spatial inhomogeneities occurred. In that region linear as well as
non-linear electrokinetics had to be taken into account.

For all dielectrophoretic mixing and separation experiments, curved ridges were used. Sim-
ulations of the dc electric field at the ridge revealed, that the electric field had a small
component tangential to the edge of the ridge (see figure 4.9). As already analyzed by
Hawkins et al. the relative strength of this component depended on the inclination angle
of the electric field and the ridge [66]. It became maximal, if the ridge was parallel to the
long channel axis and vice versa for the ridge perpendicular to the long channel axis. In
contrast, the dielectrophoretic force was oriented perpendicular to the edge of the ridge
[56]. The direction of the dielectrophoretic force depended on the polarizability of the
analyte. For positive α (DNA) it pointed towards the edges, i.e. a dielectrophoretic well
was formed. Whereas for negative polarizability (nanobeads), it pointed away from the
edge, i.e. a dielectrophoretic hurdle was formed.

When combining the electroosmotic/electrophoretic and dielectrophoretic effects the result-
ing migration varied along the ridge. For instance, dielectrophoretic forces were practically
absent where the ridge merged tangentially with the channel wall, generating an entrance
to the dielectrophoretic trap (see figure 4.10).

The path of a particle was governed by the relative magnitude of the acting forces, linear
and non-linear, that could be controlled separately. Theoretically, the voltages could be
tuned such that either dielectrophoresis was negligible or much stronger than the linear
effects. In the first case, a polarizable object would pass the ridge unhindered, dominated
by linear effects, whereas in the second case, it would be deflected along the ridge. These
two different cases with the corresponding types of dynamical behavior formed the basic
working principle of the dielectrophoretic continuous-flow manipulation.
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Figure 4.9: Numerical simulation of normalized electric field ( ~E/
∣

∣

∣

~E
∣

∣

∣
) at a section of the ridge.

The increase in magnitude of the electric field was not resolved but could be calculated by the ratio
of the full height and nanochannel height. For illustration, the lot to the edge was indicated by a
black line, and the direction of the electric field at the same point was depicted by the black arrow.
Since an angle between these occurs, the electric field had a component tangential to the ridge,
responsible for transport along the ridge. Additionally, downstream of the ridge the electric field
had a component pointing towards the channel wall. Hence, the analytes were focused towards
the channel wall.

Figure 4.10: Numerical simulation of | ~E|2, the dielectrophoretic potential, at the ridge (top view).
The strength of the potential is color-coded. In a tiny region around the edges the dielectrophoretic
potential exhibited maxima, i.e. strong forces appeared. The strength of the potential altered along
the ridge with a local maximum at the inflection point, whereas at the channel walls minima
appeared, forming ”entrance” and ”outlet” to the potential.
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For two species of sufficiently different electrokinetic (electrophoresis, electroosmosis, di-
electrophoresis) mobilities, the dc- and ac-voltages might be tuned that way, that one sort
was totally deflected at the ridge, whereas the second (less polarizable, smaller object due
to equation (2.16)) passed the ridge unaffected. Accordingly, a mixture of these two sorts
would be separated at the nanoslit. For the case vice versa, mixing of objects, the two
analytes were injected from different channels (see section 3.5) and the larger one was
deflected along the ridge and merged with the second particles stream at the end of the
ridge.

Experimentally, some limitations were present, for example, the range of voltages was lim-
ited due to the experimental setup and the investigated probes. For example, for too high
voltages dramatic Joule-heating effects occurred and would either destroy the (bio)molecule
or the device itself or led to thermo driven flow that could negatively influence the trapping
[193, 194]. In recent publications it was found that electrothermal flow, induced by joule
heating, caused recirculating flows [195, 196]. It was also mentioned in literature that the
ratio of the nanoslit and the free channel heights rheight = hmicro/hnano critically influenced
the recirculating flow, i.e. if a specific ratio was exceeded no recirculating flow appeared
[195]. Hawkins et al. found a critical ratio of rheight > 6 where the recirculating flow was
suppressed (in this work the ratio was above 6 for all devices). The electrothermal flow,
hence the circulations, directly depended on the strength of the electric field, thus on the
applied voltages [196]. To reduce the Joule heating the applied voltage had to be mini-
mized. This was in direct conflict to the dielectrophoretic manipulation as for successful
manipulation the dielectrophoretic potential (electric field) had to exceed a critical value
[56]. This problem was solved by adaption of the nano-microfluidic devices such that the
necessary dielectrophoretic potential was achieved for appropriate voltage

To estimate the minimal necessary electric fields, the polarizability or at least the order
of magnitude of the investigated objects had to be known. Under the assumption that
the dielectrophoretic potential had to overcome the thermal energy, the necessary electric
fields were calculated with equation (2.17). With E ∝ ξU the necessary voltages were
calculated by an equivalent circuit diagram. ξ denotes the geometrical factor of the device
at the nanoslit. The dielectrophoretic potential could be written as WDEP = ξαU2

ac.

For separation as well as for mixing a continuous escape of the analyte out of the dielec-
trophoretic potential was necessary. Generally, the escape was theoretically described by
the Kramers rate (see section 2.6). Hence, the escape events were statistically distributed.
As a consequence, after a defined time, the streams of in coming and out going analytes
should have been in equilibrium. But in the experiments, a continuous escape could only
be detected if a minimal amount of analyte had accumulated at the end of the ridge. To
describe these experimental observations, additional to thermal activated escape, a steric
effect was assumed. This could be verified by simulations, where the mean time for escape
was in the range of the experimental observations only if steric effects were taken into
account via a DLVO potential [197].

As assumed in theory and confirmed in experiments, the migration along the ridge de-
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pended on the layout, due to the angle dependence [56, 66]. Thus, the layout of the
ridges was optimized according to particles migration and escape process. The first design
consisted of an arc-shaped ridge (see figure 4.2 f). The experiments revealed that the
migration along the arc was adequate but the mean escape time was about (30 s). A close
look to the electric field direction and strength at the ridge gave a hint to the migration
mechanism. Based on the perpendicular orientation of the ridge close to the wall the
dielectrophoretic potential became maximal, whereas the linear effects became negligible.

To fasten up the escape, the ridge layout was designed s-shaped. Simulations of the electric
field revealed that by the s-shape the dielectrophoretic potential close to the channel walls
was reduced forming an ”entrance” and an ”outlet” (cf. figure 4.10), where the particles
could easily enter or leave the ridge. Experimentally, a significant decrease of escape times
was observed. But one disadvantage appeared; the particles accumulated at the inflection
point and escaped out of the trapping potential. That was according to the higher retention
time due to the angle dependent migration velocity and dielectrophoretic potential, i.e. the
particles migration was retarded at the inflection point that exhibited a local extremum of
the dielectrophoretic potential (see figure 4.10). Since the retention time was increased at
the inflection point, the particles statistically escaped from the ridge (figure 4.11). So the
next development of the ridge layout was towards an asymmetric s-shape, i.e. the inflection
point was moved towards the end of the ridge (figure 4.2 a). The experiments revealed
that at this ridge analyte of positive dielectrophoresis, migrated of adequate velocity and
escaped easily, when the ridge merged tangentially with the channel wall. In the case vice
versa, negative dielectrophoresis, the analytes accumulated at the end of the ridge before
they escaped, but the time was significantly reduced.

Figure 4.11: Fluorescence intensity plot downstream of s-shaped ridge for separation of two
DNA species. Three peaks appeared downstream of the ridge, indicating three distinct streams
of analyte, although only two species were in the mixture. The analytes escaped at the middle
position because of the high dielectrophoretic potential at the inflection point and the consequential
increased retention time. Thus, the probability of escape at the inflection point was significantly
increased.



4.3 Concept of dielectrophoretic mixing and separation 53

After optimization of the ridge layout, experiments of mixing and separating 100 nm and
20 nm particles were performed (see also section 4.4) as well as simulations of trajectories
(see figure 4.12). The simulations were according to the experimental conditions (electric
field, dielectrophoretic potential, layout of the ridge, velocity of beads). They proved that
the mechanism of the continuous-flow processing could be modeled in very good agreement
to the experimental results when considering these parameters.

Additionally, by theoretical evaluation the minimal difference in particle radius ∆r was
determined for sufficient separation under the given experimental conditions. Therefore,
simulations for variable bead sizes below 100 nm were performed such as the radius, re-
spectively the polarizability, of the smaller particles was varied to larger sizes (below 100
nm) and the electrokinetic migration behavior was observed. It was assumed that the elec-
troosmotic/electrophoretic migration behavior would not alter for varying sizes according
to equation (2.10) and equation (2.11) and that the dielectrophoretic migration depended
on the (size dependent) polarizability. It was expected that a transition of ”no deflection”
to ”fully deflection” would be observed when the dielectrophoretic potential overcame the
electroosmotic/electrophoretic migration. The simulations revealed that this transition
occurred in a small range of increasing particle sizes. The minimal size of particles being
deflected was little larger than 70 nm in diameter, i.e. perfect separation of a mixture of
100 nm and 70 nm beads could be achieved. Thus, efficient and perfect separation under
the current experimental conditions was possible for nanoparticles that differed by about
30% in size [56].

Further enhancement of the device layout, i.e. layout of the ridge and channel widths and
heights, and adaption of the applied voltage amplitudes and frequencies is expected to
increase the separation efficiency as well as the separation sensitivity.

The system described above was optimized for a ”binary response”, i.e. the analyte had
two possible pathways at the ridge. Either the analyte passed the nanoslit unhindered or
was deflected towards the other channel wall. As a consequence, a mixture of two species
could be separated into its components.

Hawkins et al. suggested that analytes of different polarizabilities would escape from an arc-
shaped ridge at different locations, due to angle dependent migration. Thus, separation of
more complex mixtures should be possible at one single arc-shaped ridge [66]. But neither
they nor we could observe such a behavior. Hence, a different approach was necessary to
separate mixtures of three or more species.

Generally, two different approaches were possible. 1) The ridge could be structured stair-
like, i.e. each step would differ in dielectrophoretic potential. So, at each step one species,
that is less polarizable, would leave the ridge. Production of this device would need more
than two contact lithographic steps, thus would be more sophisticated. 2) The channel
could branch downstream of the ridge into two channels. One of the branches would contain
an additional ridge. Due to the channel geometries, the dielectrophoretic potential at the
second ridge could be set to different values. Thus, a mixture of three analytes could be
separated into its components. For mixtures of higher complexity, the channel has to split
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Figure 4.12: Numerical simulation of mixing (left column) and demixing (right column) of 20
nm and 100 nm. In the first row, typical trajectories of nanobeads (exhibiting negative dielectro-
phoresis cf. section 4.4) are shown. The second and third row illustrate the particle distributions
along the y-direction up- and downstream of the ridge as obtained from simulating 500 particle
trajectories for each species.
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in an increasing amount of channels.

