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Abstract

Mutations in the DNA sequence are associated with many severe diseases (such as
Schizophrenia, Duchenne muscular disease and Huntington chorea), raising the need
to develop cheap, fast and reliable methods to decode a DNA sequence. In addition,
DNA interacting proteins are responsible for replication, gene expression and regulation,
genome rearrangements as well as DNA repair. Understanding these interactions are
therefore highly important to fully understand the complexity of biological organisms as
well as identifying epigenetic disorders.

The uniform stretching of DNA molecules confined in nano-channels have been uti-
lized to achieve high-resolution mapping patterns or barcodes along single DNAmolecules.
Melting mapping have become popular to obtain a barcode pattern. However, this ap-
proach still possesses problems with reproducibility. Something that is a prerequisite for
identification of bacteria and microorganisms with melting mapping. Furthermore, the
large size of whole chromosomes makes them difficult to image efficiently with the linear
channel designs used today, which limits the biological relevance of this technique.

DNA arrays within micro-channels gives a high throughput and can be used to study
DNA-protein interactions and DNA behavior. However, todays channel designs only
allows for investigations with a single buffer condition for each experiment.

Within the scope of this work the reproducibility of melting mapping was increased by
optimizing the DNA molecules occupation time in the nano-channel system and thereby
their time at a higher temperature. We show that the melting pattern develops during
the first 10min at a raised temperature, after which an equilibrium state is reached. The
efficiency for imaging whole chromosomes was increased by folding the nano-channels
into a meandering pattern that enabled DNA molecules in the Mbp range to be imaged
within a single field of view. As a proof of principle we show an entire chromosome
(5.7 Mbp) from S.pombe imaged within a single field of view. A barcode pattern was
experimentally created along the elongated chromosomes and used to identify repetitive
parts along the DNA chains.

In addition, we have combined Y-shaped micro-channels and DNA arrays to create
a versatile tool able to detect concentration thresholds with the help of a concentration
gradient along the width of the measurement channel. As a proof of principle our tool was
here used to probe the concentration dependent binding behavior of Rad51 to DNA. At
the concentrations used in this study no positive cooperative binding could be detected.

Keywords: DNA, mapping, melting, fluorescent imaging, microfluidics, nanofluidics,
Rad51, DNA array
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1
Introduction

In his famous talk “There’s Plenty of Room at the Bottom” on December 29 1959, Richard
Feynman was the first to introduce the idea of using nanotechnology for studies in bio-
physics. Biophysics refers to the interdisciplinary science that combines physics and biol-
ogy [1]. Within biophysics often instruments developed within the physics community are
used to gain a better understanding of the physical principles of biological systems. Com-
monly used instruments within the field of biophysics can be divided into the two areas
of manipulation and imaging. Instruments used for imaging are for example x-ray crys-
tallography, nuclear magnetic resonance (NMR) spectroscopy, electron microscopy and
fluorescent imaging techniques (such as total internal reflection fluorescence microscopy
(TIRFM), fluorescence resonance energy transfer (FRET), confocal microscopy and epi-
fluorescence). In the area of manipulating biological samples atomic force microscopy
(AFM), optical and magnetic tweezers and micro- and nano-fluidics are popular. With
the help of those instruments the permeability of skin, physical properties of cells and
cell membranes, interactions between cells and bio molecules as well as the behavior of
single biomolecules have been studied.

Nanotechnology is named after the prefix “nano” that means one billionth and de-
scribes the field where objects in the size range of one-billionth meter are manipulated
to create useful devices. With a range of inventions including faster-burning rocket fuel
additives, new cancer treatments, biosensors, new drug delivery systems, neuro-electronic
interfaces and electrical components used in for example smart phones nanotechnology
has exploded during the last decade [2]. Furthermore, through the development of new
techniques, nanotechnology have opened the doors for new ways to study single cells or
biomolecules.

Single cell or molecule studies eliminates the sample averaging that is inherent in all
bulk-phase biochemical assays. Since every cell or molecule is individually investigated
rare subpopulations, variations in genotype or molecular states can be identified [3, 4].
In addition, single molecule studies are ideal for investigating the activity, dynamics and
response to environmental changes of systems that can not be synchronized, such as
molecular motors walking around within a cell [4].

The field of single molecule studies can roughly be divided into fluorescence mi-
croscopy and force spectroscopy. Force spectroscopy is based on measuring the response
to an applied force. The force is usually created by pulling at one or both ends of the
biomolecule with the help of for example optical traps, magnetic traps or AFM. These
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Chapter 1. Introduction

methods can for example be used to detect the response of a DNA (deoxyribonucleic
acid) molecule to changes in its surrounding environment or binding of a protein in real
time. Fluorescence imaging has the ability to continuously visualize and record dynamic
processes and has for example been used to directly follow the binding dynamics of DNA
binding proteins and the movement of membrane proteins within the lipid membrane on
a single molecule level.

The ability to study the behavior of single biomolecules in real time makes it possible
to detect reaction intermediates that are too short-lived to be detected in an ensem-
ble of asynchronous reactions [3]. Furthermore, fluorescence imaging opens up for the
possibility to investigate how the concentration affects the dynamics or behavior of a
biomolecule.

Since the 1940s when it was realized that DNA carries the heredity information it
has been intensely studied. However, it was not until 1953 when James Watson, Francis
Crick, Maurice Wilkins and Rosalind Franklin discovered the structure of DNA that the
mystery about how this information was stored and transferred to the next generation
could be solved [5]. Understanding of the structure also provided some clues about how
DNA could encode the information for making proteins [6]. This discovery had a huge
impact on medicine and lead to a nobel price for James Watson, Francis Crick and
Maurice Wilkins in 1962. Today we know that an error in the genetic code can lead to
severe diseases (such as schizophrenia, mental retardation [7], Duchenne muscular disease
and Huntington chorea) or in worst cases death. Therefore huge efforts have been put into
understanding the behavior of the DNA molecule as well as develop methods to decode its
information. Furthermore, an insight into the human genome sequence allows for a better
understanding of our heredity and opens up for personalized medicine. Sequencing the
human genome was considered so essential that in 1989 a publicly founded consortium
started a project called the Human Genome Project (HGP) [8]. Included in the aim
of this project was to determine the sequence of the complete human genome, identify
the approximately 20,000-25,000 genes within the human genome as well as store this
information in databases and improve the tools used for data analysis [9]. During this
project a mixture of DNA from a number of anonymous donors was used, although later
the genome from a single individual has also been sequenced [10].

Proteins are the worker molecules within the cells and are involved in most biological
functions. One category of proteins interact with the DNA chain and are responsible
for DNA replication, gene expression and regulation, genome rearrangements as well as
DNA repair. Studying protein DNA interactions underlying these processes is therefore
alluring both from the biological and biophysical point of view. A better understanding
of these interactions can potentially be used to identify and cure epigenetic disorders.

Lab-On-a-Chip (LOC) systems have lately become popular within biophysics com-
munity. A LOC system is a device that contains one or more laboratory functions on
a single chip. Within the LOC systems a sub field of handling single biomolecules (and
especially DNA) in micro- and nano-channels have emerged.

Nano-channels have been used for polymer physics [11–14], to study the binding of the
lac repressor to DNA [15] and to study the effect of dextran nano-particles on single DNA
molecules [16]. The high interest for using nano-channels to study single DNA molecules
arises form the uniform stretching that scales linearly with the contour length of the
elongated molecules [11] as well as the possibility to a high throughput by using a design
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Chapter 1. Introduction

including a tight array of nano-channels. The uniform stretching provides a correlation
between features spatial position along the polymer and their position within the genome.
Recently nano-channels was utilized to achieve high-resolution mapping patterns (or
barcodes) along DNA molecules [17–21]. The experimentally produced barcodes can be
matched to theoretically calculated barcodes, which opens the doors for this method to be
used for identification of different organisms and large genomic rearrangements. Among
the various mapping techniques the method based on local melting of DNA molecules
stained with a dye that only fluoresces when bound to dsDNA has become a popular
(i.e melting mapping). This way of creating a mapping pattern along a DNA molecule
shows large potential due to its relative simplicity and lack of inherent benefit from prior
knowledge of the sequence to be investigated, which accompanies many other mapping
methods. However, it still possesses problems with reproducibility, an obstacle that needs
to be overcome before it can be made commercially available.

Although, nano-channel systems exhibit a large potential the channel design used
today suffers from one mayor drawback, namely the limitation in the size of a DNA
chains that can be imaged within a field of view during fluorescence imaging. Only
relatively short (in the kbp range) DNA strands can be easily imaged with the straight
channel design used today. Since most genome sizes are in the Mbp range, the short
imaging sizes limits the usefulness for biologically relevant problems.

Areas of use for micro-channels includes cell sorting [22], DNA mapping [23], elec-
trophoretic separation of DNA molecules [24] as well as separation and accumulation of
membrane bound proteins [25]. Furthermore, the laminar flow within a micro-channel
have been utilized to align and elongate hundreds of DNA molecules within a field of view
[26]. Thereby the throughput is increased compared to many other single DNA molecule
methods. Its usefulness has been shown through investigations of protein-DNA interac-
tions as well as measurements of the physical properties of DNA molecules in different
surroundings [27–29]. However, this technique suffers from a major drawback, namely
that todays channel designs only allows for investigations with a single buffer condition
for each experiment.

In this work micro- and nano-channels were used to manipulate single DNA molecules
which were imaged with fluorescence microscopy. The work had three main focuses. First,
increasing the length of DNA molecules manipulated and imaged in a system of micro-
and nano-channels. The nano-channels used to elongate the DNA molecules were folded
into a meandering pattern in order to reduce the number of frames needed to image large
genomes. DNA molecules in the Mbp range were with ease imaged within a single filed of
view with this new design. We have thereby increased the biological relevance for DNA
molecules elongated and visualized inside nano-channels. We showed the clinical and
biological relevance by creating a barcode along the elongated molecules. The barcode
can be used to locate repetitive regions along the chromosome, or identify large genomic
rearrangements.

The second focus was to optimize melting mapping. As a step towards commercial-
ization the time spent by the DNA molecule in confinement and thereby at a raised
temperature was optimized.

Thirdly, we integrated DNA-arrays into Y-shaped micro-channels to create a versatile
tool for high throughput single molecule studies of DNA behavior and protein-DNA
interactions. The Y-shape of the micro-channel allows for a stable concentration gradient
across the measurement channel as well as rapid exchange of buffer. In combination with
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Chapter 1. Introduction

fluorescence imaging it can be used to monitor reaction dynamics and heterogeneity as
well as discover of rare events and threshold behaviors. In this work the binding behavior
of Rad51 to DNA was probed with this tool.
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2
DNA - The Molecule

2.1 Chemical structure and information storage

The dsDNA molecule is often described as having the structure of a twisted ladder
(see figure 2.1B). In the case of the DNA molecule the ladder is composed of two long
polynucleotide chains connected by hydrogen bonds. Each nucleotide in the chain consists
of a nitrogen-containing base and a phosphate group bound to the five carbon sugar
deoxyribose. The backbone of a DNA molecule is composed of alternating sugar and
phosphate groups, covalently bound to each other. The two backbones are twisted around
each other to create a helix with a minor and a major groove running along the length of
the molecule. In DNA the four bases are Adenine (A), Thymine (T), Guanine (G) and
Cytosine (C), these creates the steps of the ladder (0.34 nm apart) by binding to each
other with hydrogen bonds (figure 2.1) [30].

However, these bases do not pair with each other randomly. Adenine always pair to
Thymine with two hydrogen bonds whereas Guanine always pair to Cytosine with three
hydrogen bonds. Through this arrangement a purine is always paired with a pyrimi-
dine giving the energetically most favorable structure, as well as setting the basics for
the information storage properties of DNA molecules. This specific paring leads to two
strands with complementary sequences of nucleotides, and is therefore called comple-

Table 2.1: Sizes of genomes from different organisms.

Type Organism Genome size Comments

Fish Protopterus aethiopicus 119 Gb [31] Largest vertebrate
(Marbled lungfish) genome known

Mammal Tympanoctomys barrerae 7.5 Gb [31] Largest mammal
(Red viscacha rat) genome known

Mammal Homo sapiens 3.2 Gb
(Human)

Nematode Pratylenchus coffeae 20 Mb [31] Smallest multicellular
animal genome known

Yeast Saccaromyces Cereviseae 12.1 Mb [32]
Bacteria Escherichia coli 4.6 Mb [33]
Virus Phage λ 48 kb
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Chapter 2. DNA - The Molecule

Figure 2.1: Structure of the DNA molecule. LEFT A schematic illustration of the double
helical structure of a DNA molecule. RIGHT Chemical structure of a DNA molecule
with the different bases and the backbone high-lighted with different colors. Note that
Cytosine and Guanine are connected by three hydrogen bonds, while Adenine and Tymine
are only connected by two hydrogen bonds.

mentary base-paring. The complementarity enables DNA to encode information in the
order, or sequence, of the nucleotide bases along each strand in the same way as the
order of the letters encodes the information in this thesis. Just as books differ from each
other through the order of the letters, organisms differ from one another because of the
different nucleotide sequences along their DNA molecules. The complete information
stored by the DNA (i.e. the genome) is in eukaryotic cells packaged into chromosomes,
whereas bacterias usually carry their genes on a single circular DNA molecule [6]. The
human genome is divided into 46 chromosomes available in the cell nuclei in every cell of
the body. Different organisms have different sized genomes (table 2.1), but the genome
size is not directly correlated to the complexity of the organism.

2.2 From DNA to proteins

The information stored along the DNA molecules is used to create RNA (ribonucleic acid)
and proteins molecules 2.2. However, only some parts of the genome (the genes) are used
for constructing proteins. The rest is called non-coding or “junk-DNA”. Each gene carries
the information to create a specific protein, but the function of the non-coding DNA is
to this day not clear, hence the name.

Proteins are long unbranched polymers just as DNAmolecules, although the monomer
units are not nucleotides but amino acids. In comparison to the four different nucleotides
that are the building blocks of DNA, there is in total 20 different amino-acids available
for protein fabrication [6]. The large number of different building blocks opens up for a
wide range of physical and chemical properties for different proteins. Due to the large
variations in physical and chemical properties proteins are involved in processes ranging
from oxygen transportation to the copying of DNA.

When a certain protein is needed in the cell, the gene encoding that particular protein

6



Chapter 2. DNA - The Molecule

Figure 2.2: Central dogma of biology schematically illustrated.

is first copied into a RNA in a process called transcription. The sequence of nucleic acids
along the RNA chain is complementary to the nucleotide sequence along the DNA strand
being used as a template. The resulting RNA chain can then be used as a template for
protein production in a process called translation, where three consecutive bases along
the RNA chain encodes for one amino-acid. In this way the base-pair sequence along
the DNA is transferred to a specific amino-acid sequence. Each protein has a unique
amino-acid sequence that helps determine how the protein is folded into its 3D shape,
which in turn determines its function [6].

A change in the amino-acid sequence can potentially lead to an erroneous folding,
which can render the protein un functional. If the change in the code is created during
the transcription or translation it will not have a huge impact because it will be localized
to a single cell and only occur during a short period of time before the proteins and RNA
molecules are replaced. If however the mistake lies within the DNA code (the long term
storage of the information) the error will occur in every protein made from that gene and
can lead to severe complications for the organism carrying the erroneous (mutated) DNA.
The mutations can be both due to a change in a single base-pair (i.e. single-nucleotide
polymorphism (SNP)) or large genomic rearrangements such as translocations, inversions,
duplications and deletions. An error in the DNA code can lead to genetic diseases such
as mental retardation, schizophrenia and cancer [7].

2.3 DNA repair

Inside the cell nucleus the genome is constantly under attack from a range of chemical
species as well as UV-radiation [30]. Breaks in the DNA threaten the genome integrity
and can potentially lead to cell cycle arrest or even apoptosis. Furthermore, many types
of cancer arises due to failure to correctly repair DNA breaks [30]. Both single-stranded
and double-stranded breaks occurs but the double-stranded breaks are more critical to
the cell. Due to the high risks accompanying DNA breaks, cells have developed pathways
to accurately detect and repair damaged DNA [30].

2.3.1 Repairing double stranded breaks

For double-strand repair two pathways are used by to eukaryotic organisms: end-joining
and homologous recombination [34]. During the end-joining, two free DNA ends are
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Chapter 2. DNA - The Molecule

paired and merged. No verification of correct pairing occurs during end joining and it
therefore has a higher mutation rate than homologous recombination, which use a ho-
mologous sister chromatid to verify the repair and is therefore almost error free [34].
Homologous recombination is initiated by a modification of the broken ends to create
3’-terminated single-strand DNA (ssDNA) overhangs. These single stranded parts works
as substrates for strand-exchange proteins (such as Rad51 in eukaryotes and RecA in
bacteria). Upon binding Rad51/RecA creates a nucleoprotein filament that assists in lo-
cating the homologous sequence to the broken part. After localization of the homologous
sequence, strand invasion occurs to form a joint molecule. Using the homologous chain as
a template branch migration and replication occur until the two strands are completely
extended. In the final step the created junctions are enzymatically resolved to release
the repaired DNA [35].

2.3.2 RAD51

Human Rad51 is a DNA-dependent ATPase comprised of 339aa, that has attracted inter-
est due to its main role of initiating strand exchange during homologous recombination
in eukaryotes. In other organisms these functions are performed by similar proteins and
together they create the RecA/Rad51/Dmc1/RadA superfamily of DNA recombinases
[29]. Rad51 have been shown to bind to both single- and double-stranded DNA with
comparable affinities and eject DNA dyes upon binding [36]. It forms a continuos right-
handed helical filament that extends the DNA chain by approximately 50% compared to
normal B-form DNA [28].

2.4 Physics of a DNA molecule

A naked DNA chain can be modeled as a semi-flexible polymer [37, 38]. A semi-flexible
polymer is bendable over much longer length scales than the size of a single monomer
unit, which in the case of DNA is the nucleotide. The length over which they are
rigid is called the persistence length, meaning a polymer with a length shorter than the
persistence length behaves as a rigid rod. The persistence length of a DNAmolecule varies
depending on the surrounding buffer conditions, but within standard buffer conditions
used during DNA studies ( ∼ 0.1 M NaCl) it has a persistence length of 50 nm [39].

Although it is energetically favorable for a semi-flexible polymer to be completely
straight there are entropic forces that drive a DNA molecule to coil up in order to
increase the number of possible conformations and thereby increase its entropy (figure
2.3A). This sets the basis of DNA behavior both in confinement and free in solution. Free
in solution the self-avoidance of the chain due to for example electrostatic interactions
sets a limit to the coiling and the DNA molecule will create a lose coil often referred
to as a Flory coil with a radius of gyration (the average root-mean-square distance of a
segment from the center of mass of the molecule) described by equation 2.1.

