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Abstract

The concept of miniaturised total analysis systems (µTAS) came up in the
early 1990s. This approach implicates the integration of a (bio)chemical
sensor into a microsystem combined with on-chip reagent processes and mi-
crofluidics. Such miniaturised analysis systems allow to carry out measure-
ments from small volumes of complex fluids with high efficiency and speed.

In this thesis, a modular design of a self-contained, cost-efficient and
miniaturised system for fast DNA analysis is presented. Thesystem con-
sists of an on-chip DNA amplification unit based on the PCR method and of
a capacitive microsensor for label-free DNA detection. TheDNA detection
principle relies on a capacitance change at the surface of interdigitated sub-
micron electrode pairs during the DNA hybridisation process caused by the
accumulation of complimentary DNA strands. Fast on-chip DNA amplifica-
tions and the performance of the label-free sensing principle have been suc-
cessfully demonstrated. Both devices are fabricated as separate chips, which
are finally combined with a fluidic system allowing the reagent to be trans-
ported from one chip to the other. A portable control-measurement unit has
been realised, which allows thermocycling at predefined temperature steps for
the PCR and to measure capacitance changes on the surface of several elec-
trode pairs in parallel. The combination of the PCR chip, theDNA sensor,
the fluidic system and the control-measurement unit composes a cost-efficient
and miniaturised analysis system, which is suitable for theamplification and
detection of specific DNA sequences in a point-of-care format for biochemi-
cal analysis.

Further this thesis deals with the issue of microfluidics, which is a main
research field of µTAS. Here, the flow behaviour of a sample stream inside a
microchannel is studied, which is focused by vertical and horizontal neigh-
bouring sheath flows. This so-called hydrodynamic focusingtechnique offers
the possibility to adapt the dimensions of the sample streamand its position
inside the microchannel by varying the flow rate ratio between the sample
liquid and the individual adaptable sheath liquids. Two microfabricated flow-
cells have been realised and characterised; one for non-coaxial sheath flow
(sample stream is surrounded at three sides, while at the fourth side the sam-
ple moves along the channel bottom) and one for coaxial sheath flow (sample
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x Abstract

stream is squeezed on all four sides). Experiments have beencarried out
with both devices, where the size, shape and position of the sample stream
have been established by laser scanning confocal microscopy and dye in-
tensity analysis. In microchannels (typically 25× 40 µm2) the creation of
sample stream diameters that were five to ten times smaller than the channel
dimensions were achieved, and the smallest measured samplestream width
was 1.5 µm. The mechanism to control the sample stream insidethe mi-
crochannel allows the sample dimensions to be adapted over awide range. A
comparison of the experimental results with fluidic simulations show excel-
lent agreements. In combination with (integrated) sensors, these microfluidic
devices are suitable for on-chip single cells analysis.



Nomenclature

0.1 List of Abbreviations

Symbol Description

16S rDNA DNA coding (16S subunit of prokaryotic ribosomes)

2D two-dimensional

3D three-dimensional

A adenine

AC alternating current

ADC analogue-digital-converter

Ag silver

bp basepair

BSA bovine serum albumin

C cytosine

CDC capacitance-to-digital converter

CFD computational fluid dynamic

C3H8O isopropyl alcohol

C6H12O methylisobutylketone

Cy3 cyanine 3

DC direct current

DEP dielectrophoretic

DI de-ionised

DNA deoxyribonucleic acid

dNTPs deoxyribonucleotide triphosphates

DRIE deep reactive ion etching
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xii Nomenclature

Symbol Description

dsDNA double-stranded DNA

DVD digital versatile disc

FACS fluorescence activated cell sorter

FEM finite element method

G guanine

GPIB general purpose interface bus

H2O2 hydrogen peroxide

H2SO4 sulfuric acid

IC integrated circuit

I2C inter-integrated circuit

kb kilo base

KCl potassium chloride

KOH potassium hydroxide

LC liquid crystal

LED light-emitting diode

LPCVD low pressure chemical vapour deposition

M molar

MEMS micro-electro-mechanical system

MgCl2 magnesium chloride

Na2S2O8 sodium peroxodisulfate

PBS phosphate buffered saline

PCB printed circuit board

PCR polymerase chain reaction

PDE partial differential equations

PDMS polydimethylsiloxane

PEB post exposure bake

PGMEA 1-methoxy-2-propyl-acetat

PMMA polymethylmethacrylate



0.2 List of Constants xiii

Symbol Description

POM polyoxymethylene

Pt platinum

PWM pulse-width modulation

RIE reactive ion etching

RTD resistance temperature detector

rpm rounds per minutes

rRNA ribosomal ribonucleic acid

Si3N4 silicon nitride

SiO2 silicon dioxide

SLR single-lens reflex

ssDNA single-stranded DNA

T thymine

Taq thermus aquaticus

US ultrasonic

USB universal serial bus

UV ultraviolet

w/v % weight/volume percentage

µC microcontroller

µTAS miniaturised total analysis system

0.2 List of Constants

Constant Description Unit

α temperature coefficient 3.85 × 10−3 K−1

π 3.14159

ε0 permittivity of vacuum 8.8542 × 10−12 As/Vm
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0.3 List of Variables

Symbol Description Unit

A area m2

b width m

B analogous to a capacitance F

C capacitance F

D diffusion coefficient m2 s−1

f frequency Hz

h height m

I DC current A

k variable –

l length m

L characteristic length m

n number –

P perimeter m

Pe Péclet number –

R electrical resistance Ω

Re Reynolds number –

T temperature ◦C

∆T temperature difference K

U DC voltage V

Upp peak-to-peak voltage V

v average velocity ms−1

Z impedance Ω

εr relative dielectric constant –

η dynamic viscosity Pa · s

ω angular frequency rad s−1
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ρ mass density kg m−1



xvi Nomenclature



Chapter 1

Introduction

Health is one of the most important factors in having a high quality of life.
Therefore, scientists are working on analysis methods, which allow to iden-
tify infectious pathogens and viruses at an early stage. In the past decades
enormous progress has been accomplished. However, there are still a lot
of investigations needed to reach the aim of inexpensive, high throughput
and easy-to-use diagnostic systems. Actually, most of the analysis, such as
DNA sequencing and protein expression studies, are labour-intensive, time-
consuming and they have to be carried out in laboratories using specific and
cost-intensive bench-top equipment. During the analysis in the laboratories
the samples are subjected to several analytical procedures(e.g. purification,
separation, amplification and detection), which will take several hours or even
days to obtain the final results. To overcome these deficiencies scientists are
putting effort into the investigation of novel analysis devices or platforms.
These systems must be not only robust, reliable and accuratesuch as state-
of-the-art bench-top laboratory equipment, but also fast,inexpensive, and if
needed in a transportable form. The aim of such devices is that they have the
ability for sample-in-answer-out analysis. The required processes should be
performed in a continuous way, should need a small sample volume input and
they should work without intervention of a user.

The combination of the research areaslife sciencesandmicrosystem tech-
nologyincluding the fieldmicrofluidicsshow great potential in the investiga-
tion of small medical diagnostic tools. These devices will be capable of high
throughput analysis and of cost-efficient biochemical studies.