In this work, the latter route was followed, because of the easiness of fabrication, since the
production process of the masterwafer was all the same. Up to the first ridge, the device
looked the same as for the binary separation. Additionally, downstream of the first ridge
the channel split up into two branches one of them with the second ridge (see figure 4.13).

When designing the device for multiple-separation, some boundary conditions had to be
considered. For example, the resistance of both branches had to be the same, otherwise the
analyte would follow the path of minimal resistance. Additionally, the channel geometries
like length, width, and heights of the micro- and nanochannels influenced the strength of
the electric field at the ridge and thus the dielectrophoretic potential. The geometrical
factor ξ gave the ratio of the applied voltage and the resulting electric field at the nanoslit.
It depended on the geometrical parameters. From previous separation experiments of two
species the minimal electric field for successful separation was known for nanobeads as well
as for DNA. Hence, the device layout for multiple-separation was designed such that the
necessary field was achieved for less high voltages.

As was described above, diffusion is significant in microfluidics. Thus, in the experiments
the analyte stream widened due to Brownian motion (cf. figure 4.16) and for multiple-
separation the second ridge had to be as close as possible to the first ridge, to minimize
this effect. The two branches of the first device were arranged with an angle of 45◦ with
respect to the main channel (see figure 4.13 a). By this design, the distance between
the two nanoslits was too long and efficient separation was prohibited by the wide stream
downstream of the first ridge. Hence, a second device was designed with the second ridge in
line with the first. As a consequence, the distance between the two ridges was significantly
reduced, minimizing the diffusion based broadening during experiments. Hence, when
designing a multiple-separation device, at least these were the basic parameters to consider.

The final layout is depicted in figure 4.13 b). As can be seen the ridges were arranged in a
linear channel. This revealed two advantages. 1) The ”free” way in between two ridges was
minimized. 2) Fluorescence intensity scans of both separation steps were easily to perform,
since the orientation was all the same. The devices were designed such that the middle
sized and largest analytes were deflected at the first ridge, hence separating the smallest
one. Whereas at the second ridge, the larger analyte was deflected and the middle-sized
species passed the ridge unhindered. In consequence, the electric field at the second ridge
had to be less than for the first ridge.

For each channel design two different layouts were used that varied in channel width of
the second ridge resulting in two different ξ, thus ratios of electric fields. The first device
consisted of two ridges, both over a channel width of 200 µm, thus the electric field of the
first ridge was twice of the electric field of the second ridge (2:1). For the second device the
first ridge was over a channel width of 200 µm and the second ridge over a channel width
of 150 µm. Thus, the resulting ratio of electric fields was 1.5:1 for the first to the second
ridge. The heights of the nanoslits were the same at both ridges, due to the fabrication
process of the masterwafer. The height of the nanoslits did not influence the ratios of the
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Figure 4.13: Sketches of the device layouts for multiple-separation. The devices were designed
such that at the first ridge the middle sized and the largest analytes were deflected, whereas the
smallest passed the ridge unhindered and were separated from the mixture. At the second ridge
the electric field was reduced, so only the larger analyte molecules were deflected. The ratio of
the electric fields at the ridges was adapted by the channel widths (see text). a) First layout, due
to the orientation of the two branches the distance between the ridges was too large. Thus, the
separation efficiency was significantly diffusion limited. b) Second, enhanced layout. The two
ridges were in one linear channel. Thus, the distance could be significantly reduced, enhancing
the separation efficiency. Additionally, all three analytes were collected in separate outlets.
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electric field.

The experimental procedure for multiple-separation was the same as for a mixture of two
species, i.e. first, the dc-voltages were set for a narrow stream flowing towards the ridges,
and second, the ac-voltage and frequency were varied until two streams were observed
downstream of the first and the second ridge. Analogue to the binary separation, each
trajectory was identified afterwards at the same conditions (see appendix figure 5.3).

4.4 Dielectrophoretic nanobead manipulation

In the next sections, dielectrophoretic manipulation of nanobeads will be presented. Mixing
and separation experiments were performed in continuous-flow mode. The beads were
driven via applied dc-voltages that induced an electroosmotic flow (see section 2.3.3),
additional superimposed ac-voltage generated a dielectrophoretic landscape.

4.4.1 Mixing of nanobeads

In figure 4.14 the experimental results for the continuous-flow mixing and separation of
100 nm and 20 nm polystyrene beads are depicted. First, the nanobeads were mixed
in continuous-flow mode. The results are shown in the left column of figure 4.14. The
nanobeads were injected in two distinct streams towards the ridge (see section 3.5) by
applying appropriate dc-voltages (see capture of figure 4.14). Superimposed ac-voltages
of 600 Hz at 500 V generated the dielectrophoretic potential that caused a total deflection
of the 100 nm beads along the ridge. When the beads reached the other channel wall, they
passed over the ridge and merged with the second particles stream (20 nm beads).

A closer look revealed that the nanobeads were trapped right before the ridge, thus in the
region of minimal electric field strength (cf. section 2.3.4), i.e. the 100 nm beads exhib-
ited negative dielectrophoresis, which was in accordance to the theoretically predictions in
literature [71, 149, 153, 198].

To specify the mixing efficiency, it was noted that all 100 nm beads were deflected at the
ridge and did not pass the ridge until the other channel wall was reached. A detailed video
analysis of the mixed stream was performed. Due to the different brightnesses of the two
sorts of beads, visual inspection of the mixed stream clearly revealed the presence of both
particle species. It was observed that the two sorts did not flow in parallel but were fully
mixed due to the electrokinetic driving and the thermal motion. The throughput of the
continuous flow mixing process was calculated by the channel geometries and the particles
velocity with j = v · h · w = 4.5 nl/min. v denotes the particles velocity, h and w denote
channel height and width.

In section 4.3 the particle trajectories and distributions were numerically simulated for the
mixing of 100 nm and 20 nm beads (see figure 4.12). The simulations fit very well to the
experimental results. Hence, it was confirmed, that the interplay of linear and non-linear
electrokinetic effects constitutes the basic working principle. Thus, with that theoretical
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Figure 4.14: Continuous-flow mixing and separation of nanoparticles at nanoslit of 620 nm
height. a) and d) Collages of fluorescence microscopy images recorded during the experiments.
The fluorescence intensities were analyzed along the dotted lines up- and downstream of the ridge
(see section 3.5) to determine nanobead distributions. The beads flew from left to right. The
results obtained upstream of the ridge are depicted in b) and e), the results from downstream of
the ridge in c) and f). Black lines represent the measured distributions, red lines are Gaussian fits.
In case of mixing (a-c), the throughput was 4.5 nl/min. The applied voltages during the mixing of
20 nm and 100 nm were: electrode 1 was grounded, -5 V dc and 500 V at 600 Hz ac were applied
at electrode 2, 35 V dc at electrode 3, and 10 V dc at electrode 4. For separation (d-f), a single
stream consisting a mixture of 20 nm and 100 nm flew towards the ridge. Downstream of the
ridge, two distinct streams were visible with resolution Res = 5.96. The throughput of separation
was 7.5 nl/min. The applied voltages for the separation were: electrode 1 was grounded, -40 V
dc and 500 V at 600 Hz ac were applied at electrode 2, 5 V dc at electrode 3, and 15 V dc at
electrode 4.
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model further optimization of the device is possible with numerical simulations. Further
simulations can support the optimization process with respect to the ridge layout and the
balance of the applied voltages to enhance sensitivity as well as efficiency. Additionally,
by parallelization of several channels the total throughput could be increased.

For controlled mixing the beads had to escape from the ridge at a predefined region, i.e.
into the second particles stream. The experimental results as well as the simulations proved
the applicability of the novel devices to this requirement. Hawkins et al. used a similar
device for continuous flow separation of microbeads [66]. In contrast to this thesis they
used a slightly different shape of ridge (see figure 4.15). But for the different layout that
was used by Hawkins et al. the escape process was not reproducible, since the beads did
not escape at well defined regions but over a wide width (see also ref.[66]). So, only with
the improved layout, demonstrated in this thesis, mixing became possible.

a ) b )

Figure 4.15: Comparison of ridge layouts used by Hawkins et al. [66] a) and in this thesis b).
The direction of flow is indicated by the arrows.

Although a few microfluidic devices, that exploited dielectrophoresis, have been presented
in literature, the presented device in this work was the first realization of continuous-flow
electrodeless dielectrophoretic mixing. Tabeling recently reviewed some techniques for mix-
ing within microfluidic devices [53]. Deval et al. and Lee et al. presented dielectrophoretic
mixing devices that consisted of arrays of microelectrodes [74, 199]. Sin et al. used a ring
electrode to dielectrophoretically mix analytes [76]. Besides mixing of two analytes, the
present device could be used to transfer the analyte from one buffer solution into another
one, i.e. ”exchanging” the buffer for the analyte. A similar effect that was based on dielec-
trophoresis, was described by Tornay et al. [77, 78]. They used an array of microelectrodes
to transfer particles from one buffer into another.

4.4.2 Separation of nanobeads

Binary separation After successful mixing of 20 nm and 100 nm beads, the process
vice versa, separation, was performed. The experimental results of the continuous-flow
separation of the 100 nm and 20 nm beads are depicted in figure 4.14 in the right column.
As was described in section 3.5, a mixture of both particles was continuously injected
towards the ridge as a narrow stream. The stream had a width of about 25 µm and thus
occupied less than a quarter of the channel width. During the experiments, the ac- and
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dc-voltages were tuned such that two distinct streams were observed downstream of the
ridge (see caption of figure 4.14). Although the two sorts of beads could be distinguished
by the difference in brightness, additional experiments were performed using either the
100 nm or 20 nm beads at the same conditions as for the successful separation. This
confirmed that the 100 nm beads were deflected at the ridge towards the second channel
wall, whereas the 20 nm beads passed the ridge unaffected. The 100 nm beads exhibited
negative dielectrophoresis, i.e. they were trapped right before the ridge.

The separation started as soon as the mixture of the two particles reached the ridge where
the 100 nm beads were deflected, i.e. about 30 s after the voltages were switched on. The
migration of the beads along the ridge to the other channel wall took another 15 s. There
the beads first accumulate until a continuous escape was observed. This took about 30 s.
Thus, in summary the first 100 nm beads passed the ridge after about 1.25 min.