RF w (weff2P)1/5L
3/5
C (2.1)

where weff is the effective width of the polymer when the self-avoiding effects are taken
into account, P is the persistence length and LC is the contour length of the DNA [37].
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Chapter 2. DNA - The Molecule

2.4.1 Confined DNA

Even though entropic forces are still acting to coil the DNA chain, a DNA molecule in
a space smaller than its radius of gyration will be forced to deform and elongate. If a
nano-channel is used for the confinement (as in this work) the elongation is dependent
on the channel diameter, D. The stretching mechanism can be divided into two regimes.
The first regime, called the de Gennes regime, considers channels with diameters in the
range P < D < Rg. The second regime, called the Odijk regime, considers channels with
a diameter smaller than the persistence length of DNA.

In the de Gennes regime the extension of a polymer is mainly due to the self avoiding
nature of the chain. In this region the molecule will create small non interacting coils
along the channel, where the DNA in each blob behaves as an unconfined Flory coil
with a radius of gyration equal to the channel diameter (figure 2.3B). This gives an even
distribution of the polymer along the length of the channel, and as a consequence the
DNA extension within the channel scales linearly with its contour length. The relative
extension along the channel, Lz, can be determined from [40]

Lz w LC
(Pweff)

1/3

D2/3
(2.2)

Note that the ionic strength of the buffer affects the effective width of the DNA molecule
as well as its persistence length, which will largely affect the chain extension [41].

In the Odijk regime, where the channel diameter is smaller than the persistence length
of DNA, the molecule can no longer create coils inside the channel. Instead the polymer
chain will be deflected back and forth between the channel walls, with a characteristic
length scale, λ, given by λ w (D2P )1/3 (figure 2.3C). With the help of the angle, α,
between the channel wall and the deflected segment the extension for each segment along
the channels is given by λ cosα. According to [42] the relative extension of the entire
DNA molecule in a square channel can be described as

r

LC
w

[
1− ε

[(
h

P

) 2
3

+

(
d

P

) 2
3

]]
(2.3)

Where h is the channel height, d the channel width and ε a constant of proportionality
that has been estimated in simulations to ε = 0.09137± 0.00007 [43].

Both equation 2.2 and 2.3 above represents a mean value of the end-to-end distance of
an extended polymer. Due to constant thermal fluctuations and conformational changes
the length of an extended molecule is constantly changing around these mean values [11].

2.4.2 DNA relaxation in nano-channels

In order to introduce a DNA molecule into a confined space the resistance to entry,
created from entropic forces and friction, must be overcome. Two main methods are
used to overcome the resistance to entry. In the first method a voltage is applied across
the nano-channel since that creates an electric force acting on the DNA molecules. The
second method utilizes shear flow to drag the molecules into the confinement. The extra
energy needed for the introduction into the nano-channels leads to an initial stretching
of the molecules that is larger than the equilibrium stretching discussed above. As
soon as the external force is removed entropic forces drives the DNA molecules to relax
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Chapter 2. DNA - The Molecule

Figure 2.3: Schematic illustrations of DNA at different degrees of confinement. A. An
unconfined DNA coil. B. Confinement in de DeGenne regime where the DNA molecule
can be folded back on itself and therefore can be modeled as a series of blobs along the
channel. C. Confinement in the Odjik regime where the DNA molecule cannot fold back
on itself, but will instead be deflected back and forth between the walls.

towards their less stretched equilibrium state. The relaxation process has been studied
experimentally for DNA molecules within pillar arrays, nano-slits, nano-channels as well
as a numerically [44–46]. In this section the relaxation of DNA within nano-channels are
discussed since that is the system used within the scope of this work.

An important parameter to study in order to better understand the relaxation be-
havior of DNA molecules is the relaxation time. The relaxation time for a DNA molecule
relaxing within a nano-channel is dependent on the length and the initial stretching of
the DNA molecule. Longer DNA chains leads to longer relaxation times. The end-
to-end length, l, of a contracting molecule at time t in a nano-channel can roughly be
characterized with an exponential fitting function:

l(t) = l0 + (lE − l0) exp(−t/τ) (2.4)

l0 is the equilibrium length in the channel, lE the measured initial extended length, and
τ is the time constant of contraction [14].

In addition to driving the relaxation of DNA molecules entirely confined within a
nano-channel, entropic forces also drive the relaxation (or recoil) of partly confined DNA
chains back into a larger space which allows an increased number of possible conforma-
tions. The relaxation time for this process is dependent on the degree of confinement,
where a higher confinement leads to increased entropic forces and thereby shorter relax-
ation times. When a molecule is only partly introduced into a nano-channel and then
immediately allowed to recoil out into the unconfined space, the molecule will undergo
contraction to its equilibrium stretching and recoiling into un confinement simultaneously.
In order to follow the length changes of the DNA within the nano-channel a stretching
factor, γ(t), describing the degree of stretching of the inserted part compared to its equi-
librium state is introduced. This factor is dependent on the size of the channel, since
this affects the equilibrium extension as described above. With this stretching factor the
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Figure 2.4: Typical melting curve from bulk measurements of DNA denaturation, to-
gether with schematic illustrations of the DNA molecule at different temperatures. Melt-
ing of a DNA molecule is initiated with the creation of small bubbles along the DNA
chain. At increasing temperatures these bubbles grows larger until complete denaturation
of the DNA molecule is reached.

length of the DNA part within the nano-channel at each time, t, can be determined from

l(t) = γ(t)

√
−f
ρ
(t− t0) (2.5)

In equation 2.5 f is the entropic force, ρ the drag coefficient and t0 the starting time
[14]. In this model the two relaxation processes are treated as being independent of each
other, which is a valid assumption due to their different relaxation time constants.

2.5 DNA denaturation

DNA denaturation (or melting) describes the process where the hydrogen bonds between
the bases in the complementary chains are broken and the two chains separated. DNA
melts over a range of temperatures and the melting temperature is defined as the tem-
perature where half the DNA is melted (in its single-stranded form) (see figure 2.4). The
melting temperature depends on the GC content of the chain, in such a way that a higher
GC content gives a higher melting temperature [47]. A DNA molecule in physiological
salt concentrations is in its double-stranded state at 37 ◦C, which is stabilized not only
by the hydrogen bonding but also and mainly by the stacking of the planar aromatic
bases [48, 49]. The stacking of the bases contributes to the stability of the helical struc-
ture by hydrophobic interactions between the adjacent base-pairs. Although, even at
physiological conditions small (from a few to a few hundred base-pairs) single stranded
domains, so called DNA-bubbles, open up intermittent along the DNA molecules and
are immediately closed up again. At room temperature (around 25 ◦C) the relaxation
time for such bubbles was shown to be around 50 µs [50]. This process is called DNA
breathing and most often occurs at AT rich areas along the DNA strand, for example
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the TATA box [51]. Furthermore it was shown that at melting conditions the relaxation
time for bubble formation scales with N2, where N is the number of base pairs in the
unzipped bubble [52].

Despite the DNA breathing, additional energy is needed to separate larger domains
along the two DNA strands in order to read the code. Inside the cells, during for ex-
ample DNA replication and transcription, enzymes are used for the strand separation,
whereas several other methods are used for DNA denaturation in vitro. The stability of
the dsDNA (double-stranded DNA) is affected by for example ionic strength, chemical
composition of the environment, pH and temperature [47]. For in vitro denaturation,
usually a combination of altering the buffer chemistry and increasing the temperature is
used, since the high temperatures otherwise needed can be difficult to handle and often
causes strand breakage and depurination of DNA [53]. The buffer chemistry can either
be altered by the addition of denaturation agents (chemicals that lowers the stability of
the double helix) or by altering the ionic strength of the buffer. A lower ionic strength
lowers the melting temperature since this decreases the number of cations around the
DNA chain. The cations shields the negative charged phosphate groups along the DNA
strands to suppress the electrostatic repulsion between the two strands. In complete
deionized water a DNA chain would melt already at room temperature [47]. Despite the
fact that a changed ionic strength will lead to DNA denaturation, a chemical agent such
as formamide (discussed below) or urea is most often used in order to lower the melting
temperature.

Traditionally, DNA melting has been performed in bulk and monitored by observing
the UV-absorption of light in the 260 nm wavelength region [47]. Monitoring a single
wavelength is possible due to a phenomena termed hyperchromicity, which describes
the effect of a constant absorbance wavelength during an increasing absorbance. The
increased absorbance arises from a decrease in hydrophobic interactions between the bases
in the single stranded parts of the DNA chain. Within a dsDNA molecule the stacked
bases interact with each other through their π-electron clouds, which are also responsible
for the UV-absorption. The base-base interaction hinders the π-electron clouds from
absorbing light in a dsDNA, but when the bases are separated due to melting the bases
interaction with each other decreases and the π-electrons are free to absorb light [47].

During DNA melting, the weaker AT-rich areas melt first since the bases A and T
are only connected by two hydrogen bonds, whereas the bases C and G are connected
by three hydrogen bonds. This sequence dependence in melting behavior can be used to
get sequence information as discussed later. When DNA melts, bubbles of ssDNA are
within seconds created along the dsDNA chain. These bubbles then slowly grows and
more bubbles are created until the two chains are completely separated (see figure 2.4).
The melting probability for a base-pair is dependent on its environment. A base-pair
adjacent to melted bases has a higher probability of melting than a base-pair within a
double-stranded part of the chain, giving a cooperativity of the melting behavior [54].

2.5.1 Formamide as a denaturation agent

Formamide (CH3NO) is a liquid in room temperature and is easily mixed with water.
Addition of formamide to DNA solutions lowers the melting temperature of dsDNA by
around 0.6 ◦C per percentage formamide being added, without affecting the cooperativity
behavior of the melting [53]. Evidence of a two state interaction process between DNA
and formamide has been shown. In the first step, water and ions associated with the
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DNA chain is replaced by formamide, which effectively lowers the ionic strength in the
proximity of the DNA and as a consequence the melting temperature is lowered. In
the second step the formamide disrupts the hydrogen-bonds between the base-pairs [55].
With its capacity to form 4 hydrogen bonds, formamide is able to bind to the bases
through hydrogen bonding and can thereby prevent the bases from binding to each other
(figure 2.5).

The effect of formamide has been shown to depend on bp sequence where poly(dAdT)
shows a higher affection than a mixed chain [55]. However, the total AT ratio within a
DNA molecule does not seem to affect the decrease of melting temperature with increased
formamide concentration [53].

Figure 2.5: Schematic illustration of the interaction between DNA and formamide. For-
mamide interacts with DNA by forming new hydrogen bonds with the bases and thereby
disrupting their internal binding.
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3
DNA Sequencing

Since an error in the genetic code can lead to severe diseases or in worst cases death,
major efforts have been put into developing methods to decode this information. A better
understanding of the genetic code opens up for personalized medicine as well as an early
detection of genetic disorders. In this chapter a short introduction to some of the most
popular sequencing methods used today will be given.

3.1 Shotgun sequencing

Shotgun sequencing is a general term for the sequencing methods where the DNA is
broken into random fragments that are sequenced separately. Specialized bioinformatic
algorithms are used to assemble the pieces with the help of overlapping parts of the
sequenced fragments. This assembly becomes increasingly complex with long DNA chains
(> 1 kbp), prolonging the computational time. Furthermore it possesses a problem with
highly repetitive or repeated parts, since it is hard to determine if two repetitive parts
found on different pieces comes from separate parts of the genome or are just copies of
the same part of the genome [6].

3.1.1 Chain termination sequencing

The most common chain termination sequencing method is the Sanger dideoxy method.
This method was developed in 1977 by Frederick Sanger [56] and revolutionized molecular
biology to such extent that it is still the source of inspiration for most new developments
within sequencing technology. It has a base-pair resolution and can therefore be used
for detecting SNPs. It is often used in a shotgun approach, and can be applied to DNA
strands up to 1 kbp with extremely high accuracy.

Chain termination sequencing is today in general initiated with PCR (Polymerase
chain reaction) amplification of the DNA followed by denaturation of the PCR products
to create ssDNA molecules. A primer (a short single-stranded piece of DNA that is de-
signed to pair with a specific part of the DNA to be sequenced) is bound to a known part
at the end of the amplified DNA to create a starting point for the DNA polymerase. The
ssDNA is divided into four different reaction tubes containing DNA polymerase and each
of the four nucleotides. In addition, a small amount of the 2’,3’-dideoxy analog of one
of the four nucleotides is added to each tube. The analog lacks the 3’-hydroxyl terminus
needed for the next nucleotide to be added to the chain. This means that the growth
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of the complementary strand is terminated when the analog gets incorporated. During
the reaction, the DNA polymerase will build the complementary strand to the unknown
sequence until the analog gets incorporated and terminates the growth. The concentra-
tion of the analog is low in comparison to the normal nucleotides and therefore the chain
termination will only happen occasionally, leading to complementary strands of different
length. The chain terminated fragments can then be separated by gel-electrophoresis
with one base represented in each lane and the sequence determined from the pattern on
the gel [57].

3.1.2 Pyrosequencing

Pyrosequencing is a sequencing technique with single-base resolution based on enzyme-
coupled reactions and bioluminescence detection [58]. Just as chain termination se-
quencing, the single base-pair resolution enables detection of SNPs. Due to the short
read length (150 bp) the shot-gun approach is required for sequencing an entire genome
[58].

Just as chain termination sequencing, the process is initiated by amplification of
the unknown DNA by PCR. The PCR products are then denatured to create single-
stranded substrates to which the sequencing primers can bind. With the primer as a
starting point and the PCR product as a template, DNA polymerase builds a new strand
base-by-base. The chain is extended by addition of one of the four nucleotides to the
reaction buffer at the time. Before the next nucleotide is added the previous nucleotide is
degraded to ensure that only one type of nucleotide is present in the solution at all times.
Incorporation of the nucleotide into the growing chain is detected through the release
of pyrophosphate. This pyrophosphate is converted by the enzyme sulfurylase into a
flash of chemiluminescence, which is detected to determine if the added nucleotide was
incorporated. The intensity of the detected light is used to determine if one or several
nucleotides were incorporated in a row [58].

Due to the light based detection the chain growth can be followed in real time,
eliminating the need for the electrophoresis step required in Sanger sequencing. This
lowers the running costs and opens up for the possibility to make an automatic high-
throughput tool working in a parallel manner.

3.1.3 Next generation sequencing

Over the last decade new array systems for sequencing going under the general term
Next-generation sequencing has been developed [59, 60].

Most of the Next-generation sequencing tools are based on traditional pyro- or Sanger
sequencing with the difference that the substrate is often surface bound and organized
into ordered arrays. With the array systems a much higher degree of parallelism can be
achieved, which strongly increases throughput while the small sizes of the systems used
allows for a reduction of running costs. Recently two single molecule Next-generation
methods were presented. They eliminate the need for DNA amplification and thereby
further decrease time and cost for sequencing. Although, they suffer from the same major
drawback that comes with all the Next-generation tools, namely the extremely short read
length. The short read length leads to the requirement for sophisticated algorithms and
much data power for sequence assembly in order to acquire useful sequencing data. In
addition, highly repetitive sequences and homopolymers often posses a problem during
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data acquisition and sequence assembly. Even though new improvements are constantly
made on the data algorithms the short read length (10-100 bases) are still the “Achilles
heel” of the Next-generation sequencing methods.

3.2 Single molecule sequence analysis

3.2.1 Chromosome banding

Banding can be used to identify individual chromosomes (karyotyping) in metaphase and
to observe large genomic rearrangements such as translocations, inversions and deletions
[61]. Even though the resolution varies between the different banding techniques none
of them can be used to achieve a single base-pair resolution. If the conditions are right
aberrations in the size of 1− 10 Mbp can be identified along the chromosomes [62].

During the banding procedure the DNA is stained, with for example Giemsa dye, at an
early stage of mitosis to create a banding pattern (also sometimes referred to as a barcode
or mapping pattern) of dark and bright stripes along the condensed chromosomes. Several
banding techniques are available but they can be divided into two principal groups. The
first group contains the methods where the banding pattern is distributed along the
length of the whole chromosome such as G-banding (Giemsa banding) and R-banding
(Reverse banding). In the second group the techniques resulting in a pattern on only
a part of a chromosome are represented, such as C-banding (centromere banding) [63].
Different resolutions can be achieved by changing the condensation of the chromosomes,
where less condensed chromosomes gives a better resolution.

G-banding is used to detect the chromatin structure and base composition along
the chromosome [61]. There are several different methods for G-banding but the most
widely used is the GTG-banding produced by staining protease treated chromosomes
with Giemsa dye [61]. This creates a pattern of alternating dark and bright bands along
the molecule where the light bands are GC-rich, early replicating, euchromatic and more
active regions of the chromosome and therefore more biologically relevant [63].

Fluorescence dyes such as quinacrine, DAPI (4’-6- diamidino-2-phenylindole) and
Hoechst 33258 has also successfully been used for chromosome banding. Both DAPI and
Hoechst 33258 has a binding selectivity for AT whereas quinacrine binding is irrespective
of sequence, although it fluoresces brighter in AT-rich regions. The advantage of fluo-
rescence staining is the simplicity of the method compared to other staining methods,
although the drawback is the tendency of photobleaching for fluorescent dyes [61].

3.2.2 Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is based on the hybridization of a fluorescently
labelled probe (a short DNA strand with a well defined sequence) to a chromosome in
situ. The hybridization is initiated by denaturation of both the chromosome target and
the probe. Before the temperature is lowered the probe is added in large excess to ensure
that it is annealed to the target chromosome. The probe will bind where the chromo-
some sequence is complementary to the probe sequence creating a double stranded hybrid
molecule. After the removal of the unbound or loosely bound probes (due to not com-
plete complementarity in the chromosome sequence) the remaining probes are detected.
They can be labeled with either haptens (i.e. biotin, digoxygenin) or fluorochromes (i.e.
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fluorescein isothiocyanate (FITC) , rhodamine). The FISH probes can in general be di-
vided into three categories: repetitive sequence, whole chromosome, or specific sequence.
Repetitive sequence probes are mostly used for studying centromeres, since they often
contain many small repeated parts. Whole chromosome probes (chromosome painting)
are composed of unique sequences from an entire chromosome or chromosome region.
The most popular method is that of targeting a specific sequence along the DNA to
detect translocations, copy number variations and deletions [63].

Many genetic diseases arise from genomic rearrangements in the size range 5−400kbp
and can therefore not be detected by chromosome banding on metaphase chromosomes
[7]. FISH can be performed on both metaphase and interphase cells and can reach
a resolution of 10 − 50 kbp [63]. To further increase the resolution, fiber-FISH with a
resolution in the range of 1−300kbp was developed [64]. Fiber-FISH has been performed
on both naked DNA strands and chromatin fibers among other things. The naked DNA
strands gives a higher resolution but a lower coverage compared to FISH on chromatin
strands. Even though fiber-FISH can be used to get a relatively high mapping resolution
it still suffers from the drawback inherent in a FISH techniques, namely the improved
mapping results gained by prior knowledge of the sample sequence.