1.1 Miniaturised Analysis Systems

In 1990, the group of Manzet al. were the first to introduce the concept
of miniaturised total analysis systems(µTAS) [1]. This approach requires
that chemical sensors are combined with microsystem technology to create a
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2 1 Introduction

miniaturised instrument for biochemical analysis. This system includes not
only the transformation of chemical information into electrical information
but it should also feature sampling, transportation, mixing, selection, heat-
ing, separation, reacting, detection as well as data handling [2]. The main
intention of the miniaturisation is to increase the analytical performance of
chemical sensors and improve the analysis systems in many perspectives, in-
cluding reduction of sample amount, increasing analysis time and affect in
lowering analysis cost. A miniaturised analysis system features a compact
design including small channels, which results in short transportation steps
of the sample and the reduction of the needed sample volume for analysis.
On such a small device ongoing processes such as sample heating or cool-
ing can be additionally accelerated because of less mass. Furthermore, the
system exhibits potential to perform several measurementssimultaneously,
which significantly affects analysis time [3]. Moreover, this analysis concept
allows to make point-of-care tests, which will yield cheap and rapid analysis
for everyone in an early diagnosis stage.

The developments during the past decades in the field ofmicroelectronics
including the integrated circuit (IC) processes and the aimto realise integrated
mechanical elements lead to the researching areas ofmicrosystem technology
and micro-electro-mechanical system(MEMS). Here, the lithographic pro-
cesses have been enhanced in terms to fabricate integrated sensors and ac-
tuators including electronic parts on a common silicon substrate. Products
of fully integrated sensors and actuators including the read-out electronic are
available on the market since several years and examples thereof are acceler-
ation sensors and pressure sensors.

The research field µTAS pushed the MEMS technology forward and pro-
gress has been made in the fabrication processes to realise miniaturised anal-
ysis systems. The technology of photolithography has been adapted to fabri-
cate microdevices for biochemical analysis and sample manipulation. Beside
using the in-plane technology, e.g. structuring electrodes on the surface of
a substrate, also out-of-plane designs are applied. In thiscase, not only the
common etching processes have been taken into account but also the photore-
sist technology is used in a modified form. For instance the structured resist
on a substrate is used as side walls for microchannels featuring dimensions of
several tens or hundreds of micrometers or even smaller. Furthermore, mate-
rials such as plastics and polymer materials are treated with moulding and hot
embossing techniques to achieve microscaled structures. The polymer-based
miniaturised devices are suitable for mass production and disposable use, be-
cause the realisation of them requires lower fabrication costs and relatively
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Transportation

Reaction Detection EvaluationSampling

Figure 1.1: Procedure for biochemical analysis system.

simple fabrication processes compared to the silicon or glass treatments. In
the fabricated microchannel of the device a sample fluid is inserted, which is
running through measurement stages to analyse or monitor the sample con-
tent [4]. Dealing with the topic of on-chip manipulation of fluids and the
guiding of samples over sensing areas lead to the research areamicrofluidics
[5]. In this field challenging studies take place, because topics like, e.g. in-
terfacing from the chip to the world can still be improved. Inmicrochannels
even at higher flow rates (several tens of µl/min) no turbulences appear and
the flow behaviour of fluids is still laminar. A consequence ofthis fact is that
fluids, which are flowing side-by-side do not mix in the traditional sense and
the molecular transport between them only takes place through diffusion [6].

1.2 Aspects for Biochemical Analysis

The procedure to analyse a specific biochemical species has to follow several
working steps. Figure 1.1 shows the main steps which have to be carried out
during the analysis process. In laboratories the working steps such as sam-
pling, any necessary biochemical reaction, detection as well as evaluation are
often conducted by using several bench-top instruments andthe sample trans-
portation between each step is either done automatically bypipetting robots
or manually by a special trained personal. This general stepsequence will
also be used for the biochemical analysis in miniaturised systems. However,
apart from the size reduction, further significant differences in the implemen-
tation exists. In the following the performance of the procedure taking place
in miniaturised systems are listed:

• Thesamplingand pre-treatment of the species in a miniaturised system
is one of the main challenges for the realisation of µTAS. This topic is
still an open issue.
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• Depending on the chemical or biochemical sample to be analysed dif-
ferent reactionsteps are applied during the analysis. These steps are
mainly done to increase the amount of the species in the sample to en-
hance the sensitivity for detection. This can be achieved for instance by
separation treatments (capillary electrophoresis or dielectrophoresis) or
amplification processes.

• Thedetectionof the species is performed by a chemical or biochemical
sensing method to transduce the concentration of the chemical com-
pound of interest, without background species, into an electrical sig-
nal. Different physical sensing principles such as opticaldetection,
mechanical motion or electrochemical sensing are used [7, 8].

• Theevaluationstep includes mainly a read-out circuit, which amplifies
and processes the electrical signal achieving a result for interpretation.

• For the sampletransportationand manipulation through the microchan-
nels several techniques are applied. Beside the use of pressure or vac-
uum to move the fluid, gravitational and centrifugal forces are applied.
In advance, elektrokinetic effects are used such as electroosmotic flow.
For the sample manipulation inside the microchannel also hydrody-
namic focusing techniques are performed.

In the past years, it has become clear that the concept of total integration
of all biochemical analysis steps at one single chip will be difficult to reach.
The integration of so many aspects is very complex to fabricate. Addition-
ally, if one sub-part of the total analysis system is lackingin functionality,
it affects all other major parts fabricated on the same chip and in the worst
case a complete failure of the total system can be caused by one of these
parts. A more promising approach is to implement the functional steps for
the analysis system as separate components and connect themthrough fluidic
channels. The application range of such microfabricated devices are in the
field of biochemistry, biotechnology and medicine.

1.3 Objective of the Thesis

The realisation of miniaturised analysis systems allowingthe detection of
specific sequences of the polymerdeoxyribonucleic acid(DNA) in a point-of-
care format has been a topic of research in recent years. Here, the purpose is
to obtain the evidence, whether specific DNA sequences are present or absent
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in a given biochemical analyte. In a broader sense such an instrument can
give information whether a patient has a certain disease or not. In the case of
viral or bacterial infections the identification of the disease at an early stage
is crucial. The sooner the result is available, the more rapidly the medical
scientists can operate against the diseases. Furthermore,during the analysis,
existing antibiotic resistances of the patient can be tested in parallel, giving
the medical scientists important information for the therapy.

The objective of this research is to implement and characterise a cost-
efficient, miniaturised analysis system for the fast amplification and detec-
tion of DNA and to investigate novel microfluidic devices to study flow be-
haviour, especially hydrodynamic focusing. Fluidic analysis of a sample
stream inside a microchannel are carried out, where the sample stream is
hydrodynamically squeezed by vertical and horizontal neighbouring sheath
flows. The main focus for the miniaturised analysis system ison the real-
isation of a self-contained and modular designed system, where the DNA
amplification is based on the PCR method, and the DNA detection follows
an electrochemical-based principle without using any labelling technique.
This modular configured analysis system comprises a PCR chip, a DNA sen-
sor (both devices are micromachined) and a compact instrument including a
control-measurement unit and a fluidic system to combine both microdevices.