To determine the separation resolution the fluorescence intensity distribution downstream
of the ridge was fitted with a Gaussian function (see figure 4.14 f). Thereby, a resolution
of Res = 5.96 was calculated for the separation. Concerning the separation efficiency,
it was found that 85 to 100 % of the beads were deflected (based on three independent
experiments), so a perfect separation with baseline separated resolution was possible when
choosing the right ac- and dc-voltages. To explain the not 100% of deflection, AFM
images were taken of the nano beads to investigate the size distribution of the beads
(see Appendix). The analysis of the size distribution revealed a mean particle size of 98
nm and a broad distribution (FWHM=10 nm) for the 100 nm beads. Depending on the
particles size the dielectrophoretic migration behavior changed and smaller beads passed
the ridge unaffected. Thus, the experimental findings agreed very well to the simulated
trajectories.

The throughput of the continuous-flow separation was determined to 7.5 nl/min. By
optimization of the device layout, i.e. shape of the ridge and channel width and height,
and the applied ac- and dc-voltages as well as by parallelization of several channels the
total through put could be further increased.

Multiple-separation Additional to the binary separation, i.e. separation of a mixture
of two species, separation experiments with three species were performed. Therefore, a
slightly different device layout was used. In figure 4.13 both devices that were used for
the multiple-separation experiments are depicted. The multiple-separation of 100 nm, 60
nm and 20 nm beads, i.e. first experiments, were performed with device figure 4.13 a).
To distinguish between the largest beads (100 nm) and the middle sized beads (60 nm),
these were labeled with dyes of different fluorescence emissions (605 nm for 100 nm beads
and 480 nm for the 60 nm beads).

As for the binary separation, the mixture was continuously injected towards the ridges by
applying appropriate dc-voltages. For superimposed ac-voltages of 650 Hz at 500 V all
of the 100 nm and most of the 60 nm beads (60%-90%) were deflected at the first ridge,
whereas the 20 nm beads passed the ridge unaffected and were led into a separate channel.
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At the second ridge, the 100 nm beads were deflected, too. In contrast to the 60 nm
beads that passed the second ridge unaffected. Thus, a successful multiple continuous-flow
separation of three sorts of beads was achieved.

To investigate the reasons for the reduced amount of deflected 60 nm beads at the first ridge,
AFM-images were taken (see appendix figure 5.6). A wide size distribution was found
with a mean particle diameter of 56 nm and FWHM=15 nm. Since the dielectrophoretic
potential scales cubic with the particles radius (cf. equation (2.16)) the unaffected beads
were just too small to be deflected by dielectrophoresis. A more detailed evaluation of the
distribution revealed that particles larger than 52 nm were deflected at the first nanoslit.

Due to the small channel dimensions the diffusion was not negligible (see section 2.5) and
resulted in a stream broadening downstream of the first ridge (see figure 4.16). The 100
nm beads were concentrated at the second nanoslit, but the 60 nm beads passed the ridge
unaffected as a wide stream. To minimize the broadening downstream of the first ridge
the length between the ridges was reduced (see figure 4.13 b). The enhanced layout was
used for multiple-separation of three species of circular DNA (see section 4.5.1)

When introducing a new technique, a discussion of given approaches is necessary. Con-
cerning continuous-flow separation of beads by dielectrophoresis, several approaches have
been published. In contrast to the ridge assisted dielectrophoresis, presented in this thesis,
Church et al. used a curved channel to continuously separate 2.2 µm and 5 µm beads
[134]. Therefore, the channel was arranged in serpentines over a length of 1 cm. Several
other groups used insulating obstacles, e.g. blocks or oil droplets, for dielectrophoretic
continuous-flow separation of microbeads, sizes between 5.7 µm and 15.7 µm, [64, 67, 200].
Gallo-Villanueva et al. used two arrays of posts that differed in post distances [135]. Thus,
two regions of varying dielectrophoretic potential were created. They could separate 1 µm
and 4 µm beads into different outlets. In contrast to the 2-dimensional structures other
groups used, Barret et al. fabricated 3-dimensional linear ridges (slit height of 5 µm) for
separation of micrometer-sized B.Subtilis and 200 nm particles [68].

The first devices used in this thesis were inspired by the work of Hawkins et al. [66]. Their
device consisted of a curved ridge that created a slit of 100 µm height. Hawkins et al.
demonstrated at this ridge a continuous-flow separation of 2 µm and 3 µm particles. In
contrast to their work, in this thesis the height of the slit was significantly reduced allowing
dielectrophoretic continuous-flow separation of nanobeads for the first time. Additionally,
the layout of the device was optimized to an asymmetric-s shape, due to enhanced separa-
tion performance of nanobeads.

To summarize the dielectrophoretic nanobead manipulation: mixing and separation of
nanobeads was performed in one single device, just by corresponding injection of ana-
lytes. Beyond binary separation, successful realization of continuous-flow separation of
three nanobead species was presented. To combine mixing and downstream analytical sep-
aration, one might think of a device similar to the multiple-separation, i.e. consisting of
two nanoslits. At the first ridge nanobeads with anticipated binding sites would be mixed
with the stream consisting of the binding partner, e.g. to purify DNA solutions or detect
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Figure 4.16: Results of the multiple-separation of 100 nm, 60 nm, and 20 nm beads. Fluorescence
intensity scans up- and downstream of the ridges (asymmetrically s-shaped, height of 500 nm).
The 100 nm, 20 nm and the 60 nm beads were differently stained, unfortunately, they were visible
as glowing in the filter of the other beads, respectively. The applied voltages were: 6 V dc and
650 Hz at 500 V ac were applied at electrode 1, 4.5 V dc at electrode 2, 10 V dc at electrode 3,
electrodes 4 and 5 were grounded. a) Downstream of the first ridge (200 µm channel width) two
peaks appeared depicting the 100 nm and 20 nm beads. The 20 nm peak downstream of the first
ridge was broadened due to the unaffected 60 nm beads. The 20 nm beads were induced into a
separate outlet. b) The 100 nm beads were fully deflected at the second ridge (150 µm channel
width). c) Most of the 60 nm beads (60-90%) were deflected at the first ridge. d) The 60 nm
beads passed the second ridge unaffected.
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specific antigens or antibodies [32, 36, 201].

4.5 DNA manipulation and characterization by dielectrophoresis

The previous experiments were performed with artificial particles (polystyrene beads). In
the next sections, the applicability of the nano-microfluidic device to biological probes, i.e.
DNA and DNA-complexes, is presented.

4.5.1 DNA separation

Binary separation The separation experiments were performed with two topological
DNA variants, 1) linear DNA of 6.0 kbp and 2.686 kbp, 2) circular DNA of parental
plasmid DNA (6.766 kbp) and its corresponding miniplasmid (4.474 kbp) and minicircle
DNA (2.247 kbp). For the proof-of-concept of continuous-flow DNA separation, a mixture
of linear DNA-molecules was injected into the separation channel by applying appropriate
dc-voltages (see capture of figure 4.17 a). A superposition of ac-voltages of 350 Hz at
650 V caused two distinct molecule streams, downstream of the ridge. The two species
were tested separately, afterwards, under identical conditions to identify the respective
species trajectories (see appendix figure 5). The identification revealed, that the 6.0 kbp
DNA was deflected at the ridge, whereas the 2.686 kbp DNA passed the ridge unhindered.
The trapped and deflected DNA exhibited positive dielectrophoresis, i.e. the DNA was
trapped at the region of highest electric field, on top of the ridge. This was in agreement
to previously published data, were DNA exhibited positive dielectrophoresis, too [125, 155].

For a quantification of the separation efficiency, the fluorescence signals over the whole
channel width were determined up- and downstream of the ridge (figure 4.17 b) and c),
respectively). The scan upstream of the ridge revealed a single narrow peak. This peak
corresponded to the molecules stream used for continuous injection. Downstream of the
ridge two distinct peaks were observed, relating to the two separated DNA species. A
resolution of Res = 2.66 was calculated. That corresponded to a baseline separated resolu-
tion. Besides resolution, throughput was evaluated to characterize the separation. For the
separation of linear DNA, 2.686 kbp DNA and 6.0 kbp DNA, a throughput of 2.5 nl/min
was achieved for one single device. By optimization of device layout and parallelization of
several channels, the throughput could be increased.

One of the advantages of the continuous-flow processing was the quasi non-existing sep-
aration time, since the separation started the moment the molecules reached the ridge
(15 s after starting the experiment). For migration along the ridge, the molecules needed
another 30 s. Hence, first results, e.g. for purification control, were obtained within less
than one minute. Despite the fast response time the resolution of Res = 2.66 was very
competitive to other gel free microfluidic techniques [13, 202, 203].

In microfluidic applications, the ionic strength was one critical parameter if voltages were
applied [43]. The most obstructive effect of the ionic strength was Joule heating, i.e. the
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Figure 4.17: Continuous-flow separation of DNA molecules at nanoslit of 670 nm height. a)
Collage of fluorescence microscopy images recorded during the experiment. The fluorescence in-
tensities were analyzed along the dotted lines up- and downstream of the ridge (see section 3.5)
to determine DNA molecules distributions. The results obtained from upstream of the ridge are
depicted in b), the results downstream of the ridge in c). Black lines represent the measured distri-
butions, red lines are Gaussian fits. A single stream, consisting the mixture of 6.0 kbp and 2.686
kbp DNA, flew towards the ridge. Downstream of the ridge, two distinct streams were visible with
resolution of Res = 2.66. The throughput of separation was 2.5 nl/min. The applied voltages
were: -7 V dc and 350 Hz at 650 V ac at electrode 1, -7 V dc at electrode 3, and 2 V dc at
electrode 4. Electrode 2 was grounded.
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temperature of the buffer increased due to resistive heating [193, 194, 204, 205]. Based on
the Joule heating the temperature might cause analyte or device damages. The impact of
Joule heating strongly depends on the ionic strength and decreases for low ionic strength
[205]. Hence, in this thesis buffer with low ionic strength, 1 mM phosphate buffer, was
used.

The ionic strength affected the dielectrophoretic force [131, 155, 164, 165]. Experiments
at higher ionic strength (10 mM phosphate buffer) were accomplished to prove the general
applicability. 6.0 kbp DNA was injected towards the nanoslit and was fully deflected at the
ridge (see figure 4.18) demonstrating the ability to use buffer with higher ionic strength.

Figure 4.18: DNA deflection at ridge with 10 mM buffer. Direction of flow was from left to
right. 6.0 kbp DNA was trapped and deflected at the ridge (200 µm channel width and 670 nm
nanoslit height, Uac = 650 V, ω = 350 Hz).

The device proved efficient for separation of small linear DNA molecules. Since circular
DNA becomes of increasing importance in medical applications, as for gene vaccination,
separation experiments with circular DNA were performed in an enhanced device layout.
The device was optimized due to the necessary ac-voltages. Therefore, the height of the
nanoslit was significantly reduced to 180 nm over a channel width of 100 µm (see sec-
tion 4.1). With that device a continuous-flow separation of minicircle DNA (2.247 kbp)
and its parental DNA (6.766 kbp) was performed for ac-voltages of 350 Hz at 200 V (see
figure 4.19).