3.2.3 Barcoding on stretched DNA

With new barcoding techniques it is possible to create barcodes on DNA strands with
an unknown sequence with a resolution down to 1 kbp. Just as with fiber-FISH the
high resolution barcodes are reached by stretching the DNA. Barcoding on elongated
DNA molecules can basically be divided into two categories based on how the barcode
is created. The first category includes methods based on specific cutting with restriction
enzymes. When cutting with restriction enzymes, the size of the resulting DNA pieces
will depend on where along the DNA strands the cutting takes place. If enzymes that
only cut at a specific base-pair sequence is used the lateral placement of this sequence
along the DNA can be determined [17, 65–67].

The second category includes methods based on the AT/GC ratio along the DNA.
Within this category two main techniques are used to create the barcode. The first
technique is based on competitive binding between a un fluorescent molecule with a
strong binding and high base-pair selectivity (meaning it binds only to AT or GC base-
pairs) and a standard unspecific nucleic acid stain such as YOYO-1. This creates a
pattern of dark stripes where the non-fluorescent molecule binds and hinders the binding
of the dye [18].

The second technique (often referred to as melting mapping) is based on partial
melting of a DNA molecule stained with a dye that is equally distributed along the
initial dsDNA. If a dye specific to dsDNA or with a large increase in fluorescence upon
binding to dsDNA is used, dark areas will be created at the melted single stranded parts
of the DNA molecule. Since AT are held together only by two hydrogen bonds a region
containing a large amount of AT will be less stable than a region with a high GC content.
During the right conditions only AT rich areas will melt and a barcode were AT rich areas
are dark is created [19]. Melting mapping was the technique used during this work and
as an example of a melting pattern kymographs (or time-traces) of two different T4GT7
DNA molecules is shown in figure 5.4 in section 5.3.
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Handling Single DNA Molecules

Preparations for fluorescence imaging of single DNAmolecules often includes stretching of
the molecules as well as staining with a fluorescent dye. Today many different stretching
methods exists, which can be used separately or in combination. Some examples are
hydrodynamic stretching due to a buffer flow [21, 26, 27, 68, 69], elongation due to
confinement in nano-channels [11, 13, 14, 37, 41, 44, 45], or by pulling on the ends of the
DNA with tweezers or AFM [70, 71].

Optical and magnetic tweezers are versatile tools used to measure mechanical prop-
erties of biomolecules. Furthermore, tweezers can with success be used in combination
with flow cells, in order to rapidly change the surrounding buffer conditions while simul-
taneously measuring the response from a biomolecule. With a setup including tweezers
the stretching can be achieved either by pulling at both ends of the DNA molecule with
two tweezers or by attaching one of the ends to a surface and pulling in the other end
with the help of a tweezer. In addition, a single tweezer can be used to immobilize a
DNA molecule while a hydrodynamic flow is used for the stretching.

Hydrodynamic flow can be used to stretch DNA molecules prior to absorption to a
surface (used in DNA combing [72]) or to stretch molecules with one immobilized end.
In this work one end of a DNA is attached directly to lipids within a supported lipid
bilayer to created DNA arrays, which are discussed in more detail in section 4.1.4. When
using hydrodynamic forces for the elongation the degree of stretching depends on the
flow velocity in such a way that an increased flow velocity leads to an increased degree
of stretching until a maximum stretching is reached [26].

Nano-channels provide a dynamic system in which DNA molecules can be imaged
in their equilibrium state, and was therefore the method of choice throughout most
of this work. DNA molecules can easily be moved around in the nano-channels with
electrophoresis or pressure driven flow (as in this work) and with a clever design the buffer
surrounding the DNA molecule can easily be exchanged without moving the DNA. The
uniform stretching (as discussed in section 2.4.1) provides a correlation between features
spatial position along the polymer and their position within the genome [11]. Since no
external forces are required to extend the DNA molecule close to native conditions can
be reached. Confinement of DNA molecules in nano-channels have been used to gain a
deeper understanding of the physical behavior of semi-flexible polymers in confinement
(see section 2.4.1) as well as mapping of DNA with several of different techniques as
described in section 3.2.3.
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Figure 4.1: LEFT Schematic illustration of a phospholipid. RIGHT Drawings of different
self-assembly structures for lipids in water-based solutions.

4.1 Surface functionalization

Ideally, anchoring enables easy visualization of the molecules while retaining their bio-
logical integrity. For easy visualization and analysis it is important to prevent unspecific
absorption to the surface, which leads to the need for surface passivation. There are
many different approaches used to passivate a surface, including nonspecific blocking
agents (e.g., biotinylated bovine serum albumin (BSA), casein or streptavidin) or cova-
lent modifications of the surface with for example polyethylene glycol (PEG) [26, 27].
In addition, supported lipid bilayers have successfully been used for surface passivation
and were proven to prevent nonspecific absorption of both DNA and several different
proteins at near-neutral pH ranges [26, 27, 73]. Recently, lipids were used to passivate
nano-channels as a first step toward using nano-channels to investigate of protein-DNA
interactions [74]. Lipid bilayers are advantageous for surface passivation since they pro-
vide a micro environment that mimics the inside of a cell, are easy to create, are stable in
a vide range of buffer conditions. Furthermore, its function can be varied by integration
of lipids with modified head groups.

4.1.1 Structure and behavior of lipids

Lipid molecules are amphiphilic, which means that they posses both hydrophilic (i.e.
water-loving) and hydrophobic (i.e. fat-loving) properties. The hydrophobic part con-
sists of one or more (often two) acyl-chains. The hydrophilic part (the head group) shows
a great chemical diversity and can be neutral, charged or zwitterionic (the charge de-
pends on pH) [75]. The most common phospholipids are phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), which are neutral in the pH range of 3-10.

Different molecules can be attached to the head group in order to functionalize the
lipid. For example can PE be modified with biotin to enable attachment of a biotin
modified DNA through a biotin-neutravidin-biotin linkage [26, 27].

Due to their amphiphilic nature, lipids arrange themselves so that the head groups
face outwards in water solutions and the tails face outwards in fatty solutions. In water
they self assemble into for example liposomes/vesicle or bilayers in order to protect their
hydrophobic tail groups (see figure 4.1). In a bilayer the head groups are exposed on
each side and the tails are hidden within the membrane. A liposome consists of a bilayer
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in a spherical shape with water inside as well as outside the sphere.

4.1.2 Vesicle preparation

Different methods can be used to create unilamellar vesicles (i.e vesicles surrounded by
only a single bilayer) such as sonnication with a tip probe sonnicator, bulk sonnication
or extrusion. During lipid vesicle extrusion (the method of choice during this work) the
lipid solution is pressed back and forth through a polycarbonate extrusion membrane at
least 11 times. This is done by connecting two 1 ml glass syringes (one which contained
the lipid solution) to each side of a metal holder containing the membrane (as shown in
figure 4.2). The lipid solution is then moved back and forth between the two syringes
passing the filter each time. In order to minimize the concentration of unfiltered vesicles
the final filtration is always done into the initially empty syringe. By using different pore
sizes the final size of the unilamellar vesicles can be varied.

Figure 4.2: Image of the setup used for lipid vesicle extrusion. The solution containing
the lipid vesicles are passed back and forth between the two syringes. Each time it passes
a filter that is held in place by the metal holder.

4.1.3 Supported phospholipid bilayers (SLB)

Vesicles form planar bilayers on certain surfaces. When using POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine) lipids, self-healing structures with a thickness of 4.5−
5 nm are created [76]. The fluidic properties of a lipid bilayer enables molecules tethered
to lipids within the bilayer to diffuse freely in two dimensions with diffusion constants
around ∼ 1 µm2/s [77, 78]. SLBs are often formed by vesicle absorption followed by
spontaneous vesicle rupture and self assembly of the lipids into a bilayer [79, 80]. This
process results in a high surface coverage and reproducibility, but are dependent on a
clean and smooth surface as well as the correct buffer conditions (such as ionic strength
and pH) [81].

4.1.4 Creating DNA arrays

In order to visualize a large amount of DNA molecules on a single molecule level a specific
DNA array method was developed. The developed DNA array is a structure where DNA
molecules are aligned next to each other and elongated with hydrodynamic forces (figure
4.3) [26]. To create a DNA array a SLB, that acts both as surface passivation and
provides an anchoring point for the DNA molecules, is created within a micro-fluidic
channel. The bilayer is made from unmodified POPC lipids and a small amount of
lipids with a biotin molecule bound to their head group. After bilayer formation a buffer
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Figure 4.3: A cartoon illustration of how to create a DNA array by applying a hydrody-
namic force to tethered molecules.

containing neutravidin is incubated in the micro-channel. The neutravidin binds to the
biotin-modified lipids to create anchoring points on the lipid bilayer for biotin-modified
DNA molecules. Hydrodynamic forces are then used to move tethered DNA molecules
across the bilayer and organize them into closely packed arrays. The array pattern is
defined by micro-scale mechanical diffusion barriers, which can be either in the form of
a trench or a wall. Trenches can be created manually with a diamond drill (as in this
work) or by using electron been lithography (EBL) to define the position and shape of
the trench followed by an etching step. To create a wall the etching step is replaced with
a deposition step where for example chromium can be deposited at the places defined
during EBL [27]. During data collection hydrodynamic flow is used to elongate the DNA
molecules to enable visualization of features along the DNA molecule.
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5
Optical Imaging

Optical imaging was in this work used to study DNA molecules in a system of micro- and
nano-channels. Light microscopy was used to follow the chip processing, whereas epi-
fluorescence was used during measurements on the DNA molecules. A nice overview of
standard light microscopy is given by Abramowitz in reference [82], wheres fluorescence
imaging is well described by Lakowicz in reference [83].

5.1 Light microscopy

The first simple glass magnifiers were designed more than 500 years ago. They consisted
of a convex lens that magnified the image of the object by increasing the visual angle
on the retina. Today advanced microscopes with a system of aligned lenses enabling
imaging of single cells or molecules exists. A microscope should not only produce a
magnified image of the object but also be able to separate details in the image and
render these details visible to the eye. In summary a microscope needs an excellent
magnification, resolution and contrast. The magnification is often flexible in modern
microscopes with a range of objectives and eyepieces to be combined. For a microscope
the total magnification is the combined magnification of the objective and the eyepiece,
meaning that a setup with a 20x objective and a 10x eyepiece will give 200x magnification.

Resolution quantifies the minimum distance, r, at which two objects can be imaged
separately. As light passes through the system of lenses in the microscope and the
sample it is diffracted and scattered slightly. This results in an image where each point
of the specimen is portrayed as a disk (known as an Airy disk) and not a point. The
criterion for the minimum separation between two resolved point sources states that the
first diffraction minimum from one point source coincide with the diffraction maximum
from the second point. This is called the Rayleigh criterion and can for a microscope be
calculated using equation 5.1.

R =
1.22λ

(NAcond +NAobj)
(5.1)

Here R is the resolution, λ the wavelength of the illumination light, NAcond the
numerical aperture of the condenser and NAobj the numerical aperture of the objective.
Better lenses and an increased NA of the objective are ways to decrease the size of the
Airy disks. NA is a dimensionless number characterizing the efficiency of the objective to
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Figure 5.1: Jablonski diagram showing the transitions leading to fluorescence and phos-
phorescence.

collect light by describing over which angles the system can accept or emit light. Within
the field of microscopy NA is often defined as:

NA = n · sinθ (5.2)

Here n is the refractive index of the material between the objective and the sample
and θ is the half-angle of the maximum cone of light that can enter or exit the objective.
From equation 5.2 we conclude that an increased NA can be achieved by either increasing
the angle of collection for the objective or choosing a material with a high refractive index
between the objective and the sample. The critical angle for total internal reflection sets
a limit for the collection angle creating the urge to change the medium between the
objective and the sample. Immersion oil with a refractive index similar to that of glass
(n = 1.5) is a popular choice of medium.

5.2 Fluorescence microscopy

Fluorescence microscopy is today an essential tool for studying biological processes and
biomolecules. The family of fluorescence microscopy consists of several different tech-
niques including TIRF, nanoscopy techniques (such as stimulated-emission-depletion
(STED)) and epi-fluorescence.

The emission of light from a substrate is called luminescence and can be divided
into fluorescence and phosphorescence. Both these phenomenas describe the excitation
of a molecule by light absorption and subsequent relaxation by light emission. When a
molecule absorbs a photon an electron within the molecule enters an excited state with a
higher energy than the ground state. The absorption only occurs if the incoming photon
has an energy that corresponds exactly to the energy gap between the ground state and
the excited state as shown in the Jablonski diagram in figure 5.1.

If the excited state is a singlet state, meaning that the excited electron has an opposite
spin compared to the electron in the ground state, the excitation leads to fluorescence.
Due to the opposite spins of the electrons the excited molecule is allowed to return to the
ground state, leading to fluorescent lifetimes in the nanosecond range. Phosphorescence
occurs if the excited molecule has the same spin as the ground state molecule (i.e the
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excited state is a triplet state). The relaxation back to the ground state is in this case a
forbidden transition which leads to longer lifetimes, usually in the range from milliseconds
to seconds.

The electron gets rid of the extra energy by radiation-less vibrational relaxation, inter-
nal conversion, photon emission or by transferring the extra energy to another molecule.
Most molecules first relaxes through radiation-less vibration or internal conversions down
to a lower state and then emits a photon to relax further down to its ground state. The
initial vibrational relaxation leads to a longer wavelength for the emission light compared
to the excitation light. This shift in wavelength between the excitation and the emission
light was first described by Sir George G. Stokes and is therefore called the Stoke’s shift
or Stoke’s law.

When an excited molecule collides with another molecule it can potentially transfer
its extra energy to this molecule. During this transition the molecular structure of the
excited molecule can be irreversible changed causing the molecule to loose its fluorescent
properties. This phenomena is called photobleaching and is in general unwanted during
fluorescent imaging, although some techniques for example FRAP (fluorescence recovery
after photobleaching) make use of this phenomena. During the FRAP measurements a
small area of for example a fluorescently labeled lipid bilayer is bleached and the recovery
of fluorescence in that bleached area is measured and used to determine the fluidity of
the bilayer.

Oxygen is a good candidate for intermolecular energy transfers and it is therefore
important to keep the oxygen concentration to a minimum within the sample during
imaging to minimize the photobleaching. In addition, the negative oxygen ion is a radical
and extremely reactive which can lead to damage of the sample.

The excitation light can be both un isotropically and isotropically distributed, but
the emitted light is always isotropically distributed meaning that only a small amount
of the emitted light will reach the detector. Together with the lower intensities of the
emitted light compared to the excitation light this creates the need for filtering out the
excitation light before detection. Luckily, this is possible due to the wavelength shift
described above and the fact that all molecules have their own characteristic absorption
and emission wavelengths. This allows for imaging of samples with low quantum yields,
which is the ratio of photon absorption to emission. A filter cube containing two filters
and a dichroic mirror is used to filter out the emission light for detection (see figure 5.2).
The first component in the light path is the excitation filter, which is a bandpass filter
only transparent to wavelengths in the vicinity of the excitation wavelength. The second
component in the light path is the dichroic mirror built to reflect the light passing through
the excitation filter and to be transparent to the emitted light. The excitation light is
reflected towards the sample, which after excitation emits light with a longer wavelength
than the excitation light. The longer wavelength is passed through the dichroic mirror to
the emission filter, which is a bandpass filter ensuring that only the emitted light reach
the detector. To further increase the image quality an objective with a high NA can be
used. Since a higher NA objective is created by increasing the maximum cone of light
that can enter the objective a higher N.A means more light collected from the sample.

Strong illumination light can potentially damage a biological sample. To avoid this,
neutral density (ND) filters can be placed in the light path before the sample. Neutral
density filters equally reduces the light intensity of all visible wavelength. The two most
common ND filters on the market are the ND4 and ND8 filters, which transmits 25%

25



Chapter 5. Optical Imaging

and 12.5% of the incident light respectively.

Figure 5.2: Schematic illustration of the light path through a filter cube. The incoming
light first hits the excitation filter (blue rectangle) which is only transparent to the
excitation wavelength. Secondly the light is reflected by the dichroic mirror (gray tilted
rectangle). The emitted light passes the dichroic mirror and is then filtered through the
emission filter (green rectangle) that is only transparent to the emitted wavelength.

5.2.1 Nucleic acid stains

Many samples are stained with fluorochromes (also termed fluorophores) prior to imag-
ing. A wide range of different fluorochromes with different excitation and emission wave-
lengths and that binds to different objects are today available on the market. Fluo-
rochromes often have a high quantum yield and are very specific in their attachment
targeting. During single molecule studies of DNA with fluorescence microscopy fluo-
rochromes are always used it stain the molecule. As a result a vide range of nucleic
acid stains including cyanine dyes, DAPI and Hoechst 33258 have been developed. The
group of cyanine dyes includes YOYO (491/509) and TOTO (642/660) which are the
homodimers of oxazole yellow (YO) and thiazole orange (TO) respectively [84]. The
strongly positively charged homodimers are created by linking the two monomers to-
gether with a bis-cationic linker to form a structure that is optimal for a bis-intercalating
binding mode in which two aromatic moieties intercalates between the base-pairs (fig-
ure 5.3) [84]. Bis-intercalation is the main binding mode for YOYO until all the in-
tercalation binding-sites are filled up, after which YOYO can bind externally in a grove
binding fashion [84]. Due to the intercalating binding of the YOYO molecule the dsDNA-
YOYO complex is extremely stable with a binding constant that has been estimated to
1010 − 1012 M−1 [84, 85]. Furthermore, YOYO shows a high fluorescence enhancement
(1000 fold) upon binding makes it a perfect candidate for both single molecule studies
of DNA [11, 13, 14, 18–20, 27, 41, 45, 65, 86, 87] and gel electrophoresis [84, 85]. Free
YOYO gets rid of extra energy by rotating its ring structures. This is not possible when
the rings are tucked in between the base pairs and therefore YOYO will get rid of excess
energy by fluorescence instead.

Staining with YOYO will affect the properties of a DNA molecule in several ways.
The intercalation of the aromatic rings between the base pairs leads an increase in the
contour length of the DNA molecule, with a total increase around 30% at 100 nM [87].
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Figure 5.3: LEFT The absorption (blue) and admission (green) spectra of YOYO-1.
The absorption shows a peak value at 490 nm whereas the emission spectra shows a peak
value at 510 nm. RIGHT Chemical structure of a YOYO-1 molecule.

Figure 5.4: Kymographs visualizing the melting pattern along two T4GT7 molecules
stretched in 150 x 150 nm grooves. The scale bars are 10 µm.

In addition, YOYO has been shown to increase the melting temperature of DNA by
stabilizing the double stranded state [88]. Despite its affect on melting temperature
YOYO is ideal for creating a barcode pattern along the DNA by partially melting of the
DNA [19]. The reason for this is its extremely low binding affinity for ssDNA together
with the large fluorescence enhancement upon binding to dsDNA. When partially melting
YOYO stained DNA the dye loosens from the melted single stranded bubbles creating
dark areas at the melted parts.