1.4 Outline of the Thesis

In the following chapters, several microdevices are realised and characterised,
which allow to amplify DNA, to detect DNA and to hydrodynamically focus a
sample stream inside a microchannel. In Chapter 2 the design, the modelling
and the fabrication of the PCR chip is described, where the functionality of the
PCR chip is examined with a setup using laboratory instruments. Chapter 3
deals with the DNA sensor, which is based on a label-free detection principle.
After a discussion of possible detection methods, the implemented principle
will be described more in detail. Here, the capacitance changes on the sur-
face of an interdigitated electrode pair are measured, which result because of
the local accumulation of DNA during the hybridisation process. Further, the
design, the fabrication and the characterisation of the DNAsensor are pre-
sented. In Chapter 4 the implementation of the compact instrument including
the control-measurement unit and a fluidic system is described. The control-
measurement unit steers the PCR process and evaluates the signals from the
DNA sensor. The fluidic system allows the transportation of the biomolecule
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solution from the PCR chip to the DNA sensor and it features the possibility to
seal the reaction chambers during the process. Finally, allcomponents are put
together to achieve a miniaturised analysis system. Chapter 5 deals with flow
behaviour analysis of a sample stream inside a microchannel, which is hydro-
dynamically squeezed by vertical and horizontal neighbouring sheath flows.
Dependent on the flow rate ratio between the sample liquid andall surround-
ing sheath liquids, not only the profile and its dimensions can be varied, but
also the sample stream can be freely positioned inside the microchannel. Two
microfabricated flow-cells are utilised, where one chip allows a non-coaxial
sheath flow and the other a coaxial sheath flow. In this chapterthe design
of the chips, its fabrication process and experiments are discussed, which are
additionally confirmed with CFD simulations.
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Chapter 2

On-Chip DNA Amplification

In this chapter the development of a microdevice for DNA amplification is de-
scribed. The polymerase chain reaction (PCR) technique is explained, which
is used to amplify specific DNA sequences. Further, an overview of different
existing on-chip PCR devices is given. The PCR system described in this
chapter comprises an on-chip PCR chamber including a heaterand a temper-
ature sensor. The system is fast, has a high temperature stability, and per-
mits the PCR mastermix to be inserted and extracted very easily. In addition,
for highly flexible handling, the system was designed to be small and cost-
effective at the same time. The design, the construction, simulations and the
characterisation of the PCR system are discussed.

2.1 Introduction

The genetic information of all living organisms and some viruses is carried
in a polymer calleddeoxyribonucleic acid(DNA). The study and analysis of
the genomic code delivers information that has a major impact in e.g. clinical
diagnostics, drug discovery and forensic sciences. The polymerase chain re-
action (PCR) is anin vitro DNA amplification method. It is a repeated cycling
process of a number of defined temperature stages, which was conceived by
Kary B. Mullis in 1983 [1]. For this invention he was awarded the Nobel Prize
in Chemistry in 1993. The PCR is used to multiply DNA sequences of inter-
est, to enhance subsequent DNA analysis, and to achieve higher sensitivity
for DNA detection.

The three-dimensional structure of a DNA molecule is a right-hand twisted
double helix of two complementary DNA strands (see Figure 2.1, left). The
diameter of the double helix is about 2 nm. This structure wasfirst described
by James D. Watson and Francis H. C. Crick in 1953. DNA strandshave
a directionality and the different ends of a single strand are called the ‘5′-
end’ and the ‘3′-end’. The orientation (denoted as5′ → 3′) of the two DNA
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nucleotide

P
S

5’

T

3’

C

A

A

T

G

G
C

3’
5’

(b)(a)

5’

5’
3’

3’

Base pair

Sugar-phosphate backbones

Figure 2.1: Structure of the DNA double helix (a) and its chemical structure (b). The
schematic shows the DNA backbone composed of alternating sugar (S) and phosphate
(P) fragments and the hydrogen bondings between the base pairs (A–Tand G–C).

strands is anti-parallel, which means their5′ → 3′ directions are opposite
(see Figure 2.1). The5′ terminal is a phosphate group and the3′ ends with
a hydroxyl group. One strand consists of a backbone, which iscomposed of
alternating sugar residues (deoxyribose for DNA and ribosefor RNA) and
phosphate fragments, and of heterocyclic bases at the innerside. These three
elements together comprise what is termed a ‘nucleotide’. One nucleotide
unit is approximately 0.33 nm long. The bases of the two woundpolynu-
cleotide strands are connected to each other by weak hydrogen bonds form-
ing base pairs (bp). Four different bases exist where only two combinations
of base pairs are possible; Adenine (A) is paired with Thymine (T) (A–T and
vice versa) through two hydrogen bonds and Guanine (G) is paired with Cyto-
sine (C) (G–C and vice versa) through three hydrogen bonds (see Figure 2.1,
right). The two strands of the double helix are therefore complementary to
each other. The specific sequence of the nucleotides in the DNA strands forms
the genetic code. For more specific information one might refer to, e.g. [2].

The PCR process is based on a specific enzyme called ‘polymerase’,
which is the catalyst to synthesise a complementary strand in the5′ → 3′

direction from a given single stranded DNA sequence, called‘template’. The
reagents required for the PCR include all fourdeoxynucleotide triphosphates
(dNTPs) with the different bases (A, T, G, and C) as building blocks for the
DNA, a thermostable DNA polymerase and two chemically synthesised DNA
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Step 1: Denaturation

Step 2: AnnealingStep 3: Extension

95 °C

72 °C ~ 58 °C

5’
3’ 5’

3’

5’

3’

3’
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5’5’

DNA template

Taq polymerase

dNTPs

5’
3’

5’
3’

3’
5’

5’
3’ 5’5’

5’5’

Primers

Figure 2.2: PCR cycle: Double-stranded DNA denaturation (95◦C), primer anneal-
ing to template DNA (approximately 58◦C) and primer extension (72◦C). These
three temperature steps form one PCR cycle.

fragments, called primers. The two primers, forward and reverse, are de-
signed as short DNA sequences (10 – 20 bases long) to flank the region of
DNA to be amplified. The creation of the primers presupposes that the start-
ing sequence of the DNA template has to be known exactly. At the3′-end of
the primers the polymerase synthesises the single strands to a double stranded
DNA. All reagents are present in a buffer solution (for more detailed infor-
mation see [3]).

The PCR reaction takes place in three temperature-controlled steps (see
Figure 2.2). First, the double stranded DNA is heated up to 95◦C to break up
the hydrogen bonds and separate the two strands from each other (denatura-
tion). Next, at a lower temperature, of approximately 58◦C complementary
primers bind to the single strands at the starting region of the DNA template
(annealing). The temperature at this step strongly dependson the sequence
and the length of the primers. Finally, these flanked DNA strands are extended
to complete double strands with the four different dNTPs building blocks by
a thermostable polymerase derived from the bacteriaThermus aquaticus(ab-
breviation: Taq) at a temperature of 72◦C (extension). The construction of
the complementary DNA strands begins from the position of the primers and
proceeds in the5′ → 3′ direction. The DNA extension rate is approximately
50 bases per second [4]. The three temperature stages constitute one cycle. A
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typical PCR process consists of 20 to 50 cycles, depending onthe amount of
DNA required and the PCR yield. After each PCR cycle the amount of DNA
is theoretically doubled (exponential amplification). This technique allows
amplifying a DNA sequence of interest more than a billion times. In practice
inhibition of individual samples can lead to a lower PCR yield [5].