A narrow stream of the mixture of DNA-molecules was injected towards the ridge. Down-
stream of the ridge two distinct peaks were observed. In additional experiments at identical
conditions with single species the parental DNA was deflected (see appendix figure 5.2),



66 4 RESULTS AND DISCUSSION

Figure 4.19: Separation of parental and minicircle DNA (100 µm channel width and 180 nm
nanoslit height, Uac =200 V at ω =350 Hz). a) Collage of fluorescence microscopy images, the
gray lines indicate the channel walls and the black dashed lines indicate the scanned paths. The
fluorescence intensity was plotted against the y-position up- and downstream of the nanoslit (b)
and c). Black lines represent the measured distributions, red lines are Gaussian fits. Downstream
of the ridge two distinct streams were visible with baseline separated resolution of Res = 1.24.
The applied voltages were: -7 V dc and 350 Hz at 200 V ac at electrode 1, -7 V dc at electrode
3, and 2 V dc at electrode 4. Electrode 2 was grounded.
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whereas theminicircle DNA passed the nanoslit unaffected. A close look to the downstream
peaks revealed that the peak of unaffected DNA-molecules was narrowed with respect to
the upstream peak. This was because of self-focusing. As was mentioned in section 4.3,
the electric field had a component pointing towards the channel wall directly behind the
ridge (figure 4.9). Thus, the DNA molecules were focused towards the channel wall.

The continuous-flow processing technique was developed due to the accessibility to down-
stream applications. A baseline separated resolution was indispensable for downstream
applications. For the reduced channel width of 100 µm a baseline separated resolution of
Res = 1.24 was achieved.

For separation of DNA the molecule length as well as the topological conformation were pos-
sible selection criteria [125]. Since the circular DNA -parental, minicircle or miniplasmid-
might exhibit ccc- or oc-form, the conformation was tested during the production via CGE
(capillary gel electrophoresis) [25]. 99 % of the DNA was in ccc conformation.

Comparing the necessary ac-voltages for separation of DNA at 670 nm high nanoslit, 650
V, and for separation at the 180 nm high nanoslit, 200 V, one advantage of the reduced
nanoslit height became obvious. The necessary voltages were reduced by a factor of about
3, significantly reducing Joule heating that could degrade biomolecules.

The miniaturization towards a nanoslit of 180 nm in height offered two advantages, as
the necessary voltages were reduced, and the range of manipulable molecules could be
extended to even smaller DNA molecules. To calculate the minimal size of manipulable
DNA molecules it was assumed that DNA molecules were deflected if the dielectrophoretic
potential was the same as for the successful separation, already presented in the miniatur-
ized device with WDEP = 4.56 · 10−20 J. Thus, if the size/polarizability of the molecules
decreased, the electric field, respectively applied ac-voltage, had to increase. The maximal
applied ac-voltages were assumed to 600 V. Hence, DNA-fragments with polarizability of
4.4 · 10−31 Fm2 could be deflected at the ridge. To calculate the number of base pairs N
of the DNA molecule, it was exploited that α ∝ N ν [125]. For exponent ν different values
were discussed in the literature, varying between 3 for DNA of 120 bp [206] to 0.5 for DNA
of about 6.0 kbp [125]. Thus, an exact value could not be calculated but the minimal DNA
size should be between 3 bp and 80 bp.

Multiple-separation For the separation of nanobeads, a multiple-separation was real-
ized for the separation channel branching into two side channels, one with an additional
ridge. At that device, a multiple-separation of three nanobead species was demonstrated,
but the resolution was diffusion limited (see section 4.4.2). Thus, an enhanced device was
developed with reduced distance between the two nanoslits (see figure 4.13 b). With that
nanofluidic device it became possible to completely separate parental (6.766 kbp), mini-
plasmid (2.474 kbp) and minicircle DNA (2.247 kbp) and led them into three different
outlets.

In figure 4.20 a collage of the fluorescence microscopy images of the experiment is depicted.
It is clearly visible that downstream of the first and the second ridge two molecule streams
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Figure 4.20: Collage of fluorescence microscopy images for multiple-separation of parental DNA
and its corresponding minicircle and miniplasmid DNA. The parental and miniplasmid DNA
were totally deflected at the first ridge, whereas the minicircle DNA passed the nanoslit (500 nm
height) unaffected. At the second ridge, only the parental DNA was deflected. Thus, a complete
separation of the three species mixture was achieved. The ratio of the dielectrophoretic potentials
at the first and the second ridge was determined to 4:1. The applied voltages were: -3V dc and
350 Hz at 250 V ac at electrode 1, -4 V dc at electrode 2, -1 V at electrode 3, electrodes 4, 5, and
6 were grounded. To determine the separation resolution the fluorescence intensity was evaluated
downstream of the ridges see figure 4.21.



4.5 DNA manipulation and characterization by dielectrophoresis 69

were formed. At the first ridge the parental and miniplasmid DNA were deflected, whereas
the smaller minicircle DNA was led into a separate channel. Since the dielectrophoretic
potential was reduced by a factor of 4 at the second ridge, only the larger parental DNA
was deflected. Thus, two molecule streams were formed. An evaluation of the fluorescence
intensity distributions revealed that at both ridges a baseline separated resolution was
achieved. Hence, a complete separation of three species was performed with very high
separation efficiency.

Figure 4.21: Fluorescence intensities up- and downstream of the two ridges. The scan paths
are depicted over the graphs, respectively. The black lines represent the scans upstream of the
ridge, the dashed lines represent the scans downstream of the ridge. The red lines are Gaussian
fits. a) Two peaks were visible downstream of the first ridge with baseline separated resolution of
Res = 1.10. The minicircle DNA passed the ridge unhindered and was led into a separate outlet,
whereas the parental and the miniplasmid DNA were deflected at the first ridge. b) Two peaks
were visible downstream at the second ridge, representing the deflected parental DNA and the
unaffected miniplasmid DNA. The throughput was 1.46 nl/min. With a resolution of Res = 1.25
a baseline separated resolution was achieved. Thus, a complete separation of the three species was
performed with very high separation efficiency.

In literature, microfluidic devices for continuous-flow separation were presented. For ex-
ample, Fu et al. presented a patterned anisotropic nanofluidic device for continuous-flow
separation of DNA molecules [13]. The advantage of their device was that they could sep-
arate DNA over a wide range of sizes, but its separation efficiency was limited by diffusion
especially for short DNA molecules which separation mechanism was based on Ogston siev-
ing. For long DNA molecules, the separation mechanism was based on entropic trapping.
Hence, they could separate only linear DNA molecules. Fu et al. were able to separate
mixtures of more than two species, but they did not achieve a baseline separated resolution.
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In 2002, Huang et al. presented a DNA prism for continuous-flow separation of long DNA
molecules [202]. They used an array of posts through which the DNA was driven by asym-
metric pulsed fields, with tilting angles. DNA of more than 60 kbp could be separated
within 15 s, but without baseline separated resolution. Two disadvantages were, that
only linear DNA molecules could be separated and the diffusion limited resolution. In
2004, Huang et al. presented a device that did not rely on linear molecules and enabled
continuous-flow separation of long DNA molecules and nanobeads [203]. The separation
mechanisms either were based on the asymmetric bifurcation of laminar flow around ob-
stacles driven by hydrodynamic flow (for beads) or on the bifurcation of electric fields
the same way (for DNA). Dependent on the particle size different paths were followed.
0.8 µm to 1.0 µm beads could be separated within 40 seconds without baseline separated
resolution. Whereas separation of large DNA (61 kbp and 158 kbp) took 10 min.

The continuous-flow separation presented in this thesis exhibited several advantages: fast
separation time, less than 1 min; accessibility to linear as well as circular DNA; separation
of very small DNA fragments down to 3-80 bp; baseline separated resolution, for binary
as well as multiple-separation; on-line adaptability of selectivity parameters via applied
voltages. Thus, it combined the advantages of the three continuously operating microfluidic
devices, published in [13, 202, 203], in one single device.

4.5.2 Continuous-flow detection of DNA-complexes

Beyond successful preparative separation of DNA species of different sizes, the system
proved to be sensitive enough to distinguish between pure DNA and DNA-complexes.
Hence, complex-formation was detected in continuous-flow processing mode.

Four different DNA-complexes were investigated. Thereof three were with the intercalating
cancer drug Actinomycin D (ACTD), at variable drug concentrations. The fourth complex
was with Escherichia coli RNA polymerase core enzyme (RNAP).

DNA/Actinomycin D complexes The first complex that was investigated was a drug-
DNA complex, with a ratio of 1 ACTD per 5 DNA base pairs (see figure 4.22 a). At
ac-voltages of 650 Hz at 600 V two distinct molecules streams appeared downstream of the
ridge. Identification of the two streams revealed that the DNA-complex was deflected at
the ridge, whereas the pure DNA passed the ridge unhindered (see appendix figure 5.1 c)
and d). The two peaks downstream of the ridge were baseline separated (figure 4.22) with
resolution of Res = 5.14.

The novel technique for continuous-flow detection of complex formation was characterized
regarding the sensitivity, i.e. the detectable ratio of bound drugs. Therefore, the ratio of
ACTD was stepwise reduced. First, the ratio of ACTD per DNA base pairs was halved
(ratio 1:10 ACTD per DNA bp). When the ac-voltages were adapted to 550 Hz at 650
V two distinct molecule streams were observed downstream of the ridge. Thus, complex
formation was detected. Next, the ratio was reduced to a quarter of the starting ratio (1:20
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Figure 4.22: Detection of complex formation. Fluorescence intensity plots downstream of the
nanoslit (670 nm height) for separation of DNA and DNA-complexes (cf. figure 4.17). The
black lines are the raw data and the red lines are Gaussian fits. a) DNA/ACTD-complex with 1
Actinomycin D per 5 DNA base pairs (ω = 650 Hz at Uac = 600 V, resolution Res = 5.14). b)
DNA/ACTD-complex with 1 Actinomycin D per 10 DNA base pairs (ω = 550 Hz at Uac = 650 V,
resolution Res = 2.14). c) DNA/ACTD-complex with 1 Actinomycin D per 20 DNA base pairs
(ω = 500 Hz at Uac = 600 V, resolution Res = 1.36). d) Separation of 6.0 kbp DNA from 6.0 kbp
DNA/RNAP-complex (resolution Res = 2.4; about 15 polymerase per DNA-molecule, ω=300 Hz
at Uac=650 V).
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ACTD per DNA bp). Again, the parameters were adapted (500 Hz at 600 V), and two
distinct molecule streams were observed downstream of the ridge. Even for the reduced
amount of ACTD to a ratio of 1ACTD per 20 base pairs, a baseline separated resolution of
Res = 1.36 was achieved. This proved the very high sensitivity of the system to molecular
recognition.