5.3 Image analysis

The movies were analyzed with the help of the free software ImageJ
(http://rsbweb.nih.gov/ij/). To create a kymograph/time-trace a region of interest was
positioned around each DNA molecule or molecule part to be analyzed. The region was
then re-sliced to create a stack where each image represents a row/column in the original
image. In the new stack the rows represents time (so each row represents one frame of
the original movie). Lastly the kymograph was created by creating a single image show-
ing the average intensity of all the images from the stack. Each row in the kymograph
represents a new time and each column a new place along the molecule as is illustrated
in figure 5.4.
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6
Fluidics

6.1 Fluid mechanics

Newtons second law (eq 6.1) is used to describe the net force on an object.

F = ma (6.1)

Within classical mechanics the force is assumed to act on the center of gravity of the
object and the object is seen as a discrete mass, which gives accurate solutions when
studying the overall movement of large objects. However, when studying the internal
movement of a fluid (for example the movement of water within a raindrop) Newtons
second law needs to be modified since fluids should be seen as a continuos medium.
The fluid analog to Newtons second law is called Navier-Stokes equation (here presented
in equation 6.2) and describes the velocity fields within a newtonian fluid. A fluid is
newtonian if the density, ρ, of the fluid is independent of pressure and the fluids dynamic
viscosity, η, is independent of the flow velocity.

ρ

[
dv

dt
+ (v · ∇)v

]
= −∇p+ η∇2v + f (6.2)

v the velocity and f represents body force densities such as gravity or centrifugal
forces. The right hand side of the equation describes the applied force density whereas the
left hand side describes the internal acceleration [89]. Due to the nonlinear term Navier-
Stokes equation is difficult to solve analytically, but can be simplified under specific
conditions [89]. A parameter called Reynolds number, Re, is used to determine if this
simplification is possible. Reynolds number is the ratio between the viscous and inertial
forces, which can be calculated from equations 6.3 and 6.4 respectively. Here l and v is
the characteristic length-scale1 and velocity of the system, respectively.

Fviscous = ηlv (6.3)

Finertial = ρl2v2 (6.4)

The calculated forces are then combined into a dimensionless ratio to determine
Reynolds number [90]

1The characteristic length-scale is often defined as the smallest length scale of the system.
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Finternal

Fviscous
=
ρlv

η
= Re

For Re � 1 viscous effects dominate over inertial effects and the flow is completely
laminar (i.e parallel streamlines) and for Re � 1 inertial effect are dominating and
turbulence occurs [90]. In the macro-world internal forces plays a large roll and we easily
get turbulent flow, whereas in the micro world viscous forces are dominating due to
the large surface to volume ratio. In situations with completely laminar flow (i.e low
Reynolds number) the internal forces can be neglected and Navies-Stokes equation can
be simplified into Stokes equation [89]

ρ
dv

dt
= −∇p+ η∇2v + f

This equation is easier to solve than its mother equation and is time-independent
meaning that laminar flows are completely reversible. The mass conservation gives the
incompressibility condition ∇v = 0, for incompressible fluids with nearly constant den-
sity, such as water [89].

6.2 Flow in a micro-channel

Due to the high surface to volume ratio in micro-channels viscous forces dominates, giving
a laminar flow. As in many other fluidic systems the flow velocity is often of interest
when working with micro-channels. The flow velocity can be calculated by dividing the
flow rate, Q, with the cross sectional area, A, of the tube [90]. The flow rate is in turn
determined by dividing the pressure drop, 4P , with the flow resistance, R [91]. The
pressure drop is in general determined experimentally whereas the flow resistance needs
to be calculated for each new channel design. It is intuitively clear that the flow resistance
increases with decreasing channels diameter and increasing channel length, but what is
often less intuitive is how it changes with the shape of the cross-section. For a circular
and rectangular cross sections the calculations for determining R are straight forward
using equations 6.5 and 6.6 respectively. Here a is the tube radius, w the tube with, h
the tube height, L the length of the tube and η the dynamic viscosity of the fluid [91].

R =
8ηL

πa4
(6.5)

R =
12ηL

wh3
(6.6)

For square cross sections the expression becomes slightly more difficult as is apparent
from equation 6.7 presented in reference [91].

R =
12µL

wh3

1− h

w

192

π5

∞∑
n=1,3,5

1

n5
tanh

(nπw
2h

)−1

(6.7)

Since micro-channels can have many different shapes on their cross sections a way to
approximate the diameter called the hydraulic diameter, Dh, has been developed. This
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is calculated with the help of equation 6.8 and is then used in equation 6.5 to get an
approximation for the resistance of the channel.

Dh =
4× cross section area
wetted perimeter

=
4A

Pwet
(6.8)

The wetted perimeter, Pwet is the part of the inner channel wall in direct contact
with the fluid, which for a completely filled channel is simply the inner circumference
of the channel [90]. In addition to the resistance calculations the hydraulic diameter is
often used as the characteristic length scale for a micro-fluidic channel.

6.3 Mixing in micro-channels

In laminar flow conditions diffusion is the only source of mixing. Therefore, the mixing
rate in micro-channels is determined by the flux of particles, J, from a higher to a lower
concentration through Fick’s law:

J = −DdC
dx

, (6.9)

where C is the concentration of the species and D the diffusion coefficient [90]. For
a spherical particle the diffusion coefficient can be determined from Einstein- Stokes
equation

D =
kBT

6πrη
, (6.10)

where kB is Boltzmann’s constant, T the temperature and r the radius of the particle
[92]. From equation 6.10 it is clear that small particles diffuse faster than large parti-
cles. The average distance, x, traveled by a diffusing particle can be determined from
x =

√
2Dt, where t is the travel time [91]. Different micro-fluidic designs for mixing

two samples have been presented including long meandering channels for increasing the
diffusion time and channels with obstacles forcing the flow into a turbulent state [89].

Mixing by diffusion can be used to create concentration gradients, which can for
example be used to determine how the binding behavior of a ligand depends on the
concentration of the ligand in the buffer. A Y-shaped channel can be used to create a
concentration gradient along the width of the combined channel since the two flows will
continue to flow next to each other. The concentration profile for two parallel solutions
within a micro-channel can be determined by

C(x, y) =
C0

2

(
1− erf

(
− y
√
U

2
√
Dx

))
(6.11)

where x is the downstream distance from the converging point, y the transverse
coordinate, C0 is the initial concentration of the solute and U the flow rate [70]. From
equation 6.11 it can be concluded that for a given substance an increase in flow rate
will cause a steeper concentration profile and a narrower gradient at a certain position
along the channel. In addition, it can be seen that a smaller and thereby faster diffusing
molecule will lead to a wider gradient and a faster mixing for a specific flow rate.
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7
Experimental Details

In this chapter an overview of the experimental setups used in this work are given, for
a more detailed description the reader is advised to read reference [37] and chapter 9 in
reference [93].

7.1 Microscope setup

For the imaging a custom designed microscope based on a inverted Nikon Eclipse TE2000
was used together with a 100x oil objective with a NA of 1.4. The microscope setup
included a motorized xy-stage, motorized shutters, ND filters and two side lamps (one for
fluorescence and one for bright filed imaging). Two separate but similar light paths were
used to guide the light from the two side lamps towards the sample as shown in figure
7.1. For the epi-fluorescence measurements a mercury short arc lamp (100W) was used
to enable a strong and even illumination and for the bright light illumination a standard
halogen lamp was used.

A back-illuminated electron multiplying CCD camera (Andor iXon DV-897) with the
capacity to run in a frame-transfer mode was used for light detection and data recording.
Frame transfer mode refers to the capacity to acquire data simultaneously as data from
the previous frame is read out from the camera. In this way an almost continuos recording
is made possible. During this work a frame transfer of 100ms was most commonly used to
maximize the light intensity in each frame without getting a blurry image due to thermal
fluctuations and conformational changes of the DNA molecule. To minimize thermal
noise from the camera it was cooled to −50◦C during data collection.

7.2 Buffer solutions

During the melting experiments the buffer solution used was Tris-Borate-EDTA (TBE) in
a concentration of 0.05xTBE (4.5mM Tris, 4.5mM boric acid and 0.1mM EDTA). TBE
buffer consists of three different parts each with their special function. The first part Tris
(tris(hydroxymethyl)aminomethane) is a buffering agent in the pH range between 7.1 and
9.0. Boric acid (H3BO3) is a weak acid that improves Tris buffering capabilities. The
last ingredient is the chelating agent EDTA (Ethylenedinitrilotetraacetic acid), which is
there to suppress DNA damage by scavenging multivalent ions. Scavenging multivalent
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Figure 7.1: Schematic illustration of the light path through the microscope setup used
in this study. The ND-filters were used to lower the intensity of the incoming light in
order to minimize photo-damage and photo-bleaching of the sample.

ions (such as Ca2+ and Mg2+) will deactivate metal-dependent enzymes, for example
nucleases, and therefore removing these ions will prevent enzymatic degradation of DNA.

During fluorescence imaging with the cyanine dye YOYO-1, photo damage is often
induced in DNA molecules. To prevent this β- mercaptoethanol (BME, HOCH2CH2SH)
is added to the buffer solution before imaging. BME is a reducing agent used to pre-
vent high levels of oxygen radicals, which are often responsible for DNA damage during
imaging.

When creating DNA arrays a buffer containing 10 mM Tris pH 8.0 and 100 mM
NaCl was used during bilayer creation whereas a buffer consisting 40 mM Tris pH 7.8,
1 mM DTT, 1 mM MgCl2 and 0.2 mg/ml BSA was used after bilayer formation. DTT
(dithiothreitol, C4H10O2S2) is a redox agent commonly used to reduce disulfide bonds
between proteins and thereby prevent intramolecular interactions leading to aggregation
of the proteins. BSA is a protein ( 66, 000 Da) with a high stability and low reactivity
that here was used for unspecific blocking of the parts of the channel where no bilayer
had formed.

7.3 Handling DNA molecules

7.3.1 Handling DNA in nano-channels

For the studies of DNA confined in nano-channels 25x25 mm2 big fused silica chips
containing a system of micro- and nano-channels were produced as described in paper
I. A single chip contained four 1x5 µm2 channels connected to reservoirs at the ends.
An array of nano-channels (either straight or meandering) spanned between two of the
micro-channels. In addition, the melting experiments on T4GT7 were performed in a
chip with a nano-slit spanning between the two remaining nano-channels. The nano-slit
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Figure 7.2: Images showing the chuck design.
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Figure 7.3: TOP Overview of setup for melting experiments. BOTTOM Zoom in of the
part inside the white rectangle in the top image showing the heater setup.
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spanned perpendicular across the nano-channels to create nano-grooves, which allowed
for the free YOYO-1 molecules to diffuse away.

A chip holder (or chuck) was designed to enable manipulation of the DNA molecules
within the fused silica chip as well as create a link between the microscope stage and the
small chip (figures 7.2 and 7.3). The chuck was made in Zeonor 1060R (Sigolis AB) due
to the plastic’s low internal fluorescence, high resistance to chemicals and transparency.
A transparent chuck eases the detection of unwanted bubbles within the channel system.
Furthermore, the chuck was designed with eight separate reservoirs possible to align with
the reservoirs on the chip and pipes connecting the top (the side facing away from the
chip) of the reservoirs with a system used for pressure manipulation. A stainless steel
frame that was carefully screwed into the chuck was used to fasten the chip to the bottom
of the chuck. O-rings were placed at the reservoirs between the chip and the chuck to
ensure a good connection and avoid leakage. The other end of the reservoirs in the chuck
were sealed by screws and again o-rings were used to avoid leakage.

In addition, the chuck was designed with a hole spanning its center that held the
heating system used for melting the confined DNA molecules. The heating system con-
sisted of an aluminum cap in which the heater and a thermocouple was placed (figure
7.3). Thermal paste was used at all interfaces to ensure stable heat transfer throughout
the system.

The flow within the micro- and nano-channels was controlled by controlling the pres-
sure in each reservoir. In order to keep the oxygen in the sample buffer at a minimum,
nitrogen gas was used to change the pressure within the reservoirs. Increasing the pres-
sure in one of the reservoirs connected to a micro-channel lead to a flow in that channel.
To force the buffer through the nano-channels or nano-slit the pressure in both of the
reservoirs connected to a micro-channel in one end of the nano-channels was increased
while the micro-channel in the other end was kept at atmospheric pressure (see figure
7.4). Before the chip was fastened to the chip holder the dry channels were wetted by
placing a droplet of buffer on one of the inlet holes to each offimo the micro-channels and
allowing the capillary forces to distribute the water within the channel system.

7.3.2 DNA locking

In this study DNA molecules were immobilized within a system of micro- and nano-
channels by the introduction of low melting point agarose gel into the channels. Before
introduction the agarose gel was melted and mixed with a solution of stained DNA
molecules. For the experiments T4GT7 DNA (166 kbp, LC = 56.4 µm, Nippon Gene)
stained with YOYO-1 to a ratio of 1 dye to 6 bp was used. The gel was kept melted during
the introduction into the micro and nano-channels. Once the gel was equally distributed
in the channel system it was quickly cooled to its solid state by placing a piece of ice in
contact with backside of the chip. When agarose gel solidifies it creates a fine mesh that
reduces the fluctuations of the DNA while still enabling movement of the DNA within
the channel system. This gives a dynamic system with a possibility for immobile samples
during data collection. Electrophoresis with platinum electrodes placed in two separate
reservoirs were used to move the DNA molecules in the channels. The chip used for this
study had a design as described above with 1x5 µm2 micro-channels and 400x400 nm2

nano-channels.
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Figure 7.4: A. Schematic illustration of the chip design used in this study. Observe
that the slit was only used during measurements on T4GT7. B. Illustration of how the
pressure, P, is applied to produce a flow in the micro-channels. C. Illustration of how
to create a flow through the nano-channel array. D. Illustration of how the pressure is
applied in order to create a flow in the nano-slit. This flow profile was used to load
DNA molecules into the nano-grooves (the interconnection between the nano-channels
and nano-slit).
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Figure 7.5: LEFT Image of the fluidic setup used for the protein-DNA studies. RIGHT
Close up of the flow cell containing the Y-shaped channel used to create a concentration
gradient at the measurement region.

7.3.3 DNA extraction from agarose gel

For the single molecule studies of long DNAmolecules electrophoretic DNA size standards
were purchased (see paper I for further details). Prior to imaging, the DNA molecules
were extracted from the agarose gel in which they were purchased by placing a small
piece of DNA containing agarose gel in a large volume of buffer. This mixture was left
at room temperature (20◦C) over night, during which the DNA molecules diffused out
of the gel into the buffer. The extraction buffer also contained YOYO-1 molecules to
enable simultaneous staining and extraction.

7.3.4 Handling DNA in micro-channels

For the DNA array measurements, flow-cells of polydimethylsiloxane (PDMS) (see figure
7.5) were made as described in paper III. The flow-cells consist of a molded PDMS part
bound to a microscope cover slip with dimensions 24x60 mm2 and 0.13− 0.19 mm thick
(Mentzel Gläser). The channels had a Y-shape design with two 200µm wide inlets and a
combined channel with a width of 400 µm. The channel heigh was 200 µm all along the
channel system.

To access the micro-channel, holes were made at each of the channel ends during
molding of the PDMS part. Just prior to experiment PTFE tubings were inserted into
inlet holes within the PDMS and syringes, which served as fluid reservoirs, were con-
nected to the free ends of the PTFE tubings. During the sample preparation (including
the lipid bilayer creation and attachment of the DNA molecules) the different solutions
were pressed directly into the 400 µm channel by hand. For experiments including a
concentration gradient the flow was inverted and syringes connected to the two arms of
the Y just prior to imaging. Each of the syringes were connected to separate syringe
pumps in order to individually manipulate the two inlet flows.

Before the channel system was used for any DNA experiments FRAP measurements
were performed to verify the quality (i.e surface coverage and fluidity) of the bilayer
created within our system.
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Results & Discussion

In this work a new meandering nano-channel design was used to image a 5.7 Mbp long
chromosome from Schizosaccharomyces pombe (S.pombe). A barcode pattern was exper-
imentally created along the elongated chromosomes and part of this barcode matched to
a theoretical barcode for the S.pombe genome. Melting mapping was brought one step
closer to commercialization through the optimization of the time the molecules spent in
confinement at a raised temperature. Furthermore, DNA arrays were integrated with
Y-shaped micro-channels to create a versatile tool to study DNA behavior and protein-
DNA interactions. In a short study it was shown that agarose gel can be used to decrease
the fluctuations of a DNA molecule in a nano-channel.

8.1 Paper I: Mapping of intact chromosomes in meandering
nano-channels

During fluorescence imaging of stretched DNA molecules, the field of view used (around
82x82 µm2 with 100x magnification with our camera) sets a limit to the length of the
DNA molecules that can be imaged continuously. For molecules longer than the field of
view used, several images are needed to collect data from entire molecule. These images
are then stitched together during data analysis, which prevents continuous imaging and
therefore processes with short time scales can be difficult to detect.

To solve this problem a channel design including an array of meandering nano-
channels spanning between two micro-channels were created. The meandering part of
these channels were designed to be 1mm long and could therefore hold up to 10Mbp long
DNA molecules stretched to 30% extension within one field of view. To minimize stress
on the DNA molecules as well as simplify the analysis the meandering part of the nano-
channel was designed with 50 µm long straight parallel parts that were connected with
soft bends. The bends were in turn designed with a 1 µm long straight part connected
to two 90-degree turns.

The increased length of the nano-channels leads to a higher flow resistance of the
channels (as described in section 6.2), which leads to decreased flow rates unless the
pressure drop across the channels is increased. Since a higher pressure increases the
risk for chip breakage and shearing of the molecules the increased resistance was instead
compensated for by keeping the inlets of the nano-channels in close proximity to each
other.
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Figure 8.1: The entire 5.7 Mbp long chromosome from S.Pombe imaged in a 250x250nm
meander-channel. The DNA was stained with YOYO-1 to a ratio of 6 bp to 1 dye
molecule.

Figure 8.2: Kymograph visualizing the melting pattern along part of a S.pombe chromo-
some stretched in a 250x250 nm channel. The DNA was stained to a ratio of 1 dye to 6
bp prior to experiments.

Initially, the chips were created with pillar arrays designed to pre-stretch the DNA at
the inlets to the meander-channels. However, due to their large size the DNA molecules
were already pre-stretched by the flow in the micro-channels, which eliminated the need
for a pillar array.