The PCR process is suitable for highly specific DNA amplification and
is easy to automate. Nowadays, the PCR takes place in bulky thermocyclers,
which have long cycle times due to large thermal mass (several hours). The
heating/cooling rates can be improved by decreasing the thermal massand
increasing the heat transfer rate. Microsystem technologyhas great potential
for developing on-chip PCR solutions. Miniaturised PCR devices allow de-
creasing the cycle time and reagent volume to achieve DNA amplifications in
a fast and cost-efficient way.

2.2 On-Chip PCR: Chamber-Based and Contin-
uous Flow

In recent years a lot of effort is put into the design of on-chip PCR. Several
different PCR microsystems have been published [6, 7, 8, 9] where different
materials, sample volumes, heating and cooling methods areused. Generally,
the on-chip PCR devices can be divided into two categories; (i) the dynamic
continuous-flow PCR chips and (ii) the stationary chamber-based PCR chips.
In continuous-flow PCR the reaction mixture is dragged in a microfluidic
channel between three well-defined temperature zones (see Figure 2.3) and
in the chamber-based PCR the mixture is kept stationary and the tempera-
ture of the reaction chamber is cycled between different temperatures (see
Figure 2.4).

One of the most attractive features of the continuous-flow method is the
reduction of the heat inertia to a minimum, because only the sample’s thermal
mass needs to be taken into consideration for heating and cooling. For this
approach the temperature transition times depend only on the sample flow
rate and the time the sample needs to reach a thermal equilibrium. Further
advantages are that the cycle time can be varied by changing the flow rate,
different reaction volumes are possible, and several PCR’scan run in series.

In literature different types of the continuous-flow PCR arereported. The
serpentine channel flow was introduced by Koppet al. in 1998 [10], which is
illustrated in Figure 2.3 (a). The mixture passes in a meander-shaped mi-
crochannel through three thermostable copper blocks. ThisPCR concept
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Figure 2.3: On-chip continuous-flow PCR principles; serpentine (a), rotary (b), or
oscillatory (c) channel flow.

was improved over the last years using different materials (glass, silicon,
SU-8, PDMS, polycarbonate, ceramic), transporting possibilities (pumping,
electroosmotic flow-driven, suction), and heating methods(resistive heating,
Peltier elements); examples therefore are [11] and [12]. Avoiding narrow
curves in the chip-design several groups emphasized the rotary channel-based
flow, where spiral [13], cylindrical [14] and annular [15, 16] motion can be
distinguished from another. The spiral method, which is depicted in Fig-
ure 2.3 (b), features the drawback that at a constant flow ratethe absolute
cycle time increases after each circulation, which does notguarantee stable
PCR conditions. This disadvantage has been overcome with a cylindrical de-
sign, where a capillary is wound around a cylindrical thermal-cycling body.
The annular design, where the PCR mixture is flowing in a circle, addition-
ally features the advantage that this principle allows to vary the cycle num-
bers. For such continuous-flow systems the relative time, where the mixture
is exposed to each temperature zone, is determined by the design of the chip
layout. That means that the ratio of the exposure times for the three temper-
ature steps is fixed. Therefore, in an oscillatory channel flow the sample is
pumped back and forth in a straight channel through the different temperature
zones (see Figure 2.3 (c)) [17, 18, 19]. This design combinesthe flexibility of
the cycle numbers and the variation of the ratio of the exposure time between
the different temperature zones.

The continuous-flow PCR chips pose several problems. If the PCR mix-
ture in the microchannel is transported with a pressure-driven flow, the sam-
ple exhibits a hyperbolic flow profile which may lead to progressive sample
dispersion. Also, the continuous-flow systems do not support the possibility
to regionally control the flow rates at the different temperature zones for the
PCR requirements, unless the flow rate of the PCR solution is regulated. Ad-
ditionally, most of the continuous-flow PCR systems need bulky mechanical
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Figure 2.4: On-chip chamber-based PCR principles; single (a), or multi chamber (b).

instruments for sample transportations, like syringe pumps, which adversely
affect the realisation of compact and integrated continuous-flow PCR devices.
Beside the sample transport challenges, one control-loop is needed for each
of the three temperature stages.

In a chamber-based PCR system the reaction mixture is kept stationary so
no sample transportation is needed. By achieving the different temperature
stages in the reaction chamber the on-chip PCR system is dynamically tem-
perature controlled. The whole system needs to be temperature cycled, where
parasitic heat capacity is unavoidable. For fast cycling the thermal mass has
to be kept to a minimum and also a high thermal flow has to be ensured.

The first chamber-based PCR chips were developed by Northrupet al.
in 1993 [20] and Wildinget al. in 1994 [21], where the reaction chamber
was fabricated on a silicon wafer. This format has been widely replicated
and improved, in terms of materials, chamber geometries, thermal control,
and miniaturisation [7, 8]. Giordanoet al., e.g. achieved successfully DNA
amplifications in reaction volumes in the range of several hundred nanoliters
[22]. The approaches for heating the PCR chamber can be divided into in-
ternal and external heating systems. For the internal solutions, a resistive
layer is often integrated inside the chamber, such as e.g. a thin-film platinum
resistor, which can also be used as thermal sensor [23]. Also, integrated poly-
silicon heaters are used [24]. The external heating methodscan be classified
into non-contact and on-chip ones. For instance, Giordanoet al. has used an
infrared-mediated lamp as a contactless heating system [22], and for the on-
chip heating methods the thermoelectric effect was applied, such as Peltier
elements [21] or the resistive heating effect [25]. Aurouxet al. showed on-
chip DNA amplification using microwave dielectric heating [26]. In general,
chamber-based PCR systems can be divided in single and multichambers (see
Figure 2.4). The latter one forms an array of cavities where different DNA
templates can be amplified in parallel for high throughput [27]. In most cases
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the chambers are constructed as a closed system and they are fabricated using
microsystem technology techniques. The PCR reaction volume is defined by
the size of the chambers.

Advantages of chamber-based PCR are the freedom in cycle numbers and
time duration at each temperature zone. The realisation of additional temper-
ature steps and variable time durations for specific PCR runscan be easily
implemented. Using a transparent material for the chamber cover real-time
monitoring is feasible. The chamber-based devices can alsobe integrated in
analysis processes.

2.3 Design and Fabrication

The high flexibility of the chamber-based principle, and thepossibility of pre-
testing the device without any added heating and sensing element led to the
decision to choose this concept as the basic design of the PCRdevice. In
an early development stage the chamber-based PCR chips can be put into a
conventional thermocycler to test if the chamber is biocompatible for DNA
amplification. Additionally, the PCR yield between chip andconventional
tubes can be compared.