One critical point might be the low ionic strength of the buffer, as DNA-complexes might
be destabilized. Here, two distinct streams were detected downstream, hence, a complex-
formation was observed. Experiments with single species at the same conditions demon-
strated, that the DNA-complexes were deflected. Thus, if the DNA-complex became in-
stable and dissociated upstream of the ridge, the molecule would not be deflected. If the
complex dissociated during migration along the ridge, the molecule would leave the ridge
before the other channel wall was reached. This was observed only for a negligible amount
of DNA-molecules.

For DNA-complexes with a substantial ionic component, like zinc-fingers [207–209], buffers
with low ionic strength could stabilize the complex-formation [106]. Thus, this continuous-
flow detection technique would be ideal for these types of DNA-complexes.

The binding constants of the DNA-complexes, used in this work, were quite large [210].
Hence, they were stable for several hours as was observed by EMSA (see section 4.5.5).
Due to the fast response time of 1.25 min, even less stable complexes might be investigated
by this non-invasive dielectrophoretic detection method.

DNA/RNA polymerase complexes The second type of complexes were 6.0 kbp DNA
E.coli RNA polymerase core enzyme complexes (DNA/RNAP-complex). The mixture of
the DNA/RNAP-complexes and pure DNA was injected as a narrow stream towards the
ridge. At ac-voltages of 300 Hz at 650 V, the complexes were deflected, whereas the pure
DNA passed the ridge unhindered. Evaluation of the fluorescence intensities revealed that
the two streams were with baseline separated resolution of Res = 2.4 (see figure 4.22 d).

Noticeable shoulders to the left and the right of the DNA-complex-peak were observed.
AFM images were used to investigate the distribution of RNAP along the DNA strand. In
figure 4.23 a topography image of the DNA/RNAP-complex solution beforehand on-chip
separation is depicted. The white dots were Escherichia coli RNA core polymerase and the
white lines were the linear DNA strands. An inhomogeneous distribution of polymerase
along the DNA strand was visible, giving a hint for the observed shoulders. Rivetti et al.
found some DNA strands with more than one polymerase and some DNA strands with no
polymerase, either [211].

Some methods to detect and investigate DNA-complexes were found in literature like elec-
trophoretic mobility shift assays (EMSA) [104, 105, 107, 108, 212], surface plasmon reso-
nance (SPR) [213–215], DNA- or protein-microarrays [216–225]. The most prominent was
based on gel electrophoresis with electrophoretic mobility shift assays. Thus, in the present
work EMSA investigations were performed and discussed later on (see section 4.5.5). Gen-
erally, surface plasmon resonance was used for real-time recording of association and dis-
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Figure 4.23: AFM image (topography) of 6 kbp DNA/RNAP-complex solution before perfor-
mance of separation. The proteins (bright spots on DNA strands) were not homogeneously dis-
tributed along the DNA strand (cf. also [211])

sociation of proteins and their anticipated binding partner. Its disadvantage was, that
no high-throughput was achieved. DNA- and protein-microarrays on the contrary allowed
high-throughput detection of binding sites and semi-quantitative analysis. Beneath the
sophisticated production of the microarrays, the DNA-microarrays lacked in easy analysis
processes for individual proteins. For protein-microarrays, the monomer-specificity of the
assay and the general requirements to the environments of different proteins were very
complex.

In this thesis, a new continuous-flow detection method was developed that is competitive
to the established techniques, as it allowed high throughput, real-time responses within
less than 1 min with a simple and cost-saving device.

4.5.3 Dielectrophoretic mobility shift assays (DEMSA)

The dielectrophoretic potential is proportional to the analytes´ polarizability (see sec-
tion 2.3.4), i.e. if two analytes, that differ in polarizability, were driven through a dielec-
trophoretic potential landscape, the mean velocities will differ. This effect was exploited
for the novel technique of dielectrophoretic mobility shift assay.

Therefore, the microfluidic channel was structured with several insulating ridges that were
oriented perpendicular to the long channel axis. Superimposed ac- and dc-voltages gener-
ated a dielectrophoretic landscape and drove the DNA-molecules. As for the continuous-
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flow separation, the dielectrophoretic trapping and the electrophoretic migration could
be controlled separately (equation (4.3)). Pinched injection protocol was used to inject
a defined amount of molecules towards the ridges. For appropriate voltages, one sort of
molecules was temporarily trapped and retarded. Thus, the migration velocity was re-
duced.

Experimentally, fluorescence images were taken of subsequently driven species. The fluo-
rescence intensity was evaluated in a defined region, between two ridges, for each sort of
molecule, separately. Afterwards, the fluorescence intensity was plotted versus time for
each species to detect a shift between the investigated species.

6.0 kbp and 2.686 kbp DNA were investigated as a proof-of-principle. In figure 4.24 a)
the fluorescence intensities are depicted. A clear shift could be observed, i.e. the 6.0 kbp
DNA was clearly retarded, with respect to the 2.686 kbp DNA. To prove the applica-
bility of dielectrophoretic mobility shift assays for detection of DNA-complex-formation,
ACTD/DNA- and RNAP/DNA-complexes were investigated. The fluorescence intensity
plots are depicted in figure 4.24 b) and c). It stands out, that for both complexes,
ACTD/DNA and RNAP/DNA, the pure DNA appeared earlier at the detection region.
Thus, the DNA-complexes had a longer trapping time. Respectively, the polarizability
of the complexes was larger than for the pure DNA. That was verified by polarization
experiments (see section 4.5.4).

Figure 4.24: Dielectrophoretic mobility shift assays. For all assays a clear shift was observed
within less than 30 s, indicating a complex formation for DNA with Actinomycin D (ACTD)
or E.coli RNA polymerase core enzyme (RNAP), respectively. a) 6.0 kbp and 2.686 kbp DNA
at 350 Hz, 325 V ac-voltage. The 6.0 kbp DNA migrated more slowly than the 2.686 kbp DNA
(peaks maxima at 13.2 s and 11.2 s, respectively). b) 6.0 kbp and 6.0 kbp DNA/ACTD complex,
at 550 Hz, 350 V ac-voltage. The complex migrated more slowly than the pure DNA (peaks
maxima at 10.4 s and 9.6 s, respectively). c) 6.0 kbp and 6.0 kbp DNA/RNAP complex at 300
Hz, 474 V ac-voltage. Again, the complex migrated more slowly (peaks maxima at 10.6 s and 9.4
s, respectively).

The advantage of the DEMSA was the very fast detection time of less than 30 s. Even when
taken into account the off-line postprocessing time for plotting the fluorescence intensity
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this technique was very fast. To fasten up the detection, an on-line fluorescence evaluation
could be used. In this thesis, two species of DNA variants were driven subsequently. But
investigation of more than two species would be possible easily. Therefore, either the species
could be driven subsequently, which might become time-consuming for a high variety of
DNA species, or several channels might be driven in parallel with automated fluorescence
monitoring. Additionally, the total process, from pipetting to fluorescence readout could
be automized, enabling time-series to determine binding constants.

4.5.4 Determination of polarizability

One critical point in dielectrophoretic manipulation is the difficulty of obtaining quanti-
tative values of polarizability of the analyte. Especially for biomolecules like DNA, the
polarization effects are not fully understood and therefore prediction of the polarizabil-
ity is challenging. Since the continuous-flow processing, presented in section 4.5.1 and
section 4.5.2, allowed an on-line adaption and control of the parameters (voltages, frequen-
cies), an a priori knowledge was not necessary. The selectivity parameters of DEMSA
(ac-voltage and frequency) were easily adaptable after each run. Thus, an a priory knowl-
edge was not necessary, either. Nevertheless, the polarizability was an interesting metric
for the electrical properties of the bulk material or the surrounding ion cloud. Determina-
tion of the polarizability allowed a better understanding of the separation mechanism in
more detail.

As was described in section 3.5.2, an array of perpendicular arranged ridges (see fig-
ure 3.12) was used to determine the polarizabilities. The molecules were injected via
pinched injection protocol [178] and the migration time was evaluated for various ac-
voltages. With equation (3.1) the experimental values were fitted (see figure 4.25) and
the polarizabilities calculated. The resulting polarizabilities are summarized in table 2.

The obtained values agreed with the previous results of the separation experiments. DNA
with larger polarizability was deflected (continuous-flow separation) or retarded (DEMSA),
whereas DNA of lower polarizability passed the ridge unhindered (continuous-flow separa-
tion) or was less retarded (DEMSA), respectively. Note, that the polarizability depended
on the frequency as well as on the viscosity of the buffer as was mentioned by Chou et al.
[155].

Values of polarizability also depended on the technique as presented in literature: Stellwa-
gen et al. found 5.5 ·10−31Fm2 for 4.4 kbp DNA fragments using transient electric birefrin-
gence (TEB) in Tris buffer (0.2 mM, pH 8) [226]; Elias and Eden found 2.3 ·10−30Fm2 for 5
kbp DNA fragments using TEB in sodium phosphate (1 mM Na, pH 7.2) [206]; Hanss and
Bernengo found 3.2 · 10−28Fm2 for 8 kbp DNA fragments using conductivity dispersion in
1 mM NaCl [227]; Tuukkanen using dielectrophoretic trapping in a microelectrode array
(assuming the potential barrier to be equal to the thermal energy under conditions for
which the DNA just started to escape) found 6 · 10−31Fm2 for 8 kbp DNA fragments in 3
mM Hepes, 2 mM NaOH, pH 6.9 [157]. Thus, the polarizabilities determined in this thesis
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Figure 4.25: Plot of mean lifetime versus applied U2
ac, with fit exploiting equation (3.1) for

determination of polarizability of 6.0 kbp DNA (Udc = 20 V and ω = 350 Hz).

agreed very well with the published data. For protein-DNA or drug-DNA complexes, to
the author’s best knowledge, no values have been published, so far.

The results for the DNA-complexes confirmed a change of the polarizability due to complex-
formation. This might have two reasons: 1) the ion cloud that surrounded the molecule
could be changed due to the charge of the complexed molecules; 2) the radius of gyration
could be changed by intercalation or alignment of ACTD or RNAP to DNA [81, 98, 228,
229]. To check the influence of complex-formation to the radius of gyration, diffusion
experiments were performed.

The hydrodynamic radius was determined by equation (2.20). Therefore, the mean square
area< R2 > was plotted versus time t (figure 4.26) andD = <R2>

4t
was used to calculate the

diffusion coefficient. The results are summarized in figure 4.26. The diffusion constants,
and thus the molecules radii, differed only slightly within the experimental error for the 6.0
kbp DNA and DNA-complexes. In contrast, between 6.0 kbp and 2.686 kbp a significant
difference was observed. Based on these results, it was more probable that the change of
polarizability was affected by the ion cloud.