During this work meandering nano-channels were successfully used to image a 5.7Mbp
long chromosome from S.pombe (figure 8.1). At the time of imaging the molecule has
not yet reached the equilibrium elongation and is therefore extended to 50% instead of
its equilibrium stretching of 30%. The slow relaxation of long DNA molecules enables
imaging of features along the DNA chain before an equilibrium state is reached. Due to
the long relaxation time the molecules does not move considerably during the capture
of a single frame, a movement that serves to unfocus images of shorter molecules with
faster relaxation times.

To show the biological relevance of this chip design a mapping pattern was created
along the elongated chromosomes (as shown in figure 8.2) and part of this barcode was
matched to a theoretical barcode for the S.pombe genome.
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Figure 8.3: Time evolution of part of a S.pombe chromosome. It is clear that the pat-
tern develops during the first 7 minutes after introduced into an area with increased
temperature.

8.2 Paper II: Time dependence of DNA melting mapping

An optimization of melting mapping (described in section 3.2.3) was performed with
respect to the occupation time of the DNA molecules in the nano-grooves and thereby
their time at a higher temperature. T4GT7 DNA molecules were introduced into the
nano-grooves, which were constantly held at 31 ◦C, and imaged at 5 min intervals during
15 min. In this way the evolution of the melting pattern was followed together with the
total intensity of the molecules. The total intensity of the molecules was observed to
decrease both in the absence and in the presence of light and in room temperature as
well as at higher temperatures. At raised temperatures the rate of intensity decrease
was observed to decrease with time, but at room temperature the intensity decrease was
constant with time. At higher temperatures unbinding of the dye due to melting will
contribute to the decrease in intensity, although this does not explain the intensity drops
observed at room temperature. It will however explain the change in the rate of intensity
decrease at raised temperatures. One theory to explain the bleaching phenomena is the
close proximity to the negatively charged walls which attracts the dye molecules. A clear
increase in background fluorescence observed from the channel walls when the molecules
were flushed away after completing the measurements supports the theory. In addition,
the mapping pattern, due to partial melting of the DNA molecule, developed during a
time period of at least 10 min before settling into a steady state. These long melting
times were observed for T4GT7 in nano-grooves as well as for long DNA molecules in
meandering channels (figure 8.3). Since the breathing dynamics has been shown to occur
within seconds, our theory is that the extended melting times could be due to electrostatic
interactions between YOYO-1 and the single strands of the DNA molecule.
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Figure 8.4: LEFT DNA array of λ-DNA molecules stained with YOYO-1 to a ratio of
1 dye to 100 bases. RIGHT An array after introduction of Rad51 in a concentration
gradient. It is clear that the low Rad51 concentrations have lead to individual nucleation
sited along the molecules in the array. The scale bars are 10 µm.

8.3 Paper III: Probing concentration-dependent behavior of
DNA-binding proteins on a single molecule level illus-
trated by repair protein Rad51

DNA arrays were integrated with Y-shaped micro-channels to create a versatile tool to
study DNA-protein interactions or DNA molecules response to environmental changes.

A gradient of the fluorescent dye fluorescein was used to visualize the robustness
and stability of the concentration gradient within the measurement channel, whereas
YOYO-1 were used to show the effects of a concentration gradient across a dense DNA
array. As expected, the molecules exposed to higher YOYO-1 concentrations in the buffer
showed a higher intensity and increased lengths compared to molecules exposed to lower
concentrations of YOYO-1.

In addition, a concentration gradient of Rad51 was used to study how the concentra-
tion affect its binding to DNA. At low Rad51 concentrations only individual nucleation
sites of Rad51 could be seen along the DNA molecules, whereas continuos filaments of
Rad51 was completely dominating at higher concentrations. The complete protein cov-
erage at higher concentrations lead to an elongation around 36% of the DNA molecules.
By correlating the concentration of Rad51 on the DNA molecules with the Rad51 con-
centration in the buffer it is possible to directly probe the binding behavior of Rad51 to
DNA. This correlation showed a linear behavior, meaning that no cooperativity of the
binding was observed at the Rad51 concentrations used in this study (figure 8.4).

8.4 DNA locking

Agarose gel was used to decrease the fluctuations of a DNA molecule within a micro-
and nano-channel system, while keeping the mobility of the molecules. As long as the
gel was molten no clear reduction of the DNA movements (due to thermal fluctuations
and conformational changes) could be seen (figure 8.5a). Although as soon as the gel
was cooled into a solid state a reduction of the movements was clearly observed for DNA
molecules in both micro- and nano-channels (figure 8.5b and c). The fine mesh created
during gel solidification increases the confinement of the DNA leading to a decrease in
conformational changes. Also, the low temperatures achieved by cooling with ice slightly
lowers the thermal fluctuations.

To prove that the molecules were still mobile within the channel system a voltage
was applied across the nano-channel array. The voltage gave rise to an electrophoretic
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movement of the DNA molecules along the nano-channels as shown in figure 8.5d.

Figure 8.5: DNA immobilization by agarose gel in micro- and nano-channels. Exper-
iments were performed with T4GT7 DNA molecules stained with YOYO-1 to a ratio
of 1 dye to 6 bp. A. Kymograph visualizing part of a T4GT7 DNA molecule inside a
400x400 nm large channel containing molten agarose gel. B. Kymograph of the same
molecule as in A after rapid solidification of the agarose gel. C. Electrophoretic move-
ment of a DNA molecule inside a 400x400 nm nano-channel containing solid agarose gel.
D. Kymograph of a hydrodynamically stretched molecule immobilized within a micro-
channel by solid agarose gel. In A and B the scale bars are 5 µm, whereas in C and D
the scale bars are 10 µm.
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A meandering nano-channel design extensively eases the imaging of DNA molecules in
the Mbp range. Due to the slow relaxation of longer DNA molecules it is possible to
image such long molecules with a high resolution before they are fully relaxed. This can
be utilized to increase the resolution of for example a mapping pattern created along
the elongated DNA molecules. Furthermore, we show that a a DNA molecule in the
Mbp range is stretched by the shear forces from the flow in the micro-channels, which
eliminates the need for pre-stretching prior to introduction into the nano-channels.

It was shown that a barcode pattern could be created by local melting of YOYO-1
stained molecules confined in a meandering nano-channel. A mapping pattern with a
resolution of around 1 kbp along un interrupted elongated chromosomes allows for de-
termination of the the number and placement of repetitive parts along the chromosome.
Something that is impossible with existing mapping methods with lower resolution or in
methods where only shorter sequences are analyzed. Furthermore, the high resolution
mapping that can be achieved on stretched DNA molecules can be used for identification
of microorganisms as well as large genomic rearrangements. With the appropriate surface
passivation, this new handling method could potentially be used to study DNA protein
interactions along entire eukaryotic chromosomes and in the future lead to automated
microfluidic systems for analysis of DNA from individual microorganisms with applica-
tions in diagnostics of infectious disease and characterization of the human micro-biome.
However, before the system can be automated more studies are needed to gain a deeper
understanding about the dynamic behavior of Mbp long DNA molecules in confinement.
Studies would include measurements of the relaxation times of DNA molecules extended
by shear forces upon entry into the nano-channels, recoil times for molecules only par-
tially introduced into a nano-channel as well as the size of the fluctuations around the
mean polymer extension.

Imaging of single molecules with an acceptable signal to noise ratio requires a high
fluorescence intensity from the molecules. Here we show that the intensity of YOYO-
1 stained molecules elongated in nano-grooves decreases in the absence as well as in
the presence of illumination, and therefore bleaching is not the only source working to
decrease the total intensity of the DNA. Furthermore, it was shown that the equilibrium
time for a melting pattern along elongated DNA molecules lies in the minute time scale.
These results can be used to achieve a higher correlation to theoretical calculations of the
barcode, and thereby more reliable results, which is a prerecuisit for commercialization.

Additional studies are needed in order to fully understand the kinetics of DNA-YOYO
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interactions in a confined space with negative walls. Future studies would include longer
time series as well additional temperatures to gain a broader view of the process. It
would also most likely be necessary to improve the way used to determine the number
of YOYO molecules bound to the DNA molecule, since the background fluorescence can
cause difficulties during analysis.

The Y-shaped microfluidic channel design used in combination with a DNA array
provides a dynamic and yet stable system for investigations of DNA-protein interactions
and dynamics. With this high throughput system it is possible to simultaneously follow
time and concentration trajectories. As a proof of concept, the binding behavior for
Rad51 was investigated as function of its buffer concentration. These studies points at
an uncooperative binding behavior for Rad51 at the concentrations used. Additional
investigations would include a higher range of concentrations as well as investigations
with longer single stranded DNA parts. In the future this method can be used to answer
a wide range of biologically relevant questions about DNA-protein or interaction kinetics
or the reaction of DNA molecules to environmental changes.

With the correct surface passivation nano-channels can potentially be used to study
DNA protein interactions. For example, nano-channels have been coated with a lipid
bilayer as a first step to study protein DNA interactions in these systems [74].

In this work we showed that introduction of agarose gel into nano-channels can be
used to decrease the fluctuations of the DNA molecules. The molecules were still mobile
within the system and buffer could be flushed through the solidified gel. This sets the
basics for a dynamic system that can be used to study the reaction of a DNA molecule
to changes in buffer conditions as well as for imaging DNA molecules elongated in nano-
channels with nanoscopy methods [94, 95]. Although, more studies are needed in order
to gain a better understanding of the system and to determine the optimal cooling rates
and gel concentrations.
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Abstract

Using nano-channels for stretching and visualization of single DNA molecules have
proven useful in several areas such as polymer physics and DNA mapping due to
the flexibility of the channel design together with the uniform stretching of the con-
fined DNA molecules. Direct visualization of single DNA molecules in nano-channels
opens up exciting opportunities to obtain course-grained genomic information on the
single-cell level of individual long intact DNA fragments. This may have important
applications during the identification of microbial pathogens, sequence assembly or for
direct diagnosis of large genomic rearrangements. An important problem in mapping
whole chromosomes is their large size making them difficult to image efficiently. To
solve this problem we have designed a long meandering nano-channel to image mega-
basepairs of DNA within a single frame of view. As a proof of principle a 5.7Mbp long
intact chromosome from S. pombe stretched to 50% of its contour length was imaged
inside a meander-channel. The elongated S.pombe chromosomes were partially melted
to create a barcode pattern. We developed an algorithm to extract a time-trace from
a meandering nano-channel for easier analyzation of the pattern.

Introduction

Sequencing of human DNA is paramount for identification of genetic diseases,
personalized medicine and cancer research among other things. Although, base-
by-base sequencing gives the ultimate resolution of a single nucleotide all meth-
ods with this resolution (including Sanger and Next-generation sequencing)
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available today are based on fragmenting the unknown DNA and sequencing
each piece individually [1, 2]. Bioinformatic algorithms are subsequently used
to assemble the fragments into a complete DNA sequence. Three main draw-
backs accompanies this procedure. Firstly, long range contextual information is
lost in the process. Secondly, longer DNA sequences (> 1 kbp) drastically in-
creases the computing power needed for assembly. Thirdly, repetitive sequences
(represented for example in heterochromatic regions of the genome [3]) possess
a huge problem. The challenge with repetitive sequences creates gaps in the
sequence coverage that together may constitute as much as 20% of the human
genome [4]. Furthermore, most of the single nucleotide resolution techniques re-
quires PCR amplification of the DNA prior to sequencing, which introduces the
requirement of a prior knowledge of the unknown sequence and can potentially
led to a bias where the more easily amplified parts are over represented within
the assembled sequence. There are a few single molecule techniques within the
next-generation family that does not require amplification of the DNA. However,
they still possess the major drawback that accompanies all single nucleotide res-
olution techniques, namely the requirement of fragmenting the DNA prior to
sequencing.

A mapping pattern (a barcode-like pattern of dark and bright stripes is cre-
ated along the DNA), with a resolution of 1 − 10 Mbp, has traditionally been
created on metaphase chromosomes to detect chromosomal rearrangements (in-
cluding translocations, inversions, duplications and deletions) responsible for
many genetic diseases (including schizophrenia and mental retardation [5]).
However, many genetic diseases arise from genomic rearrangements in the size
range 5−400kbp [5], and are therefore not detectable by mapping on metaphase
chromosomes. Furthermore, the low mapping resolution prevents the identifica-
tion of repetitive regions along the chromosomes. As a result, barcode patterns
are today commonly created on stretched chromatin fibers (as in fiberFISH) or
DNA strands and a resolution down to 1 kbp can be obtained [6].

Stretching of single DNA molecules can be achieved by different techniques
such as immobilization of DNA on a surface [7, 8, 9, 10, 11, 12], shear flow in
micro-channels [13, 14, 15, 16] and confinement in nano-channels [17, 18, 19,
20, 21]. Elongation due to confinement has several advantages over alternative
techniques and has proven useful within both polymer physics [17, 22, 23] and
DNA mapping [19, 20, 21, 7, 12]. It does not require any external forces to per-
form the stretching and after a short relaxation time a steady state, where the
DNA molecule will remain elongated in its equilibrium configuration, is reached
[24, 17]. This steady state configuration allows for continuos measurements of
length during an extended period of time. In addition, the equilibrium con-
figuration shows an extension of the DNA molecule that scales linearly with
the contour length of the DNA molecule and thereby provides a correlation be-
tween features spatial position along the polymer and their position within the
genome.

Single molecule studies eliminates the need for DNA amplification and thereby
increases the efficiency of sequence analysis. In addition, single molecule stud-
ies removes the sample averaging that is inherent in all bulk-phase biochemical
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assays. Since every molecule is individually investigated rare subpopulations,
variations in genotype or molecular states can be identified [?, ?].

Mapping using restriction enzymes to create specific patterns of digested
DNA fragments have become popular and has proven to work on molecules
extended both on surfaces and within nano-channels [21, 7, 9, 10]. However,
the use of enzymes increases the complexity of this method and limits the res-
olution to the number of binding sites for the enzyme used. Furthermore, it
has an inherent need for prior knowledge of the sequence in order to choose
the optimal restriction enzymes for each sequence. Methods based on sequence
specific labeling [25] opens up for the possibility to achieve a high resolution
along a large DNA molecule by using carefully designed probes. It can also be
used to accurately determine the distance between two specific sequences along
a DNA strand, although prior knowledge of the sequence is beneficial in order to
design useful probes. Methods based on the AT/GC ratio along the molecules
and thereby eliminates the benefit from a prior knowledge of the sequence have
been developed [19, 20]. One of the methods is based on competitive binding
between a standard fluorescent DNA dye with no sequence specificity and a
non-fluorescent molecule with exceptional sequence specificity and high binding
constant. The fluorescent dye is replaced by the non-fluorescent molecule and as
a result dark areas are created along the molecule. The barcode-pattern can be
created with a single step in bulk before imaging [19]. A second method is based
on local melting of a DNA molecule stained with a dye with a large enhance-
ment in fluorescent intensity when bound to dsDNA (such as the commonly used
dimeric intercalating cyanine dye YOYO-1) [20]. The melting can be performed
by altering the buffer conditions (for example by adding formamide), by simply
raising the temperature or a combination of both. In order to identify specific
chromosomes within a mixture or find large genomic rearrangements along a
DNA strand the experimental barcode is usually correlated to a theoretically
calculated barcode for the sequence [20, 26].

Even though nano-channel systems exhibit a large potential they have so far
only been used for elongation of relatively short DNA strands when compared
to genome sizes of most organisms, limiting their usefulness for biologically
relevant problems. One limitation with current designs is the use of straight
nano-channels, only allowing limited segments of native genomic molecules to
be observed in a single field of view.

In our work we drastically decrease the number of frames required to image
large genomes by simply folding the nano-channels into a meandering pattern.
This design was used to image DNA molecules in the Mbp range within a single
field of view. We show that the new channel design can be used in combination
with partial melting to create a high-resolution mapping pattern along an en-
tire eukaryotic chromosome. This mapping pattern was used to determine the
spatial position of repetitive regions along the chromosome. A barcode pattern
along chromosomal length DNA can be used to obtain information about long-
range genomic information as well as finding large genomic rearrangements and
copy number variants associated with a number of medical conditions [5].
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Materials and methods

Experimental setup
A fluorescence microscopy system incorporating a Nikon Eclipse TE2000 in-
verted microscope, a 100x N.A. 1.4 oil immersion objective, an EMCCD camera
(Andor iXon DV-897) and a standard mercury short arc lamp (100W) was used.

A setup similar to the one described in [20] was used to enable mounting of
the chip to the microscope, heating of the DNA sample and control of the flow
within the micro- and nano-channels. The setup included a fused-silica chip
containing the channel system (created as explained below), a chip holder (or
chuck), a heater system and a homebuilt pressure system for flow manipulation.

A single chip contained two 1x5 µm2 channels for transporting the DNA to
the array of nano-channels spanning between the micro-channels. Inlet holes at
the ends of the micro-channels created a connection to the macro world.

The chuck (designed to support the chip) was made of Zeonor 1060R (Sigolis
AB, Sweden), due to the plastics high resistance to chemicals, low internal
fluorescence and transparency. Reservoirs in the chuck connected to the inlet
holes on the chip enabled easy loading and manipulation of the sample during
experiments. For managing the flow inside the chip nitrogen gas was used to
create an overpressure at the appropriate reservoir. Nitrogen gas was used in
order to keep oxygen concentration at a minimum and thereby minimizing the
photo damaging of the molecules.

The heating system consisted of a temperature controller (336 Cryogenic
Temperature Controller, Lake Shore, USA), an aluminum cap, a cartridge heater
and a thermocouple. Both the cartridge heater and thermocouple were posi-
tioned inside the aluminum cap which was in turn placed in contact with the
backside of the chip through a hole spanning the center of the chuck. As a result
a reproducible thermal contact between the heater and the chip was achieved
and a feedback loop created to ensure a stable temperature. To further increase
the heat transfer thermally conductive grease (Omegatherm, Omega, USA) was
applied at all interfaces in the heating system.