Next, the specifications of the fabricated chamber-based PCR chip are
listed:

• Volume of the reaction chamber: 25 µl
(small but still a manageable volume)

• Biocompatibility of the chamber surface

• Temperature uniformity in the chamber of±0.5◦C at each temperature
step (specification of conventional thermocyclers)

• High yield of sample insertion and extraction

• Air tight sealing of the chamber during PCR to avoid evaporation

• High thermal conductivity and low thermal mass of the materials for
fast thermal cycling

The selected design of the PCR chip consists of a single microchamber
with a volume of about 25 µl. The chamber is a closed system, where the
DNA mixture is kept stationary (Figure 2.4a). To achieve high recovery of
the liquid insertion and extraction, the chamber geometry has to be designed
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Figure 2.5: Design and fabrication steps of the silicon-glass based PCR chip. The
volume of the chamber amounts to 25 µl.

like a channel, where the filling ports are located near the chamber walls.
Erill et al. report that a wider channel with funnel shaped endings yields
reproducible 100 % insertion (air bubble free) and 95 % extraction [25]. The
criterion of a fully filled chamber (and air tight sealing) isessential, because
otherwise the PCR mixture will escape at a temperatur in the range of 95◦C
and no DNA amplification takes place. Figure 2.5 depicts the design of the
PCR chip.

The selection of the material for the chip plays a significantrole in terms
of heat transfer, temperature uniformity, fabrication, and biocompatibility.
The material has to have a high thermal conductivity achieving a high ther-
mal homogeneity in the chamber, and a low heat capacity for fast cycling.
As a further condition it has to be compatible with microsystem technology.
Silicon has been chosen as the primary material due to its excellent thermal
and structural characteristics. A cavity in the material was processed to serve
as a reaction chamber. To close the chamber a cover has to be bonded to the
silicon. For this, glass is used, which has the advantage of allowing to see
inside the chamber. A hermetic irreversible seal between the glass and the
silicon is obtained by anodic bonding of the two materials. The glass can
also be mechanically machined creating access holes. The production of the
holes in the glass has additionally the positive effect thatthe heating unit can
be attached on the silicon side, which improves the thermal behaviour of the
device. Also, one can observe the injection and extraction of the PCR sample
process easily.
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Due to the high ratio of surface area to volume, surface chemistry can play
a dominant role in PCR reactions. Silicon as such is not very compatible with
DNA and especiallyTaqpolymerase, since it provokes adhesion effects and
has the tendency to adsorb on the surface that prevents the enzyme activity
and thereby inhibits standard PCR reactions [28]. An oxidised surface how-
ever shows consistent amplification that is comparable to those performed in
conventional PCR tubes [29, 30]. Thus an oxide layer was thermally grown
on the silicon side in the cavity.

In Figure 2.5, beside the depicted design of the on-chip PCR device the
fabrication steps are also highlighted. The silicon-glassbased PCR chip is
fabricated using microsystem technology involving a deep reactive ion etch-
ing (DRIE) process, thermal oxidation, glass drilling, andglass-to-silicon
dioxide anodic bonding. First a one side mirror polished silicon wafer (525 µm
thick, 100 mm diameter, (100), n-type) was used. To fabricate the cavities
for the chamber the positive photoresist AZ6624 was coated on the wafer
and patterned using photolithography. Afterwards the cavities were plasma
etched to the depth of 180 µm using a DRIE reactor. To achieve biocompat-
ibility inside the cavity a silicon dioxide layer with the thickness of 40 nm
was thermally grown on the silicon wafer. As a next step, holes of 1 mm in
diameter were drilled in a 500 µm thick PYREX® 7740 glass wafer by means
of a high speed spindle and diamond tools. Afterwards this wafer was anod-
ically bonded with the silicon wafer to cap the cavities. Finally, the wafers
were diced with a conventional wafer saw. For a more detaileddescription
of the fabrication process one might refer to Appendix A.1. The outer chip
dimensions are 15 mm in width, 20 mm in length and 1 mm in height. In
Figure 2.6 a photograph of the PCR chip including a chamber and two access
ports is shown.

2.4 Thermal Simulations of the PCR Chip

To achieve a stand-alone PCR device, a heating unit including a sensing ele-
ment has to be established for the chip. For considering the balance between
expensive on-chip heater-sensor integration and a low-cost solution by an ex-
ternal heating-sensing unit, numerical simulations were performed to analyse
the thermal behaviour of the PCR chip. An uniform temperature distribution
inside the chamber plays a significantly role during the thermal cycling and
the heat transfer shall be high for fast DNA amplification. These parameters
basically depend on the thermal properties of chip materials (thermal conduc-
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Figure 2.6: A photograph of the fabricated PCR chip. The chip dimensions are
15×20×1 mm3 and the diameter of the access holes are 1 mm. The cavity measures
11 mm in width and 14.5 mm in length.

tivity and heat capacity) and the heating method used. The simulation results
provide information whether the heating unit can be used externally or has to
be integrated inside the chamber, and whether a certain heating method fulfils
the given specifications.

For the thermal simulations the software tool COMSOL Multiphysics™
(COMSOL 3.3a, Sweden) was used, which allows numerical finite element
analysis. This software tool describes scientific and engineering phenom-
ena in an abstract and mathematically way and predefined partial differential
equations (PDEs) form the basis for the models. The PDEs are numerically
solved with the finite element method (FEM). The software package addi-
tionally provides the opportunity to couple physical phenomena to create so-
called ‘multiphysics’ models. For instance, resistive-heating effects can be
taken into account in a model where current-flow is simulatedin an electrical
resistance. In a first step, the geometrical structure of thechip was modelled.
After defining the physical properties of the sub-domains and the boundary
conditions, and generating a suitable mesh, the model was numerically solved
using the adequate PDEs.

2.4.1 2D Simulation at a Constant Temperature

The software package COMSOL Multiphysics provides the package “Heat
Transfer Module” including the “General Heat Transfer” application mode,
which supports all three fundamental heat transfer mechanisms – heat con-
duction, heat convection and thermal radiation – in the formof their defined
partial differential equations. The heat conduction describes the heat transfer
due to a temperature gradient in a solid or a stationary fluid;convection oc-
curs between a surface and a moving fluid both having different temperatures;
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Figure 2.7: 2D numerical simulation of the temperature distribution inside the PCR
chip (cross-section of the device). A constant temperature of 95◦C is applied at the
silicon side.

and radiation depicts the effect that all surfaces at finite temperature emit en-
ergy in form of electromagnetic radiation. For more complete treatment of
this subject refer to, e.g. [31].

First, a two-dimensional steady-state simulation was carried out, where
the temperature behaviour inside the chip was analysed. Looking at the
lengthwise cross-section through the middle of the PCR device, where the
access ports are included, the case with the highest temperature distribution
inside the chamber can be observed. Due to device symmetry only a part of
the cross-section needs to be modelled (see Figure 2.7). The“General Heat
Transfer” application mode is used for the thermal simulation and for the sub-
domains the used physical properties are given in Table 2.1.The boundary
conditions are defined as follows; at the bottom silicon side, a uniform tem-
perature of 95◦C was applied, at the right-hand side of the chip symmetry
conditions were specified, and at the two remaining sides a quiescent ambient
air with a temperature of 23◦C was assumed. For these thermal settings heat
conduction occurs inside the chip, whereas to the ambient free convection and
surface-to-ambient radiation were taken into account. Forthe free convection
a heat transfer coefficient to air had to be set, where in Incroperaet al. an em-
pirically determined value of about 12 Wm-2K-1 is given and for the surface-
to-ambient radiation the surface emissivity was set to 0.85[31]. By carrying
out the simulation with a constant temperature at the silicon bottom side of
the chip two main aspects can be examined; first whether a temperature offset
in the chamber occurs and second whether the temperature distribution inside
the chamber fulfils the claimed temperature specification of±0.5◦C.
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Table 2.1: Material properties of the PCR chip [32].