4.5.5 Electrophoretic mobility shift assay (EMSA)

Two new techniques for separation and detection of topological DNA-variants and DNA-
complexes have been presented. When a new technique is introduced, a comparison with
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Table 2: Polarizabilities of DNA and DNA-complexes at given frequencies. a 0.022%
glycerin was added to the solution, in order to obtain the same viscosity as for the 6.0 kbp
DNA/RNAP-complex.

probe ω[Hz] α[10−30Fm2]

2.686 kbp DNA 350 2.55 ± 0.38

6.0 kbp DNA 350 4.30± 0.37

6.0 kbp DNA 550 2.68± 0.28

6.0 kbp DNA/ACTD-complex 550 3.48± 0.10

6.0 kbp DNAa 300 1.41± 0.46

6.0 kbp DNA/RNAP-complex 300 1.95± 0.39

Figure 4.26: Mean area versus time to determine the diffusion coefficient D. Abbreviations: 3
kbp stands for 2.686 kbp DNA, 6A is ACTD/DNA-complex, 6G stands for diffusion experiment
of 6.0 kbp DNA with additional glycerin, 6p is RNAP/DNA-complex. No significant change of
the diffusion coefficient was observed for 6.0 kbp DNA and DNA-complexes, but for 2.868 kbp
DNA.

an established method is required. The most established method for analytical separation
of DNA and DNA-complexes is the electrophoretic mobility shift assay (EMSA). Thus,
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with EMSA DNA binding studies were performed in this work. Therefore, typically two
lanes in an agarose gel were used, one with pure DNA and the second with the DNA
and its anticipated binding partner. If a shift was observed between these two bands, a
complex-formation of the DNA and the binding partner was assumed [104].

Here, EMSA experiments were performed with the same analytes as for the on-chip ex-
periments. First, the electrophoretic migration of 6.0 kbp and 2.686 kbp DNA was inves-
tigated, with and without YOYO-1 labeling (figure 4.27 A-D). The binding of YOYO-
1 induced a shift with resolution of Res = 0.22 (figure 4.27 B and C). The shift be-
tween 6.0 kbp and 2.686 kbp DNA was of resolution Res = 1.2 (with YOYO-1 labeling)
or Res = 1.77 (without YOYO-1 labeling). In additional experiments it was verified,
that ACTD as well as RNAP bound to YOYO-1 labeled DNA (figure 4.27 E-J). Due to
the high binding constants (YOYO-1: KA = 6 · 108 Mol−1, ACTD: KA = 106 Mol−1,
RNAP:KA = 1.16 · 106 Mol−1) the built complexes were stable. For the ACTD/DNA
shift, a resolution of Res = 0.29 was achieved and for the RNAP/DNA shift a resolution
of Res = 0.46. The runtime of the gel was 3 h.

Thus both new methods, continuous-flow detection of complexes and DEMSA, achieved a
significant better performance, regarding the amount of analyte as well as time-to-response.
The resolutions of the chip performances were competitive or even better than for the
EMSA.

4.5.6 DNA mixing

Above dielectrophoretic continuous-flow separation of mixtures of topological DNA variants
or DNA-complexes were described (see section 4.5.1 and section 4.5.2). The process vice
versa (mixing of two species of DNA) was possible in the present device as well. Two species
of DNA were injected towards the ridge from two separate reservoirs as distinct streams
(see figure 3.11). For each stream, it was assured, by applying appropriate dc-voltages,
that the molecules occupied no more than a quarter of the channel width.

In figure 4.28 the experimental results are depicted. The larger 6.0 kbp DNA was deflected
at the ridge and left the ridge at the other channel wall into the 2.686 kbp DNA stream.
To determine if the mixing was sufficient, it was exploited that the two species exhibited
different fluorescence brightness, according to the molecules length, thus different amount
of YOYO-1. Visual inspection revealed a presence of both species in the merged stream.
As for the separation experiments, it was confirmed that the 2.686 kbp DNA passed the
ridge unhindered, whereas the 6.0 kbp DNA migrated along the ridge and did not escape
before reaching the 2.686 kbp DNA stream. A detailed analysis of the video data confirmed
that both species were fully mixed and did not flow in parallel streams. This was due to
the electrokinetic motion of the DNA and diffusional motion within the merged stream.

The fluorescence intensity distribution was determined from the video data as described in
section 3.5. Upstream of the ridge two peaks were identified, corresponding to the narrow
injected streams. Downstream of the ridge only one peak was observed, depicting the
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Figure 4.27: Electrophoretic mobility shift assays. Three shift assays are shown (A-D), (E and
F) and (G-J). A 2.686 kbp DNA labeled with YOYO-1. B 6.0 kbp DNA labeled with YOYO-1.
C 6.0 kbp DNA. D 2.686 kbp DNA. E 6.0 kbp DNA with E.coli RNAP and YOYO-1. F 6.0 kbp
DNA labeled with YOYO-1. G 6.0 kbp DNA labeled with YOYO-1. H 6.0 kbp DNA with ACTD
and YOYO-1. I 6.0 kbp DNA with ACTD. J 6.0 kbp DNA. The resolution between A and B
was Res = 1.2. The resolution between C and D was Res = 1.77. The resolution between E and
F, polymerase induced shift, was Res = 0.46. The resolution between G and H, ACTD induced
shift, was Res = 0.29. The resolution between B and C, indicating the YOYO-1 induced shift,
was Res = 0.22, thus was smaller than the other shifts.

mixed molecules stream. The throughput of the mixing process was determined to 2.5
nl/min for a mixing efficiency of about 100%. Comparing the results of DNA mixing and
DNA separation it was found, that the processes were completely reversible. That means,
the processes were only varied by the analytes injection, the applied voltages were all the
same. As a consequence, the throughput was identical for separation and mixing.
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Figure 4.28: Continuous-flow mixing of DNA molecules. a) Collage of fluorescence microscope
images recorded during the experiments. The fluorescence intensities were analyzed along the
dotted lines up- and downstream of the ridge (see section 3.5) to determine DNA molecules
distributions. The results obtained from upstream of the ridge are depicted in b), the results
downstream of the ridge in c). Black lines represent the measured distributions, red lines are
Gaussian fits. For mixing two streams consisting of 6.0 kbp or 2.686 kbp DNA, respectively, flew
towards the ridge. The throughput was 2.5 nl/min. The applied voltages during the mixing of 6.0
kbp and 2.686 kbp DNA were: -3 V at electrode 1, -10 V at electrode 3, and 2 V at electrode 4.
Electrode 2 was grounded.



4.5 DNA manipulation and characterization by dielectrophoresis 81

4.5.7 Summary: DNA manipulation and separation by dielectrophoresis

Summarizing the DNA experiments, continuous-flow processes as well as batch processes
with DNA, exploiting dielectrophoresis at nanoslits were presented. More precisely, novel
techniques for continuous-flow detection, separation, and mixing of DNA-complexes and
topological DNA variants were introduced. All exploited dielectrophoresis at a bowed
ridge structure. Additionally, fast detection of DNA-complexes was performed at arrays of
nanoslits introducing the new technique dielectrophoretic mobility shift assay (DEMSA).
The investigated species were characterized due to their polarizability.

Generally, continuous-flow separation and mixing of DNA, were two complementary tasks
that required different methodologies. Here, a realization of both tasks in one and the same
device was presented. Thus, the processes had to be reversible, i.e. reversing the separation
procedure resulted in mixing of the analyte and vice versa. Up to now the microfluidic
realizations of mixing via dielectrophoresis presented in literature used Brownian motion,
thus were not reversible. In the devices presented in this thesis, the mixing was reversible
as two streams were merged, mainly without the need of Brownian motion. The mode
of operation, either separation or mixing, was selected by how the analytes were injected
towards the ridge. Therefore, the applied ac- and dc-voltages were tuned accordingly.

The throughput of separation and mixing of DNA was all the same (2.5 nl/min), as in both
cases the total deflection of the larger molecule (here, 6.0 kbp DNA) was the limiting factor,
i.e. if the electrophoretic energy/velocity was too high, the DNA was not trapped/deflected
any more. Thus, no separation as well as mixing was possible in that case. Although not
shown in this work, mixing of two analytes, e.g. beads with target DNA and corresponding
DNA strands, can be followed by an additional separation to detect if complex formation
appeared (see also Outlook).

Two new techniques to detect protein- or drug-DNA-complexes were presented with conti-
nuous-flow separation/detection and DEMSA. Both have their specific advantages. The
most prominent advantages of the continuous-flow detection are the applicability for down-
stream applications, the on-line adaptability of the selection parameters via ac- and dc-
voltages, and the fast detection time of less than 1 minute. Whereas the most prominent
advantages of the DEMSA are the very fast response time of less than 30 s, the fast adapt-
ability of sensitivity criterion via ac-voltages and the possibility to automate the processing.
Hence, the best technique can be chosen depending on the task. For example, if the sepa-
rated DNA-complex should be further investigated, the continuous-flow processing would
be the right choice. On the other hand, if several DNA-complexes should be investigated
regarding the complex-formation, the DEMSA was the right choice, since several analytes
could be driven subsequently through the array and analyzed automatically.

When introducing new techniques, a comparison to well established techniques is required.
In this thesis, electrophoretic mobility shift assays (EMSA) were used to yield reference.
Therefore, the analytes were filled into two separate wells of an agarose gel. After 3 h,
significant shifts between the pure DNA and the DNA-complex were observed. In contrast
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to the EMSA experiments, for the continuous-flow detection as well as for the DEMSA the
results were achieved within few minutes. Hence, the time-to-response was fastened up by
a factor of about 150, without loss of sensitivity.

All three presented techniques (separation, binding-detection and mixing), were based on
dielectrophoresis. The polarizability of the analyte was the inherent selectivity parameter.
Hence, the polarizabilities were determined. The results of the polarizability experiments
confirmed the previous observations, since the DNA with higher polarizability was deflected
in separation or mixing procedures or more retarded than less polarizable DNA in DEMSA
experiments. These findings agreed with equation (2.17) as for higher polarizabilities the
dielectrophoretic potential increased, resulting in longer trapping times. In the DEMSA
experiments the higher trapping times affected retarded migration velocities. Whereas for
the continuous-flow processing, the dielectrophoretic trapping time was longer than the
time for migration along the ridge, if a full deflection was achieved.
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5 Summary and Outlook

In this thesis, a new monolithic production of nanochannels was presented that allowed
development of new kinds of 3-dimensional structured nano-microfluidic devices. With
these devices novel, sophisticated applications for functional micro total analysis systems
(µTAS) were realized for the first time:

• continuous-flow electrostatic sieving of nanobeads and proteins

• continuous-flow mixing by dielectrophoresis (DEP)

• binary and multiple continuous-flow separation of nanobeads (DEP)

• binary and multiple continuous-flow separation of DNA (DEP)

• continuous-flow detection of DNA-complexes (DEP)

• dielectrophoretic mobility shift assays for detection of DNA-complexes

• determination of polarizability

The nano-microfluidic devices were produced monolithically with poly(dimethylsiloxane).
The production and characterization was described in section 4.1. The channels were char-
acterized according to size, stability, and reproducibility of production. For the first time,
PDMS nanochannels with height down to 180 nm and width-to-height aspect ratio up to
873:1 were produced reproducible. These were considerable improvements compared to
previously published aspect ratios for soft lithography with PDMS. Mao et al. reported
maximal aspect ratios of 60:1 for using PDMS and 250:1 for the use of glass-silicone struc-
tures [184, 185]. Thus, the achieved ratio of 873:1, presented here, was 14.5 times better
for PDMS and 3.5 times better for the use of glass-silicone.