Chip production
The fabrication of the nanofluidic chip comprises the following processing steps,
based on photolithography (PL), electron-beam lithography (EBL), reactive ion
etching (RIE), sandblasting, fusion bonding and dicing: (1) Alignment marks
for PL and EBL were etched 500 nm deep into a 4-inch fused silica wafer of
500 µm thickness (from HOYA Corporation, USA), using fluorine based (50
sccm Ar, 50 sccm CHF3, 30 m Torr, 150 W RF-power) RIE and a photo resist
(S1813, Shipley, USA) etch mask. Subsequently, the wafer was cleaned in pi-
ranha acid (H2SO4 2:1 H2O2) at 120˚C for 10min, rinsed in DI-water and dried
under nitrogen stream. (2) Aligned to the marks fabricated during the first pre-
cessing step, meandering grooves of 400 nm width were etched 200 nm into the
substrate with fluorine based RIE (5 sccm Ar, 50 sccm CF4, 10 sccm CHF3,
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8 mTorr, 100 W RF-power, 100 W ICP-power), using an electron-beam resist
(ZEP520A, NIPPON ZEON CO. LTD., Japan) as an etch mask. After RIE,
the resist was stripped under the same conditions as before. (3) Repeating the
processing of the first step, 1µm deep grooves were fabricated, overlapping with
the ends of the meandering structures. After sealing the fluidic system, these
grooves will form microfluidic channels that allow reagents to be brought to
the nano-channels, which are formed by the sealed, meandering grooves etched
during the previous step. (4) To fabricate inlet and outlet holes, Nitto SW-tape
(Nitto Denko, Japan) was glued on both sides of the processed wafer. The tape
served as a soft mask during sandblasting on the backside and as protection
against contamination on the frontside. Small openings of approximately 1mm
diameter were cut into the tape at the desired position of the in/outlets, and
through-holes were sandblasted using fused aluminum oxide powder of 50 µm
particle size. (5) After removing the protective tape, the processed wafer was
cleaned again in piranha etch (see above) and, together with a second unpro-
cessed wafer of 175 µm thickness (from University Wafers, USA), immersed for
10min first in RCA II (5:1:1 H2O:HCl:H2O2) and then in RCA I solution (5:1:1
H2O:NH2OH:H2O2) at 80˚C, rinsed in DI and dried under nitrogen stream.
The two wafers were then brought together and covalently fusion bonded by an-
nealing them at 1100˚C in nitrogen atmosphere for 6h. (7) Finally, nanofluidic
chips of 25x25 mm2 were diced from the bonded wafers, using a 200 µm wide
resin-bonded blade with 40 µm-diamonds (Dicing Blade Technology, USA).

Sample preparation
The experiments were performed with chromosomes from Schizosaccharomyces
pombe (S. pombe) (CHEF DNA Size Marker, from Bio-Rad). The DNA was
delivered in agarose gel as an electrophoresis size standard including DNA
molecules with lengths 3.5 Mbp, 4.6 Mbp and 5.7 Mbp. To avoid degradation
of the DNA molecules they were stored within the agarose gel at 8°C until use.
Prior to experiments DNA was stained with YOYO-1 fluorescent dye (Invitro-
gen) at a ratio of 1 dye molecule per 6 base pairs. A simultaneous staining and
gel-extraction process was performed in a buffer consisting of 10 mM NaCl in
0.05x TBE (4.5mM Tris, 4.5mM Boric acid and 0.1mM EDTA) and YOYO-1.
In this process small pieces of DNA containing agarose-gel were placed in a large
volume staining buffer and left at room temperature (20°C) over night during
which the DNA diffused out from the gel. The small pieces were created by care-
ful cutting with a sharp knife. Just prior to experiments the running buffer was
created by adding 2-mercaptoethanol (Sigma-Aldrich) and formamide (Sigma-
Aldrich) directly to the staining solution to final concentrations of 3% and 50%
respectively.

Experimental procedure
Prior to each new experiment a buffer consisting of 5mM NaCl in 0.025x TBE,
3% (v/v) 2-mercaptoethanol and 50% formamide was flushed through the chan-
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nels for at least 15 min to ensure correct buffer conditions before introducing
the DNA. After DNA introduction of DNA the flow rate was kept as low as
possible at all times to minimize shearing of the molecules. Once the DNA
molecules reached the inlets to the nano-channels pressure was applied to both
the reservoirs connected two the micro-channel containing the DNA. In this way
the buffer is forced to flow through the nano-channels dragging the DNA with
it. After introduction into the nano-channels the molecules were either imaged
immediately to collect information about the relaxation times or heated during
10 min to create a barcode pattern before imaging.

Despite the use of thermally conducting grease the measured temperature
vary slightly from the actual temperature in the channels. Also the temperature
measured for DNA denaturation to be initiated can potentially vary from day
to day. During the melting experiment the temperature was therefore slowly
and step-wise increased from 29°C up to 45°C. Several different molecules were
studied at each temperature to find the optimal melting conditions in each
case. To ensure a stable temperature during data collection the system was
equilibrated for 15 min at each new temperature before data collection was
initiated.

Image analysis
Image analysis are required for extracting time-traces from the meandering
nano-channels. To that end, our algorithm first rotates the image to have the
linear parts vertical. Thereafter, a parametrized meander contour of the known
nanolithography mask was placed on top of the picture with a scale-factor,
up-down orientation and mean position as fitting parameters. This procedure
allows for extraction of a time-trace for the melting map by walking along the
parametrized meander contour. In this procedure a 7 pixel wide window was
used in the direction perpendicular to the meander orientation. Finally, the
different results for different times are aligned using the procedure in [20] and
[26]. For the alignment a box-size of 25 pixels was used, and aligned to time-
frame 50. Briefly, our algorithm performs local stretching operations and global
translations to minimize the effect of center-of-mass and DNA conformational
fluctuations in the channel. A simulated annealing algorithm was used for the
associated global minimization problem. In order to not align “noise to noise” a
moving average with a window-size of 5 pixels was applied to each time frame
before using the approach in [20] and [26]. The resulting barcode shows “raw”
aligned data, i.e. data without the moving average.

To achieve the aligned picture different regions of the melting map had to
be aligned by only using the first 100 (out of 200) time frames. The time-frames
101-200 possibly includes a cutting event, which may cause problems for the
standard alignment procedure. To deal with the possibility of cutting events of
DNA a simple edge detection algorithm was performed along the aligned DNA.
Note that this does not mean that in fact there is a cut in between those regions,
but simple that we can reliably treat those regions as independent.



7

Fig. 1: a. Overview of chip design showing how the micro-channels (blue) con-
nects the reservoirs to the meandering nano-channels (purple). b. Zoom
in of the meander channel array. The pillar array initially placed at the
inlets to the nano-channels are also visualized. c. Zoom in of the mean-
dering part of the nano-channels. d. Image of one bend in meandering
channel. e. Cross section of an open nano-channel prior to bonding. f.
Cross section of nano-channel after closing of the channel.

Results & Discussion

Nano-channel design
Direct imaging of DNA molecules in the Mbp range was enabled by folding
the nano-channels into a meandering pattern. Each meander could be imaged
within a single field of view and was designed to hold up to 10 Mbp of DNA
stretched to 30% extension (1 mm) (figure 1 and 4). To simplify the analysis
the meandering part of the nano-channel was designed with 50µm long straight
parts parallel to each other and connected with soft bends. The bends were in
turn designed with a 1 µm long straight part connected to two 90-degree turns
to minimize stress on the DNA molecules in the meander-channels.

The higher resistance of longer channels together with the the high risk of
shearing the molecules during entry into the nano-channels at high pressures
lead to a design where the inlets of several meander-channels were kept in close
proximity of each other. This increases the resulting bulk flow rate into the
nano-channels decreasing the time needed for the introduction of DNA and
ensures that the bulk flow rate exceeds the diffusional rate of the end of the
molecule that is to be introduced.

A micro-post array spanning across half the micro-channel were initially
placed at the inlets to the nano-channels inlets for pre-stretching of the molecules
and thereby ease the introduction into the nano-channels (figure 2) [27]. How-
ever, for the long chromosomes used in this study the micro-post array turned
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Fig. 2: DNA behavior with and without a micro-post array in the micro-
channel. A. A bright field image showing the a micro-post array at
the nano-channel inlets. B. A fluorescence microscopy image of long
DNA molecules around the pillars in the micro-post array. Due to their
large size the DNA molecules follow the flow lines around the pillars
along the micro-channel rather than entering the array. C. During the
introduction into the nano-channels the DNA molecules gets entangled
around the pillars within the array which prevents then from entering
the nano-channels. D. The parabolic velocity profile in the micro-channel
pre-stretches the long DNA molecules rendering the pillar array unnec-
essary. The scale bars are 15 µm.
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Fig. 3: Relaxation of long S.pombe DNA stained with YOYO-1 and imaged
using a fluorescence microscope . The molecules were stretched in
250x250 nm2 meander channels. A. The image show a 5.7 Mbp long
S. pombe chromosome highly extended due to the shear experienced
during loading. B. The same molecule as in A but after 10 minutes in
the meander-channel. It is clear that the molecule has relaxed consider-
ably. C. Time-trace of a relaxing DNA molecule with a repetitive melting
pattern along the molecule. The slow relaxation enables these high res-
olution images of relaxing molecules. The white vertical line represents
a meander bend from which no data has been extracted. The scale bars
represents 15 µm.

out to be more of an unneeded hinderance than an aid. The large DNAmolecules
followed the flow lines around the micro-post array and thereby ending up fur-
ther from the inlets than they would have in the absence of the array. When
forced to travel trough the array the DNA molecules got entangled around the
pillars which prevented further movement towards the nano-channels.

DNA molecules in the Mbp range have a radius of gyration in the order of
a micron and therefore a slight elongation due to confinement is apparent in
the 1µm deep micro-channel. Furthermore, the parabolic flow profile inside the
channel serves to stretch the large DNA molecules since different parts of the
molecule experience different flow rates.

Handling long DNA
As a proof of principle an entire chromosome (5.7 Mbp) from S.pombe was
imaged in a 250x250 nm2 meander channel (figure 3A and B). Figure 3A shows
the DNA molecule directly after the introduction into the meander-channel.
Due to the shear experienced during introduction into the nano-channels the
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molecule is highly extended. When the flow is stopped the molecule starts to
relax towards its equilibrium state and after 10 min the molecule has relaxed
considerably (3B). However, due to the slow relaxation for long molecules [24]
it has still not reached its equilibrium state and is extended to 50%, compared
to the expected 30% extension for a relaxed molecule.

Requirements for getting a sharp pattern structure in an image includes a
movement of the sample that is slower than the exposure time used during
imaging. The long relaxation times for chromosomal length DNA therefore
enables imaging of fine structures on molecules that has not yet reached their
equilibrium state and thereby gaining a higher resolution than would be possible
for relaxed molecules in equal sized channels (figure 3C).

Mapping
Combining melting mapping with meandering nano-channels have lead to direct
visualization of a barcode patten along DNA molecules in the Mbp range. As a
proof of principle we show a melting mapping pattern along the 5.7Mbp S. pombe
chromosome (figure 4). Our meander-finding algorithm correctly identified the
meander in image 4 (top, left) as is visualized in figure 4(top, middle). The
time-trace shown in figure 4middle was extracted with our tool by “walking
along” the meander contour and successfully aligned (figure 4bottom).

Melting of whole chromosomes can be used to determine the number of
repetitive parts as well as their lateral placement, something that can be dif-
ficult when only smaller parts are analyzed. The left end of the time-trace in
figure 5 includes a repetitive part (magnified in the bottom image) whose lat-
eral placement can be determined with the help of the un repetitive part of the
barcode.

A common problem is photo-cutting of the DNA. In melting mapping it is
not fully clear whether a dark area is DNA or just space in between two DNA
strands. For small fragments diffusion would reveal a cut, but for long DNA it
may be difficult to tell the difference. A simple edge detection algorithm along
the aligned DNA identified three different regions (region I, II and III) along
the barcode shown in figure 4. However, this does not mean that in fact there
is a cut in between those regions, but simply that we can reliably treat those
regions as independent.

Conclusions

We have shown that meandering nano-channels extensively ease direct imaging
of DNA molecules in the Mbp range, by imaging 5.7 Mbp DNA molecule at
50% extension within a field of view. In the current design one of the mean-
dering parts can almost hold the entire genome from Saccaromyces cereviseae
(12.1 Mbp). With an optimized denser design we expect to be able to hold at
least 20 mm of DNA per field of view. At 50% stretching, this would allow
us to image the entire human genome with a mere 25 frames. Together with
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Fig. 4: (Top, left) Time-averaged raw fluorescence intensity image of a melted S.
pombe chromosome. (Top, middle) The precise location of the meander-
ing nano-channel was found and highlighted using our meander-finding
algorithm. (Top, right) Nano- lithography mask. (Middle) Kymograph
extracted by our tool by “walking along” the meander contour. In this
procedure a 7 pixel wide window was used in the direction perpendicular
to the meander orientation. (Bottom) The alignment procedure from
[20] applied to the middle picture. For procedure a box-size of 25 pixels
was used, and aligned to time-frame 50. Before applying this procedure
a moving average with a window-size of 5 pixels was used to reduce noise.
Final data shown is without the moving average.



12

Fig. 5: TOP Time-trace of an S.pombe chromosome containing a clearly repet-
itive part in the left part of the image. BOTTOM A magnification of
the repetitive part of the molecule. The scale bar is 15 µm.

our algorithm to extract barcodes from our meandering nano-channel the novel
channel design is a first step towards an automated tool for whole chromosome
analysis.

The biological relevance of this design was demonstrated by creating melt-
ing barcodes along the elongated molecules. A barcode pattern allowed us to
identify a repetitive part in the genome and due to the long fragments analyzed
the location of this repetitive part within the genome can be determined. Some-
thing that is difficult with existing mapping techniques, nor standard sequencing
approaches due to the short DNA strands analyzed.

This technique opens up for the identification of single microorganisms,
which will be important for rapid pathogen diagnosis and metagenomic studies
without the need for culturing of the cells nor DNA amplification.
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Abstract

Direct visualization of single DNAmolecules elongated by confinement in nano-channels
have proven useful in several areas such as polymer physics and DNA mapping. The
flexibility of the channel design together with the even stretching of relaxed DNA
molecules opens up for high resolution mapping on DNA in nano-channels. Map-
ping in nano-channels enables single molecules to be individually investigated and can
therefore be used for the identification of single bacterias and yeast cells within a com-
plex mixture of cells. Melting mapping is a promising method based on local melting
along a DNA molecule stained with a strongly increased fluoresce when bound to ds-
DNA. However, it possess a problem with reproducibility, which is a prerequisite for
commercialization of the method. In this work we bring melting mapping one step
closer to commercialization by optimizing the DNA molecules occupation time in the
nano-groove and thereby their time at a raised temperature. We show an evolution
of the melting barcode pattern over a time period of 10 min before a steady state is
reached. Furthermore, we show that the molecules total intensity decreases with time
in the absence as well as in the presence of illumination. This creates a time window
for data collection where the pattern has reached equilibrium and the total intensity
is still high.

Introduction

New highly parallel array based methods (referred to as next-generation se-
quencing methods) have increased the cost and efficiency of base-by-base se-
quencing compared to traditional methods such as Sanger sequencing. Just as
traditional Sanger sequencing, most of the next-generation methods requires
amplification of the DNA. However, a few single-molecule techniques (including
the Helicos and Pacific Biosystems instruments) are available, but like other
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techniques with a single nucleotide resolution they require shearing of the un-
known DNA and individual sequencing of each fragment [1]. Highly sophisti-
cated bioinformatics algorithms are used to assemble the DNA fragments into
a complete sequence. Despite a vast development of the bioinformatics algo-
rithms they possess problems with highly repetitive parts and DNA strands
longer than 1 kbp. The limit in DNA length that can be analyzed prevents
information about long range contextual information.

Instead a barcoding (or mapping) pattern can be used to detect chromoso-
mal rearrangements (including translocations, inversions, duplications and dele-
tions) which are responsible for many genetic diseases (including schizophrenia
and mental retardation [2]). Traditionally this barcode pattern was created on
metaphase chromosomes with a resolution of 1 − 10 Mbp. However, today the
patterns can be created on stretched chromatin fibers (as in fiberFISH) or naked
DNA strands, on which a resolution down to 1 kbp can be obtained [3].

Several techniques are available for stretching single DNA molecules includ-
ing stretching on surfaces [4, 5, 6, 7, 8, 9], with shear forces in micro-channels
[10, 11, 12, 13] and confinement in nano-channels [14, 15, 16, 17, 18]. Using
nano-channels for stretching and visualizing DNA molecules has several advan-
tages over alternative stretching techniques and has proven useful within both
polymer physics [17, 19, 20] and DNA mapping [14, 15, 5, 16, 8]. Stretching due
to confinement does not require any external forces and after a short relaxation
time an equilibrium elongation is reached [21, 17]. At equilibrium the DNA is
evenly stretched with an elongation that scales linearly with its contour length,
which provides a correlation between features spatial position along the polymer
and their position within the genome. Furthermore, elongation due to confine-
ment allows for continuos data collection during an extended period of time and
is a better representation of the biological system than DNA immobilized on for
example a surface.

Digestion of the DNA with restriction enzymes has become a popular map-
ping method and has been demonstrated on molecules extended both on surfaces
and within nano-channels [16, 8, 7, 9]. With a high sequence specificity for the
enzymes it is possible to create well defined DNA pieces, but this is is a com-
plex method depending high yield of the enzymatic cutting. Furthermore, the
resolution is limited by the number of binding sites for the enzymes used and a
prior knowledge of the sequence is advantageous to choose the optimal enzymes.
Methods based on sequence specific labeling gives a high resolution where the
labels binds and a lateral distance between the probes but also benefits from a
prior knowledge of the sequence when designing useful probes [22].

Methods based on the AT/GC ratio along the molecules eliminates the ben-
efit from a prior knowledge of the sequence. The mapping pattern can be cre-
ated either by local melting of a DNA molecule (melting mapping) or sequence
specific competitive binding [14, 15]. Competitive binding between a standard
fluorescent DNA dye with no sequence specificity and a non-fluorescent molecule
with exceptional sequence specificity and high binding constant yields a barcode
pattern with dark areas where the non-fluorescent molecule has bound to the
DNA [14]. One advantage with this method is that the barcode-pattern can be
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created with a single step in bulk before imaging. Melting mapping is based on
the lower melting energies of AT-rich areas compared to GC-rich areas along
the molecules. An increase in temperature or change in solution chemistry can
be used to melt all AT-rich areas along a DNA molecule. If the DNA is evenly
stained with a fluorescent dye with a large enhancement in fluorescent intensity
when bound to dsDNA, a grayscale barcode pattern unique for each sequence
will arise with lower intensities at the AT rich regions [15].

A dark part in a melting mapping barcode is created by an initial bubble
formation to form a single stranded part along the DNA chain, followed by
loosening of the fluorescent dye. Together these two steps comprises the to-
tal time needed for a dark area to appear. It has been shown that even at
physiological conditions small bubbles (from a few to a few hundred base-pairs)
single stranded domains, so called DNA-bubbles, opens up intermittent along
the DNA molecules and are immediately closed up again. The relaxation times
for such bubbles was shown to be around 50 µs [23]. Furthermore it was shown
that at melting conditions the time for bubble formation scales with N2, where
N is the number of base pairs in the unzipped bubble [24].

With a high selectivity for dsDNA together with a binding constant in the
range of 1010−1012 M−1 [25] for dsDNA YOYO-1 is commonly the dye of choice
for melting mapping. To further strengthen its position as the dye of choice
it is virtually non-fluorescent free in solution and has a 1000-fold fluorescent
enhancement upon binding to dsDNA. YOYO-1 has been shown increase the
melting temperature of DNA [26] and to increase the contour length of the DNA
with up to 31% at high staining rations [27].