Thermal conductivity Heat capacity Density
[Wm-1K-1] [Jkg-1K-1] [kgm-3]

Silicon 163 703 2330
Water (PCR mixture) 0.6 4186 1000
PYREX® glass 1.5 837 2230
Tape 0.13 1000 1020

Figure 2.7 shows the simulation result of a part of the chip cross-section
with one access port. The total silicon part exhibits a temperature of 95◦C
due to its high thermal conductivity. Therefore, no temperature offset occurs
between the applied temperature and the silicon sided chamber wall. The
maximum thermal deviation inside the chamber appears at theaccess port and
amounts to about 1◦C. For the two-dimensional geometry it is assumed that
the third dimension is infinite, although the access port is finite and therefore
the maximum thermal deviation inside the chamber can be assumed as a bit
lower. Inside the chamber of the PCR chip a thermal deviationof only 0.3◦C
is calculated. This temperature decrease fulfils the specification of±0.5 ◦C
and an external heating and sensing element are sufficient for controlling the
thermal cycling.

Because of the first simulation results and the desire to develop a sim-
ple and cost-efficient device, an external heating method was favoured com-
pared to the option of integrating heating and sensing elements. External
heating possibilities are either contactless with, e.g., infrared-mediated lamps
or direct on-chip using, e.g., the thermoelectric effect ora resistive heating
method. Achieving a compact system by using a heating methoddirectly con-
nected on the chip is favourable compared to non-contact heating techniques.
Peltier elements have the advantage that they additionallyallow active cool-
ing, although they are bulky and feature an additional thermal mass, which
counteracts fast temperature changes. For resistive heating, thin and flexible
foil heaters are commercially available. They have different variations in size,
resistance and material and they have a low thermal mass and can be simply
mounted on the silicon side of the PCR chip. The polyimide Thermofoil™
heater HK5573R15.7 (Minco, USA), with a resistance of 15.7Ω and a size
of 12.7× 19.1 mm2 features appropriate dimensions for the PCR chip. To
ensure that the foil heater achieves the recommended temperature distribution
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inside the chamber three-dimensional simulations were performed.

2.4.2 3D Simulation with a Thermofoil Heater

To attain an accurate and representative model of the chip, including the foil
heater, a three-dimensional multiphysics model was generated. COMSOL
Multiphysics provides the feature to couple application modes, where e.g.
first the electrical heat generation is simulated and afterwards the resulting
heat transfer is generated. For the simulation the “GeneralHeat Transfer” ap-
plication mode in combination with the “Shell, Conductive Media DC” appli-
cation mode from the “AC/DC Module” was used. A conductive layer (rep-
resenting the foil heater) can be modelled under the condition of this mode,
which causes Joule heating when a voltage is applied. The properties of the
conductive layer determine the amount of the heat produced.The generated
heat is used as the heat source for the “General Heat Transfer” application
mode to simulate the temperature distribution inside the PCR chamber.

The geometry of the foil heater exhibits no symmetry, which makes it
necessary to model the total chip including the serpentine-shaped conductive
layer for the foil heater (see Figure 2.8). Simulating the heat generation of
the foil heater the “Shell, Conductive Media DC” application mode was used,
which allows to model the conductive layer of the heater two-dimensionally
on the surface of the silicon side of the chip. The thickness of the serpentine-
shaped conductive layer measures about 12 µm, which is defined over a con-
stant in the model. The physical properties of the sub-domains of the chip and
the thin conductive layer are given in Table 2.1 and the electrical conductivity
of the serpentine-shaped Platinum resistive layer amountsto 9.66×106 Sm-1,
taken from [32]. The boundary conditions for the chip are as follows; at the
resistive layer inward heat flux to silicon is specified, generated from the re-
sistive heating, and at the remaining silicon side and at allother surfaces heat
flux to ambient was assumed, where free convection was taken into account.
Compared to the free convection flow, the surface-to-ambient radiation shows
hardly any influence and it can be neglected (see [31]). For the free convec-
tion flow a heat transfer coefficient to air had to be set. In Incroperaet al.
empirical correlations have been determined, where different values between
horizontal and vertical plates were distinguished [31]. For the horizontal case
(top- and backside of the chip) the heat transfer coefficientwas 15 Wm-2K-1

and for the vertical case (side walls of the chip) the calculated heat transfer
coefficient amounts to 40 Wm-2K-1. Finally, a voltage of 12 V was applied
at the endings of the Platinum resistive layer, achieving the temperature of
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Figure 2.8: 3D numerical simulation of the PCR chip including the foil heater; the
grey area illustrates the temperature deviation within 0.5◦C at the temperature range
of 95 ◦C.

about 95◦C. Once the generated heat had been established through solving
the “Shell, Conductive Media DC” application mode, the temperature dis-
tribution inside the chips was simulated using the “GeneralHeat Transfer”
application mode.

Figure 2.8 illustrates the temperature distribution inside the chip of the
generated heat from the resistive layer at the silicon side.The grey area of the
three-dimensional model shows the specified temperature deviation within
0.5◦C at the temperature value of 95◦C. It can be seen that the whole cham-
ber is located in this area. The temperature difference inside the chamber
amounts to a total of 0.4◦C. At the temperature values of 72◦C and 58◦C
the thermal deviation inside the chamber shows comparable values, even a bit
lower (data not shown). This temperature deviation inside the chamber fulfils
the specified temperature uniformity of±0.5 ◦C. The simulation also shows
that one external heating and sensing element are sufficientfor controlling the
thermal cycling because of the excellent thermal conductivity of silicon.
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2.5 Experimental Results

2.5.1 On-Chip PCR Reference Process

To test DNA amplification inside the fabricated PCR chamber,the chip was
first placed into the hot air unit of a PTC-200 slide cycler (MJResearch, USA)
for thermal cycling. A standard PCR program was run, where the temperature
of the hot air in the cycler is set at 95◦C for denaturation, 58◦C for primer
annealing and 72◦C for extension. Each step was set for 30 sec. To achieve a
high yield of DNA amplification, 40 cycles were carried out. Before the tem-
perature cycling was started a pre-denaturation step at 95◦C for 10 min was
accomplished to ensure that all double-stranded DNA templates were sepa-
rated and after the 40 cycles a final extension step at 72◦C for 10 min was
added to be sure that all amplified DNA stands were completelyelongated.
A standard PCR mastermix was used, where gene-specific primers,deoxynu-
cleotide triphosphates(dNTPs),Taq polymerase and a target gene from the
bacteriaEscherichia coliwere included. For a more detailed description of
the PCR mixture see Appendix B.1. The PCR mixture was manually injected
into the PCR chip with a pipette. The funnel shape of the cavity allows fill-
ing the chamber without air bubbles. Before the chip was placed into the
thermal cycler the filling ports had to be sealed. This prevents the gradual
evaporation of the PCR mixture and avoids generating undesired air bubbles
at the denaturation temperature. The air tight sealing was formed with a spe-
cial PCR tape ARseal 90404 (Adhesives Research, Ireland). The same PCR
mixture was filled in the standard polyethylene tubes, whichwere placed in
the T3000 Thermalcycler (Biometra, Germany). Here, PCR wasrun using
the same program for yield comparison. The PCR program of both cyclers
was run in a total of about 3.5 hours including the pre-denaturation and final
extension times.