These devices were used to implement new tools for µTAS. Therefore, some parameters
were adjusted for control of the processing performance concerning the device layout, the
applied electric voltages, and the buffer. The first method that was developed was the
continuous-flow electrostatic sieving (see section 4.2). The continuous-flow electrostatic
sieving concept was developed for separation of nanobeads and access to small biomolecules
like proteins. For the first time a successful continuous-flow electrostatic sieving could be
demonstrated by separation of 20 nm and 40 nm beads and manipulation of proteins.

The next methods were based on continuous-flow dielectrophoresis at the nanochannel.
Beforehand to the experimental performance, the parameters that would influence the
performance were considered (see section 4.3). The respective parameters were dc- and
ac-voltages, frequency of electric field, height of the nanochannel, and shape of the ridge
as well as the channel dimensions. Simulations of continuous-flow mixing and separation
were performed concerning these parameters. Comparison with the experimental results
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revealed that the simulations fit well, nearly quantitatively. Thus, a prediction of the
sensitivity of the system was possible.

For the first time continuous-flow mixing and separation by dielectrophoresis could be
preformed in one single device (see section 4.4). That became possible since the mixing
process was not based on diffusion but on directed merging of two analyte streams. To
change between mixing and separation only the injection of the analytes (100 nm and 20
nm beads) were adapted. The mixing efficiency was controlled during the experiment by
visual inspection of the merged particles‘ stream. This revealed that both species were
fully mixed and did not flow in parallel. Beyond the realization of two contrary processes
in one single device, this was the first example of continuous-flow mixing by electrodeless
dielectrophoresis. For the case vice versa, continuous-flow separation of 20 nm and 100 nm
beads, a separation efficiency of 90-100% was achieved with baseline separated resolution.
A throughput up to 7.5 nl/min was determined. Since the separation process started the
moment the analytes reached the nanoslit no separation time existed, but for classification,
the time until the first results was given with about 1 min.

Additional to binary separation, i.e. separation of two species, multiple-separation of three
species was performed. Thus, a mixture of three species was continuously separated into
three distinct particle streams that could be collected in separate outlets. A successful
separation of three species (100 nm, 60 nm and 20 nm) was achieved.

Turning to biomolecules the novel dielectrophoresis based method allowed non-invasive
investigation and preparation of DNA. Preparative separation and mixing of two DNA
species was performed in one and the same device (see section 4.5.1 and section 4.5.6). For
mixing very high efficiency was achieved, since all DNA molecules were merged into one
single stream. Concerning continuous-flow separation of two species of linear or circular
DNA, baseline separated resolutions were achieved within separation times of about 1 min.
For performances, separation and mixing, the throughput was up to 2.5 nl/min for one
single device.

With an improved device, three species of medically relevant DNA were completely sep-
arated without the need of matrices. Thus, the novel device allowed for the first time
continuous-flow separation of three DNA species with electrodeless dielectrophoresis. Ap-
plications might be in production of minicircle DNA for gene vaccination. Since the novel
techniques do not rely on classical filtration steps, shear-force associated analyte deterio-
ration is reduced to a minimum. Together with the fact that this approach is inherently
independent of toxic or mutagenic reagents, this new method could be implemented in a
much easier way concerning the rigorous concerns of safety regulation in drug administra-
tion [17, 179].

Apart of preparative separation, dielectrophoresis was used for analytical separation, i.e.
matrix-free detection of DNA-complex-formation (see section 4.5.2 and section 4.5.3).
Here, two process modes were distinguished, continuous-flow and batch processing. In
continuous-flow mode, a mixture of pure DNA and DNA with its anticipated binding part-
ner was injected towards a ridge. Complex-formation was observed if the stream was split
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into two streams. As for all continuous-flow processes in this work, the selectivity criteria
were adaptable on-line and the result could be observed in real-time.

With dielectrophoretic mobility shift assays (DEMSA) a second fast detection method for
DNA-complexes was introduced (see section 4.5.3). The basic concept for the detection
relied on dielectrophoretically retarded migration velocities. Therefore, the migration of
pure DNA and DNA with its anticipated binding partners was monitored in an array of
nanoslits. Within less than 30 s, a clear shift could be detected, that indicated a complex-
formation.

Additional to the dielectrophoretic mixing and separation of DNA molecules, the polar-
izability was determined according to the previous experiments (see section 4.5.4). The
results revealed that in each case the polarizability corresponded to the dielectrophoretic
separation experiments. For instance, the polarizability was higher for the analytes that
were (more strongly) affected by dielectrophoresis. Furthermore, the determined polariz-
abilities of pure DNA were in good agreement to the values in the literature. Whereas for
DNA-complexes no values were found in the literature, so far. Hence, these were the very
first devices that allowed a dielectrophoretic characterization of DNA-complexes

Since two new methods for detection of DNA-complexes were demonstrated, additional
electrophoretic mobility shift assays (EMSA) were performed (see section 4.5.5) because
EMSA was one of the established techniques to investigate DNA-complex formation [104,
106]. The comparison revealed that in contrast to the dielectrophoretic methods, the
EMSA experiments needed much more analyte and were significantly slower with at least
3 h. Hence, the dielectrophoresis based methods were about 150 times faster than EMSA.
In spite of that, the resolution of the DEP experiments was competitive.

The trajectories of the nanobeads were simulated, according to the binary dielectrophoretic
separation. The simulations agreed very well to the experimental results. Thus, the min-
imal size difference for successful separation could be determined by simulations. The
theoretical predications revealed that nanobeads that differed 30% in size could be distin-
guished in the current device. In future, this should be verified experimentally. Further-
more, simulations of the multiple-separation as well as the DNA experiments could yield
a more precisely insight to the separation mechanism and sensitivity of the device. Based
on simulations, the device layout could be further enhanced with respect of the through-
put. Additionally, the minimal difference in polarizability of DNA-molecules for successful
separation could be estimated.

With the novel techniques that were presented in this thesis, bioanalysis in microfluidic
devices becomes possible on a new level. For example analyte-specific detections might
be realized by a coupled mixing and separation process, in one and the same device e.g.
to purify DNA solutions or detect specific antigens or antibodies [32, 36, 201]. Therefore,
varying modified beads with specific target molecules would be mixed with the analyte
stream consecutively, each from different reservoirs. After reaction, the analytes could be
identified in an analytical separation downstream or purified.
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The separation of DNA of various lengths and detection of DNA-complexes could be
demonstrated sufficiently. In future, the separation of various conformations (linear, oc
and ccc) will be addressed. Since in gene vaccination the ccc-conformation was preferred,
that would have direct impact on the quality control mechanisms.
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Appendix

Results of single DNA experiments

During the separation experiments two peaks were observed downstream of the nanoslit
(see Results). To identify the species, experiments with single species were performed
under identical conditions (see figure 5.1 for instance). As expected the larger 6.0 kbp
DNA was deflected, whereas the smaller 2.686 kbp DNA was not affected. For detection
of DNA-complexes the complex was deflected, whereas the pure DNA was not affected.

Figure 5.1: Fluorescence intensities of the single experiments, i.e. one analyte was injected
towards the ridge at identical parameters as for the successful separation experiments. a) The
2.686 kbp DNA passed the nanoslit unaffected. b) The 6.0 kbp DNA was fully deflected at the
ridge. c) The pure DNA passed the nanoslit unaffected. d) The ACTD/DNA-complex was fully
deflected at the ridge.

In figure 5.2 the parental DNA was investigated beforehand incubation. All DNAmolecules
were deflected at the ridge. Thus, the cultivation system was not leaky [25]. Additionally,
the deflected DNA of the separation experiment was identified to the parental DNA.

In figure 5.3 the dielectrophoretic response of the parental DNA and the miniplasmid were
evaluated, according to the multiple-separation. The smaller miniplasmid DNA was only
deflected at the first ridge and passed the second ridge unaffected. Whereas the parental
plasmid was deflected at both ridges.
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Figure 5.2: Collage of fluorescence microscopy images of parental DNA beforehand induction.
The parameters were identical to the separation of plasmid DNA and minicircle DNA in the device
with 100 µm channel width and 180 nm nanoslit height. The DNA was totally deflected at the
ridge.

Figure 5.3: Collage of fluorescence microscopy images of single species at identical conditions
as for successful multiple-separation (channel width 200 µm height of nanoslits 500 nm). a)
The miniplasmid DNA was deflected at the first ridge but passed the second ridge with reduced
dielectrophoretic potential (see section 4.3) unhindered. b) The parental DNA was deflected at
the first ridge as well as at the second ridge.
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AFM images of nanobeads

AFM-images of the polystyrene beads were taken to evaluate the size distribution. In
figure 5.4 to figure 5.7 the AFM-images as well as the evaluated size distributions are
depicted. Since the polarizability of the beads scales cubic with the radius of particles
the size distribution affects the dielectrophoretic manipulation behavior significantly (cf.
section 4.4.2).

Figure 5.4: AFM investigation of size distribution of the 20 nm beads. Left: particle size
distribution. The particle sizes were determined automatically with the analyze tool of Gwyddion
2.19. Evaluation of 20 nm polystyrene beads with mean diameter of 14 nm ±7. Right: AFM
image of nanobeads on mica.

Figure 5.5: AFM investigation of size distribution of the 40 nm beads. Left: particle size
distribution. The particle sizes were determined automatically with the analyze tool of Gwyddion
2.19. Evaluation of 40 nm polystyrene beads with mean diameter of 42 nm ±5. Right: AFM
image of nanobeads on mica.
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Figure 5.6: AFM investigation of size distribution of the 60 nm beads. Left: particle size
distribution. The particle sizes were determined automatically with the analyze tool of Gwyddion
2.19. Evaluation of 60 nm polystyrene beads with mean diameter of 56 nm ±6. Right: AFM
image of nanobeads on mica.