Although melting mapping shows a large potential, it still possesses a prob-
lem with reproducibility. A high reproducibility is a prerequisite for using this
method to answer biological relevant questions and for commercialization. An
important step towards reproducibility is to ensure that an equilibrium state of
the barcode pattern is reached before data collection. In this work melting map-
ping in a micro- and nano-channel system has been optimized with regard to the
DNA molecules occupation time at a raised temperature in order to determine
the relaxation time for a barcode pattern.

Materials and methods

Sample preparation
The experiments were performed with T4GT7 DNA (166 kbp, LC = 56.4 µm,
Nippon Gene). For long term storage the DNA was kept frozen at −20 °C,
whereas the stained DNA molecules were stored at 8°C until use. Prior to the
experiments the DNA was stained with YOYO-1 fluorescent dye (Invitrogen)
at a ratio of 1 dye molecule per 6 base pairs. For this a staining buffer of 5mM
NaCl in 0.05x TBE (4.5 mM Tris, 4.5 mM boric acid and 0.1 mM EDTA) and
YOYO-1 was used. The running buffer was created from 10 mM NaCl in 0.05x
TBE to which BME (2-mercaptoethanol) was added to a final concentration of
3% and formamide added to a final concentration of 50%. During the staining
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procedure the DNA dye mixture was heated to 50 °C for 2 h followed by a slow
cooling in order to ensure an even staining [28].

Experimental setup
For imaging a fluorescence video-microscopy system incorporating a Nikon Eclipse
TE2000 invented microscope, a 100x N.A. 1.4 oil immersion objective, an EM-
CCD camera (Andor iXon DV-897) and a standard mercury short arc lamp
(100W) was used.

A setup similar to the one described in [15] was used to enable mounting of
the chip to the microscope, heating of the DNA sample and control of the flow
within the micro- and nano-channels. The setup included a fused-silica chip
containing the channel system (created as explained below), a chip holder (or
chuck), a heater system and a homebuilt pressure system for flow manipulation.

A single chip contained four 1x5 µm2 channels with inlet holes at each end
for transporting the DNA to the array of nano-channels or slit spanning between
the micro-channels.

The chuck, which was designed to support the chip, was made of Zeonor
1060R (Sigolis AB, Sweden), due to the plastics high resistance to chemicals,
low internal fluorescence and transparency. Reservoirs in the chuck connected
to the chip inlet holes enabled easy loading and manipulation of the sample.
Nitrogen gas was used to managing the flow inside the chip by creating an
overpressure at the appropriate reservoir. Nitrogen gas was specifically chosen
in order to keep oxygen concentration at a minimum and thereby minimizing
the photo damaging of the molecules.

The heating system consisted of a temperature controller (336 Cryogenic
Temperature Controller, Lake Shore, USA), an aluminum cap, a cartridge heater
and a thermocouple. A reproducible thermal contact between the heater and
the chip was achieved by positioning the cartridge heater and thermocouple
inside the aluminum cap. The aluminum was in turn placed in contact with
the backside of the chip through a hole spanning the center of the chuck. As a
result a feedback loop was created to ensure a stable temperature. To further
increase the heat transfer thermally conductive grease (Omegatherm, Omega,
USA) was applied at all interfaces in the heating system.

Experimental procedure
To ensure the right conditions in the channels running buffer was flushed trough
the chip for 15min before the DNA solution was introduced. Data was collected
by placing DNA molecules in the nano-grooves and taking a movie every 5min,
starting the first when the molecule just entered the nano-channel. During the
5 min waiting time there was no illumination of the sample and no flow in the
channels. For image analysis a time-trace/kymograph was created from the
movies at each time point and the amount melted as well as total intensity
determined. To the determine the amount melted the image taken immediately
after introduction into the nano-groove was assumed to be completely unmelted.
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Despite the use of thermally conducting grease there is a slight difference
between the measured temperature and the actual temperature in the channels.
Furthermore, the temperature measured for DNA melting to be initiated can
potentially vary from day to day, due to slight variations in the setup assembly.
The temperature was therefore slowly and step-wise increased from 29°C up to
45°C during each melting experiment. Several different molecules were studied
at each temperature to find the optimal melting conditions in each case. To
ensure a stable temperature during imaging the system was equilibrated for
15 min at each new temperature before data collection was initiated.

Results & Discussion

In this work melting mapping in a micro- and nano-channel system was opti-
mized with regard to the DNA molecules occupation time in the nano-grooves
and thereby their time at a raised temperature. In order to determine the ideal
conditions, T4GT7 DNA molecules were placed in a nano-groove under melting
conditions and imaged every 5 min to collect information about the change in
the barcode pattern and total intensity of the molecule with time.

Melting, dye bleaching and dissociation are the main phenomenas affecting
the total intensity of a stained DNA molecule over time. These phenomenas
will work to decrease the total intensity with time, and together create a time
limit for melting experiments and a window of optimal S/N ratio. Ideally the
experiment is performed in the time-span where melting is at its equilibrium
and the overall intensity still high.

At 20 °C no melting occurs even with 50% formamide in the buffer and
therefore dissociation is the sole contributor to the intensity decrease during
the periods of no illumination. It is thereby clear from figure 1D that YOYO-
1 dissociation from DNA is constant with time at the conditions used here.
Dissociation of YOYO-1 from the DNA is potentially increased by the negatively
charged walls attracting the DNA, ”. In figure 1A we see a “ghost image”
consisting of dye that moved from the DNA molecule to the negatively charged
wall of the nano-channel.

As opposed to room temperature where the intensity decrease is constant
with time, it seems to decrease towards a steady state at higher temperatures
(figure 1C). At higher temperatures both melting and dissociation are working
to lower the intensity of the molecule. However, the reduction in the rate of
intensity decrease and average amount melted with time suggest a slowing of
the melting towards a steady state (figure 2A). Furthermore, the last intensity
drop for the higher temperature is only slightly larger than the drops at room
temperature, which also points to the conclusion that dissociation is the main
contributor to the intensity decrease after about 10 min. In addition, the time-
trace and the plot in figure 2 clearly shows a development of the melting pattern
with time, with larger pattern changes at earlier times. Only a slight change
in the melting pattern is observed between 10 min and 15 min, indicating that
a steady state is reached. We assume the steady state appears is due to an
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Fig. 1: Results showing total intensity decrease with time of a DNA molecule
elongated in a nano-groove. A. “Ghost image” appearing due to YOYO-
1 binding to the walls after occupation of a DNA molecule at that spot in
the channel. B. Three different concatenated time-traces from 4 separate
images of single T4GT7 molecules. The four time-traces (20 s each) all
have the same brightness/contrast conditions in order to clearly show
the intensity decrease with time. C. The mean intensity of the whole
molecule plotted against frame number for the left molecule shown in fig
1B. Clear drops in intensity occurs during the 5 min dark waiting time
between each movie. The average intensity decrease for 5 molecules is
written next to each drop. D. The mean intensity of an entire molecule
at room temperature (20 °C) plotted against frame number. Also here a
decrease in intensity is apparent during the waiting periods. The average
intensity decrease for 5 molecules is written next to each drop. In all
cases the first image was taken as soon as the molecule entered the groove
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Fig. 2: Evolution of the melting pattern with time. A. Concatenated time-trace
from 4 separate images of a single T4GT7 molecule kept at a temperature
were melting occurs. The optimal brightness/contrast conditions was
used for each of the four time-traces (20 s each). At the top of each
new image the time and melted ratio is displayed. B. Intensity variation
along the molecule after 0min (black), 5min (blue), 10min (green) and
15min (red). It is clear that the barcode develops with time during the
first 10 min, after which the barcode is relatively stable.
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equilibrium in the melting procedure and not due to saturation of the walls
since we have a 40 times larger wall area than the total area of all the dye
molecules bound to one T4GT7 DNA.

Barcoding of a DNA molecule includes loosening of the dye as well as the
opening of the DNA strands. Both these processes contributes to the total pat-
terning time. Due to the fast relaxation times of bubble formation in room tem-
perature [23] it is assumed that the single-stranded melting bubbles are created
within milliseconds after introduction into a higher temperature even though
the relaxation time for bubble formation scales with N2 [24] at denaturation
conditions. We therefore believe that most of the time for pattern development
is due to a slow loosening of YOYO-1 from the DNA molecule. Three physical
effects can help stabilize the dsDNA-YOYO complex. Firstly, the strongly posi-
tive YOYO-1 molecules hold the two negative charged DNA strands together by
electrostatic interactions. Secondly the stacking due to intercalation of the aro-
matic rings further stabilizes the double stranded state. Thirdly, the stretching
and unwinding of the DNA chain by the YOYO-1 molecules lowers the charge
density and thereby the repulsion of the two DNA strands from each other [29].
These effects have been shown to increase the melting temperature of DNA
[26] and could potentially increase the melting times. On the other hand the
YOYO-1 molecules feels an attraction to the negatively charged walls, which
should serve to accelerate the loosening of dye molecules from the DNA espe-
cially from the melted parts, where dye molecules are responsible for holding
the two DNA strands together.

Conclusions

High fluorescence intensity from the molecules of interest is a necessity for sin-
gle molecule imaging with a high signal to noise ratio. In this work it is shown
that the intensity of YOYO-1 stained molecules elongated in nano-grooves de-
creases in the absence as well as in the presence of illumination. This effect
is apparent both at experimental conditions where melting occurs and during
conditions where no melting is apparent and was attributed the close proximity
of negative walls that attracted the positive dye molecules. Furthermore, the
melting pattern along the DNA molecule was shown to develop during a time
period around 10 min. The long melting times was explained by the dye’s sta-
bilization effects on the double stranded state of the DNA molecule. At higher
temperatures these long melting times is a contributing factor to the reduction
of the rate of intensity decrease with time in the absence of illumination. These
results can be used to achieve a higher correlation to theoretical calculations of
the barcode, and thereby more reliable results.

With our findings we increase the reproducibility of melting mapping and
thereby bring it one step closer to commercialization. The next step in this work
would be to design a way to better control and measure the temperature within
the micro- and nano-channels. One way to do this could be to integrate tem-
perature sensors in the fluidic chip and thereby bring the temperature sensors
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closer to the nano-channels. Furthermore, it is necessary to improve the way
used to determine the number of YOYO molecules bound to the DNA molecule
in confinement, since the background fluorescence can cause difficulties during
analysis. Future studies would include longer time series, additional tempera-
tures and melting in micro-channels to gain a broader view of the process.
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ABSTRACT: We have developed a versatile tool for high-throughput analysis of DNA and 

DNA-binding molecules by combining microfluidics and dense DNA arrays. We use an easy-to-

process microfluidic flow-channel system in which dense DNA arrays are prepared for 

simultaneous imaging of large amounts of DNA molecules, with single molecule resolution. The 

Y-shaped microfluidic design, where the two inlet channels can be separately and precisely 

controlled, enables the creation of a concentration gradient across the microfluidic channel, as 
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well as rapid and repeated addition and removal of substances from the measurement region. A 

DNA array stained in a gradient manner with YOYO-1 illustrates the method and serves as a 

proof of concept. We have applied the method to studies of the repair protein Rad51 and could 

directly probe the concentration dependent DNA-binding behavior of human Rad51 (HsRad51). 

In the low concentration regime used (100nM HsRad51 and below) we could not detect positive 

cooperative binding to double-stranded DNA (dsDNA). 

INTRODUCTION 

Single molecule investigations of biomolecular interactions have received increasing interest 

during the last decade; the approach offers the possibility to explore heterogeneous and dynamic 

behavior as well as deciphering new mechanisms and rare events at an unprecedentedly detailed 

level.
1,2

  

The use of single molecule techniques thus puts new constraints on how to handle and 

manipulate the biomolecules of interest. Many applications require the molecules to be attached 

to a surface within a reaction chamber and the surface functionalization strategy must be 

carefully considered, fulfilling two requirements: 1) it must allow attachment of biomolecules in 

such a way that their function is retained and 2) it must strongly prevent non-specific 

interactions. One surface functionalization strategy that meets these requirements is the use of 

supported lipid bilayer (SLB) membranes.
3,4

 SLBs are easily prepared on a glass or silica surface 

from small unilamellar lipid vesicles (SUVs) that, when exposed to the glass surface at a high 

enough surface concentration, spontaneously fuse and rupture, forming a continuous lipid 

bilayer. The SLB is fluid and allows lateral diffusion of lipids and the lipid motion can be 

directed by hydrodynamic forces from a bulk flow above the SLB.
5,6
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Single molecule techniques suffer from a few but important drawbacks; the experimental set-

ups generally have a high technical complexity and a low throughput. To increase the throughput 

a DNA array technology has previously been developed, where DNA molecules are anchored to 

an SLB via a biotin-neutravidin-biotin coupling, using biotinylated DNA and lipids, allowing 

dense DNA arrays to be formed.
6
 The DNA strands, tethered to the lipids, are dragged within the 

fluid lipid bilayer using the bulk flow. The lipids that anchor the DNA strands move in the 

direction of the flow until they encounter a diffusion barrier that they cannot traverse. This 

results in an array of DNA on the diffusion barrier, a “DNA curtain”. Such a dense DNA array 

allows for simultaneous investigation of a large number of individual DNA molecules, thus 

increasing experimental throughput, and also offers the possibility of finding rare binding events.  

In this study, we are combining the DNA array technology described above with an easy-to-

use microfluidic diffusive mixer based on a flow-channel system with a Y-shaped design, which 

allows for the formation of a remarkably stable concentration gradient across the measurement 

channel as well as rapid switching between two different flows. A DNA-array stained with the 

fluorescent DNA-binding dye YOYO-1, applied to the array in a gradient manner, illustrates the 

method and serves as a proof of concept. Fluorescently labeled human Rad51 protein (HsRad51) 

bound to arrays of double-stranded DNA (dsDNA) confirms the applicability for studies of 

DNA-protein interactions.  

Rad51 is a key protein in the DNA-repair pathway homologous recombination in eukaryotes.
7-

9
 It binds to single- or double-stranded DNA (ssDNA or dsDNA), forming a continuous helical 

filament and thereby elongating the DNA by approximately 50% compared to its normal B-DNA 

conformation.
10,11

 At lower concentrations of Rad51 on DNA, patches of bound protein, so 

called nucleation sites, can be observed.
12,13

 The elongated nucleoprotein filament is considered 
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to be the functioning assembly for DNA repair and the Rad51-DNA complex has, due to its 

important role in the mechanism of DNA repair, attracted great interest in single molecule 

studies.
14-16

 Experimental techniques used in these studies include optical trapping and total 

internal reflection fluorescence (TIRF) microscopy, approaches that require specialized, and 

expensive, equipment. The microfluidic device presented here facilitates visualization of DNA-

bound HsRad51 using a standard epi-fluorescence microscope, thanks to the possibility of rapid 

and convenient switching between the different flows in the measurement channel.  

The here described method combines the investigation of single molecules in real-time with 

the concentration dependence of biomolecular interactions and offers a powerful tool for 

monitoring reaction dynamics and heterogeneity as well as the discovery of rare events and 

threshold behavior, as illustrated by studying the binding behavior of HsRad51 to dsDNA. 

EXPERIMENTAL SECTION 

Fabrication of microfluidic flow-channel systems. The microfluidic flow-channel system 

was made of polydimethylsiloxane (PDMS) using replica molding. An aluminum mold for the 

simultaneous fabrication of ten systems was custom made. The channel height was 200 m, the 

widths of the inlet channels and combined channel were 200 m and 400m, respectively. 

Access holes were created by placing needles at the appropriate positions during molding. A 

PDMS replica was prepared from a mixture of Sylgard® 184 base and curing agent (Dow 

Corning) at a 10:1 weight ratio, which was allowed to cure at 90 °C for at least 2 hours. The 

PDMS replica was bonded to a microscope cover slip, 24x60 mm and 0.13-0.19 mm thick 

(Mentzel Gläser), that had been cleaned in a 2% (v/v) Hellmanex® (Hellma Analytics) solution 

for 30 minutes followed by thorough rinsing in MilliQ™ water and drying with N2(g). For the 

subsequent preparation of DNA arrays in the flow-channels, diffusion barriers were 
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mechanically etched on the microscope cover glass using a diamond drill bit. The glass slide and 

the PDMS were place in a plasma cleaner (Harrick Plasma) for 30 seconds prior to bonding, 

which was accomplished by placing the surfaces in contact. The systems were then stored at 

room temperature. Prior to use, PTFE tubings (0.25x0.76 mm, inner and outer diameter, Cole 

Parmer) equipped with syringe connectors were fitted into the access holes in the PDMS. 

Lipid vesicle preparation. Lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 

biotin-phosphatidylethanolamine (biotin-PE) (Avanti Polar Lipids), were stored in chloroform 

at -20 °C. Lipid vesicles were prepared from pure DOPC lipids or from 0.5% biotin-PE and 

99.5% DOPC. The chloroform solution containing the appropriate lipid or lipid mixture was 

applied to a round bottom flask and the solvent was evaporated under a stream of nitrogen gas. 

The lipid film was further dried under nitrogen for at least 2 hours before it was resuspended in 

buffer A (10 mM Tris pH 8.0, 100 mM NaCl) at a concentration of 20 mg ml
-1

, vortexed, left at 

4 °C over night and then vortexed again. If not used directly for extrusion the lipid solutions 

were stored at -20 °C. The lipids were mixed and diluted with buffer A to obtain a final 

concentration of 10 mg ml
-1

 lipids and 0.05% biotin-PE before extrusion through a polycarbonate 

filter with 100 nm pores (Avanti Polar Lipids). The resulting lipid vesicles were stored at 4 °C 

and used within one week of preparation. 

Biotinylation of DNA. A biotinylated oligonucleotide (5’-pAGGTCGCCGCCC-TEG-Biotin, 

Eurogentec S.A) was annealed to the 12-nucleotide overhang at the right end of the 48502 base 

pair long bacteriophage -DNA (Roche). A 20-fold molar excess of oligonucleotide was mixed 

with the -DNA in T4-DNA ligase buffer (Promega), heated to 80 °C for 10 minutes and then 

slowly cooled to room temperature (RT). The mixture was briefly (10-15 minutes) cooled on ice 

before the addition of T4 DNA ligase (Promega) and the reaction was then incubated at RT for at 
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least 2 hours. After completed reaction, the ligase was inactivated by heating to 70 °C for 10 

minutes and excess oligonucleotide was removed by over-night dialysis against TE-buffer 

(10 mM Tris pH 8.0, 1 mM EDTA). 

Surface functionalization and DNA arrays. The flow-cells were initially flushed with buffer 

A. During the surface functionalization procedure, all buffers and reagents were manually 

applied to the channel system through the combined (measurement) channel.  