After running the PCR in the cycler, the detection of the amplified DNA
product was performed off-chip. For this the amplified DNA sample is col-
lected from the chip with a pipette. The volumes of the recovered PCR prod-
uct and the mastermix initially applied to the chip are almost identical. During
the PCR run no evaporation occurred and only a negligible amount of PCR
mixture remained at the corners of the reaction chamber after sample collec-
tion.

The detection of the amplified DNA product is performed usingagarose
gel electrophoresis. Electrophoresis is a method to separate DNA molecules
by size. The PCR products of two chips and two tubes were loaded into the
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Figure 2.9: Agarose gel electrophoresis of 16S rRNA PCR products (479 bp frag-
ments) amplified fromEscherichia coliDNA using the silicon-glass based PCR chips
(Lane: 1, 2) in comparison to the PCR result in conventional PCR reactiontubes
(Lane: 4, 5). Lane 3: 100 bp ladder.

agarose matrix gel. Next, an electric field is applied over the gel. Negatively
charged DNA molecules move through the agarose matrix. Shorter molecules
move faster and migrate further in the gel than longer strands. The DNA was
made fluorescent by labelling the molecules with ethidium bromide (EtBr)
and exposing with ultraviolet light to visualise the DNA product. For more
detailed information see [2].

In Figure 2.9 the result of the gel electrophoresis is depicted, where the
PCR amplification in the chip chamber (Lane 1 and Lane 2) is compared
to that in conventional PCR reaction tubes (Lane 4 and Lane 5). Lane 3
indicates the 100 base pair ladder to ensure that the whole DNA template was
amplified to the correct length. The result of the gel electrophoresis shows
that the amplification yield inside the on-chip PCR chamber is similar to that
obtained by the classical reaction tubes. It also confirms that the materials
PYREX® glass and thermally grown silicon dioxide allow the PCR process.

2.5.2 On-Chip PCR System

The thermal simulation results of the PCR chip including theresistive heat-
ing have shown that the Thermofoil heater HK5573R15.7 fulfils the specified
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Figure 2.10: Control setup for temperature cycling of the PCR chip.

temperature uniformity of±0.5◦C. Therefore, this heater was mounted with
a thermal conductive double-sided adhesive film (Minco, USA) on the silicon
side of the PCR chip. A resistance temperature detector (RTD) was used for
controlling the temperature of the heater. The commercially available Plat-
inum (Pt) sensor exhibits a resistance of 100Ω at 0◦C (Pt100 sensor). This
sensor features a positive temperature coefficient (PTC), where its electrical
resistance increases by increasing temperature. The tolerance of the used
Pt100 1/3 class B amounts to±0.26◦C at a temperature of 95◦C. The thin-
film Pt100 (2× 4 mm2) with a flat surface was mounted on the foil heater
using the thermal conductive adhesive film. A picture of the chip with the
mounded foil heater and the Pt100 can be seen in Figure 2.10.

For achieving DNA amplification in the PCR chip including thefoil heater
and the Pt100 sensor, an electronic setup for controlling the different tempera-
ture steps had to be realised. The scheme of the setup is shownin Figure 2.10.
The foil heater and a cooling fan are directly connected witha programmable
DC voltage supply (Agilent E3649A, USA) and the resistance of the Pt100
sensor is read out with a digital multimeter (Agilent 34410A, USA). To elim-
inate the wire resistance for precise temperature measurements the four-wire
technique is used [33]. The power supply and the digital multimeter are con-
nected via a general purpose interface bus (GPIB) to a personal computer
(PC). The PC runs a self-created LabVIEW program (LabVIEW 7.1, National
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Instruments, USA), which controls the setup during the thermal cycling. The
program defines the power of the DC voltage supply to heat the PCR chip
and monitors the resistance of the Pt100 resistor. The LabVIEW program has
a control loop implemented. By changing the set temperature, the program
either heats the chamber through the power supply or it switches on the fan to
cool. Using this program the pre-denaturation, denaturation, annealing, ex-
tension and final extension temperatures can be set to the desired value and
each temperature duration is individually adjustable. Thewhole program al-
lows an automatic PCR run with variable cycle numbers. The temperature
curves are monitored online on the PC for total system control.

Before the first PCR was run with the temperature cycling setup the whole
system was tested and temperature difference measurementsthrough the chip
were accomplished. The measured results were compared withthe simula-
tions to ensure the assumption that the external chip heating is satisfactory
for PCR. Therefore, an additional Pt100 sensor was placed centrally on the
glass cover to evaluate the temperature difference throughthe PCR chip. In
Figure 2.11 a temperature sequence during the PCR run is shown, where the
PCR temperature cycling setup was used. During the experiment the PCR
chip was filled with the PCR mixture. The dash dotted line exhibits the spec-
ified temperatures of the chip. The two other lines present the temperature
measurements of the two Pt100. The solid line belongs to the measured tem-
perature at the foil heater and the dashed line shows the temperature on top
of the glass cover. The controlled temperature of the foil heater follows the
set temperature, whereas the temperature on the glass side is around 1.7◦C
lower. On the right top of Figure 2.11 the excerpted part shows the measured
temperature sequence more in detail. The right insert at thebottom depicts
the transient simulation result of the same excerpted sequence. The simula-
tion values of the temperature on top of the glass cover matches well with the
measurements (dashed lines). The dotted line in the simulated graph indicates
the temperature inside the PCR chamber on the glass side. Thetemperature
differs only about 0.3◦C to the applied one. The main temperature drop ap-
pears through the glass. This experiment proves that by adding a foil heater
on the silicon side of the PCR chip, without any thermal isolation to the am-
bient room, the temperature distribution inside the PCR chamber is within
±0.5 ◦C. For the two other temperatures (72◦C and 58◦C) the temperature
deviation is also in the same range, even a bit smaller (data not shown).