Figure 5.7: AFM investigation of size distribution of the 100 nm beads. Left: particle size
distribution. The particle sizes were determined automatically with the analyze tool of Gwyddion
2.19. Evaluation of 100 nm polystyrene beads with mean diameter of 98 nm ±5. Right: AFM
image of nanobeads on mica.
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[181] H. Becker and C. Gärtner. Polymer microfabrication technologies for microfluidic
systems. Anal Bioanal Chem, 390:89–111, 2008.

[182] X. Zhang, J. M. Cooper, P. B. Monaghan, and S. J. Haswell. Continuous flow
separation of particles within an asymmetric microfluidic device. Lab Chip, 6(4):561–
566, Apr 2006.

[183] J. S. Kuo and D. T. Chiu. Disposable microfluidic substrates: Transitioning from
the research laboratory into the clinic. Lab Chip, 11(16):2656–2665, Aug 2011.

[184] P. Mao. Fabrication and characterization of nanofluidic channels for studying molec-
ular dynamics in confined environments. PhD thesis, Massachusetts Institute of
Technology. Dept. of Mechanical Engineering, 2005.

[185] P. Mao and J. Han. Fabrication and characterization of 20 nm planar nanofluidic
channels by glass-glass and glass-silicon bonding. Lab Chip, 5(8):837–844, Aug 2005.

[186] N. Pamme. Continuous flow separations in microfluidic devices. Lab Chip,
7(12):1644–1659, Dec 2007.

[187] Q. Pu, J. Yun, H. Temkin, and S. Liu. Ion-enrichment and ion-depletion effect iof
nanochannel structures. Nano Lett, 4:1099–1103, 2004.



108 BIBLIOGRAPHY

[188] S. J. Kim, Y.-C. Wang, J. H. Lee, H. Jang, and J. Han. Concentration polariza-
tion and nonlinear electrokinetic flow near a nanofluidic channel. Phys Rev Lett,
99(4):044501, Jul 2007.

[189] D. Gillespie. Analytic theory for dilute colloids in a charged slit. J.Phys.Chem. B,
114:4302–4309, 2010.

[190] K.-D. Huang and R.-J. Yang. Formation of ionic depletion/enrichment zones in a
hybrid micro-/nano-channel. Microlfuid Nanofluid, 5:631–638, 2008.

[191] A. Plecis, R. B. Schoch, and P. Renaud. Ionic transport phenomena in nanofluidics:
experimental and theoretical study of the exclusion-enrichment effect on a chip. Nano
Lett, 5(6):1147–1155, Jun 2005.

[192] R. B. Schoch, J. Han, and P. Renaud. Transport phenomena in nanofluidics. Rev
Mod Phys, 80:839–883, 2008.

[193] D. Erickson, D. Sinton, and D. Li. Joule heating and heat transfer in
poly(dimethylsiloxane) microfluidic systems. Lab Chip, 3(3):141–149, Aug 2003.

[194] G. Tang, D. Yan, C. Yang, H. Gong, J. C. Chai, and Y. C. Lam. Assessment of
Joule heating and its effects on electroosmotic flow and electrophoretic transport of
solutes in microfluidic channels. Electrophoresis, 27(3):628–639, Feb 2006.

[195] B. G. Hawkins and B. J. Kirby. Electrothermal flow effects in insulating (electrode-
less) dielectrophoresis systems. Electrophoresis, 31(22):3622–3633, Nov 2010.

[196] S. Sridharan, J. Zhu, G. Hu, and X. Xuan. Joule heating effects on electroosmotic
flow in insulator-based dielectrophoresis. Electrophoresis, Jul 2011.

[197] R. Eichhorn. personal communication: discussion of simulation of separation and
mixing of nanobeads.

[198] A. J. Skulan, L. M. Barrett, A. K. Singh, E. B. Cummings, and G. J. Fiechtner.
Fabrication and analysis of spatially uniform field electrokinetic flow devices: theory
and experiment. Anal Chem, 77(21):6790–6797, Nov 2005.

[199] J. Deval, P. Tabeling, and C.-M. Ho. A dielectrophoretic chaotic mixer. Proc 15th
IEEE workshop on MEMS, pages 36–39, 2002.

[200] I. Barbulovic-Nad, X. Xuan, J. S. H. Lee, and D. Li. DC-dielectrophoretic separation
of microparticles using an oil droplet obstacle. Lab Chip, 6(2):274–279, Feb 2006.

[201] T. Kawabata and M. Washizu. IEEE Transactions on Industry Applications, daraus:
Dielectrophoretic detection of molecular bindings, volume 37. Nov/Dec 2001.



BIBLIOGRAPHY 109

[202] L. R. Huang, J. O. Tegenfeldt, J. J. Kraeft, J. C. Sturm, R. H. Austin, and E. C.
Cox. A DNA prism for high-speed continuous fractionation of large DNA molecules.
Nat Biotechnol, 20(10):1048–1051, Oct 2002.

[203] L. R. Huang, E. C. Cox, R. H. Austin, and J. C. Sturm. Continuous particle sepa-
ration through deterministic lateral displacement. Science, 304(5673):987–990, May
2004.

[204] G. Tang and C. Yang. Numerical modeling of Joule heating-induced temperature
gradient focusing in microfluidic channels. Electrophoresis, 29(5):1006–1012, Mar
2008.

[205] G. Tang, C. Yang, J. Chai, and H. Gong. Joule heating effect on electroosmotic flow
and mass species transport in a microcapillary. International Journal of Heat and
Mass Transfer, 47(2):215–227, 2004.

[206] J. Elias and D. Eden. Transient electric birefringence study of the persistence length
and electrical polarizability of restriction fragments of DNA. Macromolecules, 14:410–
419, 1981.

[207] L. Yang, K. Arora, W. A. Beard, S. H. Wilson, and T. Schlick. Critical role of
magnesium ions in DNA polymerase β‘s closing and active site assembly. Journal of
the American Chemical Society, 126(27):8441–8453, 2004. PMID: 15238001.

[208] K. Lee. Stability of ionic complexes prepared from plasmid DNA and self-
aggregated chitosan nanoparticles. Macromolecular Research, 13:542–544, 2005.
10.1007/BF03218494.

[209] V. Andrushchenko, J. H. Van De Sande, and H. Wieser. Vibrational circular dichro-
ism and IR absorption of DNA complexes with Cu2+ ions. Biopolymers, 72(5):374–
390, 2003.

[210] J. Goodisman, R. Rehfuss, B. Ward, and J. C. Dabrowiak. Site-specific binding
constants for Actinomycin D on DNA determined from footprinting studies. Bio-
chemistry, 31(4):1046–1058, Feb 1992.

[211] C. Rivetti, M. Guthold, and C. Bustamante. Wrapping of DNA around the E.coli
RNA polymerase open promoter complex. EMBO J, 18(16):4464–4475, Aug 1999.

[212] M. G. Fried and M. A. Daugherty. Electrophoretic analysis of multiple protein-DNA
interactions. Electrophoresis, 19(8-9):1247–1253, Jun 1998.

[213] M. Buckle, R. M. Williams, M. Negroni, and H. Buc. Real time measurements of
elongation by a reverse transcriptase using surface plasmon resonance. Proc Natl
Acad Sci, 93(2):889–894, Jan 1996.



110 BIBLIOGRAPHY

[214] B. Johne, M. Gadnell, and K. Hansen. Epitope mapping and binding kinetics of mon-
oclonal antibodies studied by real time biospecific interaction analysis using surface
plasmon resonance. J Immunol Methods, 160(2):191–198, Apr 1993.

[215] R. L. Rich and D. G. Myszka. Survey of the year 2005 commercial optical biosensor
literature. J Mol Recognit, 19(6):478–534, 2006.

[216] M. F. Berger and M. L. Bulyk. Universal protein-binding microarrays for the com-
prehensive characterization of the DNA-binding specificities of transcription factors.
Nat Protoc, 4(3):393–411, 2009.

[217] J. Zhu and X. Xuan. Particle electrophoresis and dielectrophoresis in curved mi-
crochannels. J Colloid Interface Sci, 340(2):285–290, Dec 2009.

[218] W. Gong, K. He, M. Covington, S. P. Dinesh-Kumar, M. Snyder, S. L. Harmer,
Y.-X. Zhu, and X. W. Deng. The development of protein microarrays and their
applications in DNA-protein and protein-protein interaction analyses of Arabidopsis
transcription factors. Mol Plant, 1(1):27–41, Jan 2008.

[219] A. A. Philippakis, A. M. Qureshi, M. F. Berger, and M. L. Bulyk. Design of compact,
universal DNA microarrays for protein binding microarray experiments. J Comput
Biol, 15(7):655–665, Sep 2008.

[220] M. L. Bulyk. Protein binding microarrays for the characterization of DNA-protein
interactions. Adv. Biochem. Engin./ Biotechnol., 104:65–85, 2007.

[221] S. Field, I. Udalova, and J. Ragoussis. Accuracy and reproducibility of protein-DNA
microarray technology. Adv Biochem Eng Biotechnol, 104:87–110, 2007.

[222] M. F. Berger, A. A. Philippakis, A. M. Qureshi, F. S. He, P. W. Estep, and
M. L. Bulyk. Compact, universal DNA microarrays to comprehensively determine
transcription-factor binding site specificities. Nat Biotechnol, 24(11):1429–1435, Nov
2006.

[223] M. L. Bulyk. DNA microarray technologies for measuring protein-DNA interactions.
Curr Opin Biotechnol, 17(4):422–430, Aug 2006.

[224] S.-W. Ho, G. Jona, C. T. L. Chen, M. Johnston, and M. Snyder. Linking DNA-
binding proteins to their recognition sequences by using protein microarrays. Proc
Natl Acad Sci, 103(26):9940–9945, Jun 2006.

[225] J. Ragoussis, S. Field, and I. A. Udalova. Quantitative profiling of protein-DNA
binding on microarrays. Methods Mol Biol, 338:261–280, 2006.

[226] N. C. Stellwagen. Electric birefringence of restriction enzyme fragments of DNA: op-
tical factor and electric polarizability as a function of molecular weight. Biopolymers,
20:399–434, 1981.



BIBLIOGRAPHY 111

[227] M. Hanss and J. C. Bernengo. Dielectric relaxation and orientation of DNA
molecules. Biopolymers, 12:2151–2159, 1973.

[228] O. G. Stonington and D. E. Pettijohn. The folded genome of escherichia coli isolated
in a protein-DNA-RNA complex. Proc Natl Acad Sci, 68(1):6–9, Jan 1971.

[229] J. Yaneva, E. Paneva, S. Zacharieva, L. Yossifova, and J. Zlatanova. Highly pref-
erential linker histone binding to actinomycin D-treated DNA. Biotechnology &
Biotechnological Equipment, 23:1048–1052, 2009.



Danksagung
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