A supported lipid bilayer (SLB) was created in the flow-channel by applying lipid vesicles 

(0.5 mg ml
-1

) containing 0.05% biotinylated lipids to the channel system in three injections, with 

10 minutes between each injection and a total exposure time of at least 1 hour. Excess vesicles 

were then rinsed away using buffer A and the SLB was incubated for an additional 1 hour. To 

block potentially uncovered surface patches, buffer B (40 mM Tris pH 7.8, 1 mM DTT, 1 mM 

MgCl2, 0.2 mg ml
-1

 BSA) was added to the flow-channel and incubated for 30-45 minutes. 

Neutravidin (12 nM, Invitrogen) suspended in buffer B was then applied to the system and 

incubated for 30 minutes before rinsing with buffer B. Finally, biotinylated -DNA (24 pM) in 

buffer B was added to the flow-channel and incubated for 30 minutes, after which it was rinsed 

away with buffer B. In the experiments where HsRad51 was bound to the DNA arrays, the 

biotinylated -DNA was pre-incubated with YOYO-1 (at a staining ratio of 1 dye/100 base pairs) 

for 2 hours at RT prior to loading into the flow-channel. 

Fluorescently labeled proteins. Fluorescent HsRad51 used in this study were labeled with 

either Alexa Fluor 555 or Atto 488. The fluorophore was attached to the protein at amino acid 

position 31, using HsRad51 C319S variant. The mutation scheme, protein expression and 

labeling protocol, as well as characterization of the fluorescently labeled proteins have been 

described in detail elsewhere.
13,17
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Instrumentation and experimental set-up. Flow into the branching channels of the 

microfluidic flow-channel system was controlled using two syringe pumps (CMA 400, CMA 

Microdialysis AB). Images overviewing the switching effect in the microfluidic flow-channel, 

was obtained on an epi-fluorescence video microscopy system consisting of a Nikon Eclipse 

TE2000-U inverted microscope with a 10× objective (NA 0.30, Nikon), with a 1.5× additional 

magnification lens for a total magnification of 15×, coupled to a cooled back-illuminated 

EMCCD camera (Andor Technology, iXon DV 897 BV) and a 100 W mercury lamp. Deionized 

water and a 10 M solution of carboxyfluorescein, respectively, was applied to the microfluidic 

system through the two branching channels and inlet flows were varied to illustrate the switching 

effect. Characterization of the gradient width was performed using another microscope set-up, an 

inverted epi-fluorescence microscope, Leica DMI6000B, equipped with a 20× objective (NA 

0.40, HCX PL FLUOTAR, Leica Microsystems), a 14 bit dynamic range EMCCD camera 

(C9100-12, Hamamatsu Photonics) and a fluorescence light-source, EL 6000 (Leica 

Microsystems). Either buffer A and a 1-10 M solution of sodium fluorescein in buffer A, 

respectively, or buffer B and a 60 nM solution of HsRad51/Atto 488 in buffer B, respectively, 

was applied to the flow-channel system through the two inlet channels and images of the bulk 

flow in the combined channel was taken along the length of the channel and at different flow 

rates. When using protein the surfaces of the microfluidic system was rendered inert by creating 

an SLB in the channels and blocking with buffer B, as described above. 

In experiments with YOYO-1 stained DNA arrays the Leica microscope set-up was used with 

a 100× oil immersion objective (NA1.3, HCX PL FLUOTAR, Leica Microsystems). The DNA 

arrays were exposed to a gradient of dye by applying YOYO-1 (Invitrogen) at 5 nM in buffer B 

(supplemented with 60 mM β-mercaptoethanol to suppress photobleaching and photodamage) 
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through one of the inlet channels at 20l min
-1

 and buffer B (with 60 mM β-mercaptoethanol) at 

equal flow rate through the other. The successive binding of YOYO-1 to the DNA could be 

observed by following the increase in fluorescence intensity from the stained DNA. After 

approximately 15-20 minutes of exposure to YOYO-1, the dye flow was turned off and the 

buffer flow was subsequently increased to maintain a total flow rate of 40 l min
-1

 in the 

measurement channel. 

Binding of HsRad51 to the DNA arrays was visualized using the Nikon microscopy system, 

now equipped with a 100× oil immersion objective (NA 1.40, Nikon). HsRad51/Alexa Fluor 555 

at 100 nM in buffer B, supplemented with 2 mM ATP, and buffer B with 2 mM ATP, 

respectively, was applied to the flow-channel system through the two inlet channels at equal flow 

rate (5 l min
-1

 each) to create a gradient of protein over the DNA arrays. After 20 minutes of 

exposure, the protein solution flow was turned off and buffer flow was subsequently increased to 

40 l min
-1

 to ensure an adequate extension of the DNA.  

Image analysis. Image analysis, including fluorescence intensity profiles and quantification of 

DNA extensions, were done using the public domain, Java-based image processing program 

ImageJ (version 1.46e).
18

 

 

RESULTS AND DISCUSSION  

Characterization of the microfluidic flow-channel system. The design of the microfluidic 

flow-channel system is schematically depicted in Figure 1a. The branching channels and the 

combined (measurement) channel were 200 m and 400 m, respectively, in width, 7 mm and 

10 mm, respectively, in length and channel height was 200 m (determined from the dimensions 
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of the channel relief in the mold). Fluid dynamics, in general, can be characterized by the 

dimensionless Reynolds number: 

        , 

where   is the average flow velocity and   is the characteristic length scale.
19

 For a channel with 

rectangular cross section,   can be estimated using the hydraulic diameter:  

  

 
  

where   is the cross-sectional area and   is the wetted perimeter.
20

 Reynolds numbers below 

2300 indicate laminar flow. The dimensions of the measurement channel in the here presented 

microfluidic flow-channel system result in a wetted perimeter of 1200 m in the closed system. 

The highest flow rate that was used was 40 l min
-1

, corresponding to a flow velocity of 8 mm s
-

1
 and the characteristic length scale is 0.32 mm. Using the density ( ) and viscosity ( ) of water 

a Reynolds number of 2.1 is obtained, thus orders of magnitude below the limit for laminar flow 

behavior and mixing in the microfluidic flow-cell will therefore be caused solely by diffusion.
19

  

 

Figure 1. Design of the microfluidic flow-channel system. (a) The inlet channels can be 

separately and precisely controlled via two syringe pumps. (b) A fluorescein solution, applied to 

the flow-channel system through one of the inlet channels, illustrates how the Y-shaped design 
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enables switching between different sample conditions or creates a concentration gradient over 

the measurement region, indicated in red. 

By using this Y-shaped microfluidic channel system two different flows, separately and 

precisely controlled via two syringe pumps, were introduced into a common flow stream to 

either create a concentration gradient, due to the diffusive mixing in the combined channel, or 

allow for easy switching between two different solutions. This is illustrated in Figure 1b, where 

one of the inlet channels contains a solution of the fluorescent dye fluorescein. A lower flow rate 

of the dye solution, compared to the buffer flow, results in a measurement region in the center of 

the combined channel experiencing only buffer conditions (Figure 1b, left), whereas a higher 

flow rate of dye, compared to buffer, exposes the measurement region to the dye solution (Figure 

1b, right). Equal flow rates of the two solutions results in a concentration gradient over the 

measurement region (Figure 1b, center). Switching between the different measurement 

conditions can be done on the timescale of tens of seconds or less, depending on the flow rate 

and limited by the performance of the pumps. 

The concentration gradient, caused by the diffusive mixing of the two flows from the inlet 

channels, was characterized in terms of its width, determined from fluorescence intensity profiles 

(assuming a linear relationship between fluorescence intensity and concentration of fluorescent 

dye), at different positions along the measurement channel. Flow rate, distance from the 

converging point and diffusion coefficient of the substance of interest are factors affecting the 

concentration profile,  (   ), of a solute in the diffusive mixing zone as described by the 

following expression:  

 (   )  
  
 
(     ( 

 √ 

 √  
)) , 
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where   is the downstream distance from the converging point, y is the transverse coordinate,    

is the initial concentration of the solute applied into the channel system and   is the diffusion 

coefficient of the solute.
19

 For a given substance higher flow rates will cause a steeper 

concentration profile and a narrower gradient at a certain distance from the converging point, 

compared to lower flow rates. At a fixed flow rate, the gradient will be narrower close to the 

converging point and wider closer to the end of the combined channel. 

The fluorescent dye fluorescein was used to illustrate the variations in gradient width at 

different position in the channel and fluorescence intensity profiles of fluorescein are shown in 

Figure 2a together with a theoretical calculation of the concentration profiles, using a diffusion 

coefficient of 6.4·10
-6

 cm
2
 s

-1
 for fluorescein.

21
 The experimental data fits well with the 

theoretical predictions and can be repeated with high reproducibility, indicating a stable 

concentration gradient system (see Supporting Information). A small discrepancy between the 

experimental data and the theoretical expression is observed for short downstream distances from 

the converging point. This deviation can probably be ascribed to the rounded shape of the 

connection between the two branching channels, locally disturbing the flow profile of the 

merging flows from the inlets.  
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Figur 2. Characterization of the concentration gradient. (a) Theoretical (solid lines) and 

experimental (dotted lines) concentration profiles of fluorescein at different positions along the 

measurement channel. Flow rate was 40 l min
-1

. (b) A larger molecule (HsRad51) has a steeper 

concentration profile than a smaller molecule (fluorescein) at a given flow rate (20 l min
-1

) and 

position (5 mm) in the channel. The position is the measured distance from the converging point 

in the channel. 

The concentration profile in the diffusive mixing zone of the microfluidic system was also 

characterized using fluorescent HsRad51. At a given flow rate, a larger molecule will result in a 

more narrow gradient than a smaller molecule at the same position in the channel, due to its 

slower diffusion. In Figure 2b, the effect of molecular size on the concentration gradient is 
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illustrated using measurements of the bulk fluorescence intensity from fluorescein and 

fluorescently labeled HsRad51, respectively.  

Staining a DNA array with a gradient of YOYO-1. For the preparation of DNA arrays in the 

microfluidic channel, diffusion barriers were mechanically etched on the microscope cover glass 

using a diamond drill bit prior to flow-cell assembly. The surface of the flow-cell was 

functionalized with a SLB containing 0.05 % biotinylated lipids, to which biotinylated -DNA 

was tethered via a biotin-neutravidin-biotin coupling, in a similar way as previously described.
6
 

Arrays were formed by accumulation of DNA on the diffusion barriers, as DNA migrated within 

the SLB in the direction of the hydrodynamic force created by the buffer flow in the microfluidic 

flow-cell. The effect of a concentration gradient over such a DNA array is illustrated using the 

DNA binding dye YOYO-1 and shown in Figure 3a. YOYO-1 was applied to the flow-cell 

through one of the inlet channels, at a concentration of 5 nM and a flow rate of 20 l min
-1

, and 

buffer was applied through the other inlet channel at equal flow rate, thus giving rise to a 

concentration gradient of YOYO-1 in the measurement channel. The flow rate was chosen as it 

gives rise to a suitable width of the YOYO-1 gradient and an adequate degree of extension of 

DNA. The DNA array shown in Figure 3a is located approximately 5 mm from the converging 

point. At this position the width of the YOYO-1 gradient, equals the width of the field of view 

(80 m), so that DNA at the both sides of the array are exposed to essentially 100% and 0%, 

respectively, of the YOYO-1 solution.  
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Figure 3. The effect of a concentration gradient over a DNA array. (a) The effect of increasing 

concentration of YOYO-1, from right to left, can be observed both as an increase in fluorescence 

intensity and as an elongation of DNA as the YOYO-1:DNA staining ratio increases. (b) The 

gradual elongation of DNA due to the increasing loading of YOYO-1 along the DNA array 

correlates well with the modeled intensity profile of the YOYO-1 gradient. DNA lengths were 

measured on 5 different arrays and ranged from 12.5 to 15.4 m with a variation of ±0.5 m. 

Two effects of the gradually increasing concentration of YOYO-1 that the DNA array is 

exposed to can be seen in Figure 3a. Firstly, the fluorescence intensity increases as the staining 

ratio increases at higher YOYO-1 concentrations. Secondly, the extension of DNA is clearly 

increased from right to left in the array, with the DNA molecules to the left being more than 20% 

longer than those to the right. Elongation of DNA at high staining ratios is a well-known effect 

of the intercalating YOYO-1.
22,23

 The successive elongation of the DNA due to the increased 

binding of YOYO-1 along the array was investigated and correlated to a calculated profile of the 
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YOYO-1 concentration gradient (Figure 3b). In absence of a determined value of the diffusion 

coefficient of free YOYO-1 in solution (due to it being non-fluorescent when not bound to DNA) 

an estimated value was used in the calculation. The two YO-chromophores in YOYO-1 stack in 

water,
24

 giving the molecule (approximating spherical shape) a size similar to that of ethidium 

bromide, of which the diffusion coefficient has been determined to 4.15·10
-6

 cm
2
 s

 1
.
25

 This value 

was used when modeling the gradient of YOYO-1 in Figure 3b. 

 

Concentration dependence of HsRad51 binding to dsDNA. The presented method has been 

developed for the study of DNA-binding proteins and their interactions with DNA and we have 

used it to directly probe the concentration dependent binding behavior of HsRad51 to dsDNA. In 

contrast to YOYO-1, that is more or less non-fluorescent when not bound to DNA,
26

 the 

fluorescently labeled protein cause a significant fluorescence signal in the bulk flow, interfering 

with the fluorescence from DNA-bound protein on the surface of the flow-channel. A 

requirement to be able to observe the Rad51-DNA complexes using epi-fluorescence microscopy 

is the possibility, offered by the microfluidic design, to fast and conveniently switch between 

flows and thereby remove unbound protein. Figure 4a shows an array of dsDNA, pre-stained at a 

low staining ratio with YOYO-1 (1 YOYO-1:100 base-pairs), exposed to a concentration 

gradient of HsRad51. A 100 nM solution of HsRad51 labeled with Alexa555 was applied to the 

flow-cell at 5 l min
-1

 through one of the inlet channels, while buffer was applied at the same 

flow rate through the other inlet, creating a protein gradient with a width of 70m at a distance 

5 mm downstream from the converging point. After 20 minutes of exposure to the protein 

solution, the protein flow was turned off and buffer flow was increased to 40 l min
-1

. Images of 

the DNA array were immediately taken to avoid protein dissociation. Across the DNA array the 
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successive assembly of HsRad51 on the DNA can be seen, from individual nucleation sites in the 

low concentration region (to the right in Figure 4a) to continuous nucleoprotein filaments at 

higher concentrations. In the high concentration region of the array, where DNA is completely 

coated with protein, the DNA is elongated compared to the uncoated DNA in the opposite end of 

the array. The typical extension of bare DNA at this flow rate is 12.5 m, as seen in the low 

concentration region of the arrays in both Figures 3a and 4a, whereas the protein-covered DNA 

at the left side of the array in Figure 4a is extended up to 18 m. When Rad51 proteins bind to 

YOYO-1 stained dsDNA the intercalating dye molecules are ejected, explaining why YOYO-1 

fluorescence is only observed in the right side of Figure 4a where the protein concentration is 

low.
27

  

 

Figure 4. Binding of HsRad51 to a DNA array. (a) An overlay of two images of the same DNA 

array, where the images colored in red and green visualize DNA-bound YOYO-1 and 

fluorescently labeled HsRad51, respectively. (b) The normalized emission intensity from 
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HsRad51 across the DNA array, which corresponds to the concentration of DNA-bound protein, 

shows a nearly linear dependence on the normalized bulk concentration of HsRad51 (in a 

gradient from 0 to 100 nM). Intensity profiles over 4 different DNA arrays were analyzed and 

averaged, variation in pixel intensity between the individual arrays was in general less than 15%. 

It has been suggested that binding of HsRad51 to dsDNA involves a rate-limiting step of 

nucleation followed by positive cooperative binding of HsRad51 to the nucleation site.
28

 Using 

our method, we can directly probe the binding behavior of HsRad51 to dsDNA by correlating the 

intensity of the dsDNA-bound Rad51 to the bulk concentration (measured as the intensity of 

HsRad51 in the bulk across the concentration gradient). The emission intensity from the 

fluorescently labeled HsRad51bound to DNA was analyzed, in a 25 m high image frame and 

pixel by pixel across the DNA array to obtain an intensity profile across the protein gradient. An 

intensity profile over the background emission, that can be seen in Figure 4a and that is arising 

from a small amount of protein binding non-specifically to the surface, was obtained by 

analyzing a 0.16 m high image frame just below or above the DNA array. The background 

intensity profile was subtracted from the intensity profile obtained over the DNA array and the 

resulting intensity profiles from four different DNA arrays were averaged. The emission 

intensity corresponds directly to the concentration of DNA-bound protein and thus the intensity 

profile reflects the nucleoprotein assembly. Quenching of the labeling dye is not likely to occur 

since HsRad51 resides as multimeric rings off DNA and the protein is thus not crowded to a 

higher extend on DNA than off DNA.
29,30

 Normalized emission intensity as a function of bulk 

concentration of HsRad51 is presented in Figure 4b. The intensity of DNA-bound HsRad51 

shows a nearly linear correlation with the HsRad51 concentration in bulk, indicating that the 

protein assembly on DNA occurs without cooperativity.  
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If the binding of HsRad51 to dsDNA would be cooperative, the data in Figure 4b would be 

exponential or sigmoidal depending on the grade of saturation.
31

 Since the data in Figure 4b 

shows a linear correlation it rather indicates that the binding is non-cooperative under the 

conditions and the concentration regime investigated. However, we cannot exclude that HsRad51 

binds in a cooperative way to dsDNA under different conditions, or to ssDNA, which will be the 

target for future investigations using our experimental platform.  

 

CONCLUSIONS 

In the experimental set-up presented here we make use of microfluidics and DNA array 

technology. The DNA arrays shown in Figures 2a and 4a, stained with YOYO-1 and HsRad51, 

respectively, in a gradient fashion, clearly illustrates the additional gain from our combinational 

approach. With the DNA arrays comes the advantageous possibility of simultaneously observing 

a large number of individual DNA molecules, their dynamics over time and/or their interactions 

with a ligand in the surrounding buffer. The microfluidic design facilitates studies of DNA-

ligand interactions at a range of concentrations in one field of view, which is important in 

screening experiments but also enables the discovery of threshold effects. Moreover, the Y-

shaped microfluidic design facilitates easy addition and withdrawal of substances of interest to 

the DNA array, something that is impossible using traditional test-tube biochemistry. The 

microfluidic device is easy to fabricate, with no need of cleanroom lithography; it is convenient 

to use and shows a remarkable robustness in its performance. In combination with the DNA 

array technology it constitutes a sophisticated, but yet simple, tool for single molecule studies of 

DNA-protein interactions and dynamics, allowing time as well as concentration trajectories to be 

followed in one single measurement.  
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Figure S5. Typical concentration profiles, from fluorescence intensity data, for fluorescein in the 

measurement channel. Profiles at different downstream distances from the converging point in 

three individual microfluidic systems are shown. Flow rate was 40 ml min
-1

. The variation 

between individual flow cells is small, indicating that fabrication of the microfluidic systems is a 

stable procedure.  
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