The graph on the left-hand side of Figure 2.11 shows a temperature se-
quence of the first two temperature cycles including the pre-denaturation
step of the chip generated with the PCR temperature cycling setup (see Fig-
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Figure 2.11: Left: Measured temperature sequence of the chip with the PCR setup
(dash dotted: specified temperature; solid: temperature at the foil heater; dashed:
temperature on top of the glass cover). Right top: Section of the left measured graph,
showing the temperature values more in detail. Right bottom: Simulated resultsof
the same section using the equal thermal conditions as shown in graph right top (sim-
ilar thermal conditions for the experiment). The dotted line indicates the simulated
temperature inside the PCR chamber at the glass side.

ure 2.10). The control parameters of the system are set so that no overshoots
occur. This is especially significant at the temperature of 95 ◦C because if the
PCR mixture temperature is too high the DNA strands will be damaged. The
speed of resistive heating is 8◦C/sec and an active cooling rate of 6◦C/sec
is achieved. The cooling time is being shortened with forcedair using a
cooling fan. The total power consumption amounts to about 8 W. Commer-
cial thermocyclers allow generally a heating and cooling rate of about 0.1 to
1 ◦C/sec and their power consumption amounts to more than 800 W. This
means that the heating/cooling time of each cycle can be accelerated up from
about 200 sec (bulky thermocycler) to approximately 15 sec (fabricated PCR
chip including foil heater), which results in a possible total time reduction of
about 2 hours for a PCR run of 40 cycles.

The functionality of the PCR chip including the foil heater and the Pt100
with the described control setup was tested using a standardPCR program
(same as in Section 2.5.1). In the LabVIEW program the temperatures are set
to 95◦C for denaturation, 58◦C for primer annealing and 72◦C for extension.
Each temperature is maintained for 30 sec, and to achieve a high yield of
DNA amplification 40 cycles, were carried out. Figure 2.11 shows two cycles
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Figure 2.12: Agarose gel electrophoresis of 16 rRNA PCR product (479 bp) ampli-
fied from Escherichia coliDNA; Invitrogen 100 bp ladder (L1), PCR chip (L2) in
comparison to conventional PCR reaction tube (L3).

including the pre-denaturation step of 2 min during the PCR run. The PCR
mastermix was manually injected into the PCR chamber with a conventional
pipette. During the PCR process the chip is positioned in a custom-made
holder, where the access holes are sealed to prevent gradualevaporation and
to avoid generating undesired air bubbles in the chamber. Inaddition the
holder has the advantage, that the chip is in a defined position and a fan can be
placed beside the PCR chip. Simultaneously, a PCR was run in aconventional
cycler (PTC-200 slide cycler, MJ research, USA) using the same mastermix
and equal temperature conditions for comparing the amplification yield. The
yield of the DNA amplification with both systems was checked by agarose
gel electrophoresis.

In Figure 2.12 the gel electrophoresis results of the two different PCR
runs with the 16 rRNA PCR product (479 bp) amplified fromEscherichia coli
DNA are depicted. Lane 1 indicates the 100 base pair ladder tocontrol the
length of the amplified DNA. Lane 2 shows the DNA amplificationinside the
chip using the temperature cycling setup and Lane 3 indicates the result in the
standard reaction tube using the conventional thermocycler. In both systems
the same PCR mixture of about 25 µl was used. The image shows that the
yield of the on-chip PCR is almost as high as using the classical method and
the result is comparable to the PCR experiments shown in Figure 2.9. The



2.6 Conclusions and Outlook 27

on-chip PCR chamber including the external resistive heater with a Pt100 as
sensor is suitable to amplify DNA.

2.6 Conclusions and Outlook

In this chapter, a chamber-based, on-chip PCR device has been described.
The fabricated PCR chip with an externally mounted heating unit (foil heater
and Pt100) and the thermal cycling setup was shown to amplifyDNA. The
yield of the on-chip PCR is comparable to a classical PCR using tubes. The
chamber volume of the compact PCR chip is 25 µl. The thermal distribution
inside the PCR chamber was simulated to see if the specified temperature
deviation of only±0.5 ◦C was achievable. Due to the low thermal mass of
the device and the high thermal conductance of the silicon used, the heating
and cooling speed during temperature cycling is higher compared to com-
mercially available thermocyclers. The on-chip PCR runs 40cycles within
130 min, which is a time-reduction of about 2 hours. The software for con-
trolling the PCR cycles has been implemented in such a way that each tem-
perature step and its holding time can be set individually.

However, this initial control temperature cycling setup described, using
standard laboratory equipment and a personal computer, is still bulky. To
achieve the object of a compact PCR cycling system the temperature control
unit has to be miniturised. Therefore, a micro-controller based (µC) solution
has been realised (see Chapter 4.2.1).
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Chapter 3

Capacitive Microsensor for
DNA Detection

The microfabricated PCR chip described in the previous chapter was used to
amplify a selected DNA sequence up to more than a billion times. This huge
amount of specific DNA strands should allow easier detectionof its pres-
ence. In the following chapter, a sensing device is presented for the detection
of specific DNA strands. The chapter starts with an overview of different
DNA detection methods. Subsequently, the principle of a label-free capaci-
tive DNA sensor is introduced. Next, a microfabricated device for label-free
DNA detection is presented, which comprises sub-micron interdigitated gold-
electrodes. The resulting capacitive sensor device was characterised, includ-
ing also sedimentation experiments with nano-particles. Subsequently, the
fabricated chip was functionalised with specific DNA sequences to achieve a
DNA sensor. Finally, preliminary DNA sensing experiments for detecting a
selected DNA sequence are shown.

3.1 Introduction

The detection of specific DNA sequences are of tremendous research interest
in the field of life sciences and especially for its application in areas such as
clinical diagnostics and treatment of genetic diseases, detection of infectious
agents, drug discovery, forensic analysis, rapid pathogendetection and food
technology. Almost all DNA detection systems are based on the affinity prin-
ciple. Here, a single-stranded oligonucleotide (probe) immobilised on a trans-
ducer surface is sensitive to a specific, complimentary DNA base sequence
(target), that binds (hybridises) to the DNA probe. The DNA hybridisation
results in a change on the DNA localised surface, which can bemeasured in
a wide range of variety. Sensors using different physical principles have been
implemented ranging from optical detection (e.g. surface plasmon resonance,

31
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chemoluminescence or fluorescent), mechanical motion (e.g. quartz crystal
microbalance, resonant cantilever or piezoelectric transduction modes), mag-
netic recognition (e.g. magnetic particles) to electrochemical sensing (e.g.
voltammetry, amperometry or impedance spectroscopy) [1, 2, 3, 4, 5]. One
object of developing integrated DNA sensors is to replace the well charac-
terised fluorescent-label based detection method which hasreceived the great-
est attention in the conventional settings. Despite of the high detection sensi-
tivity down to single molecules, the technique requires expensive fluorescent
labelling of the DNA and the sophisticated integration of the entire optical
system, requiring an expensive fabrication process [6, 7].

The current trend in DNA detection systems veers towards theelectro-
chemical-based sensing principle [8, 9]. This method is based on the changes
of the electrochemical interfacial properties during DNA hybridisation. The
attractions of this technique are that it allows the DNA target to be determined
directly in a sample with no or even little sample preparation, it features the
possibility for integration and thus miniaturisation, andthe resulting electri-
cal signal can be processed immediately. In general, the detection methods
of the electrochemical DNA sensor can be divided into two main categories;
(i) labelled and (ii) label-free (direct) detection. In thefirst category a medi-
ator element (e.g. metal nano-particles, active enzymes, redox-active labels
or metal complexes) is used to make the sensor highly selective for the tar-
get molecules, which generate the electrochemical signal [10, 11, 9, 12]. In
the latter one, the signal is induced directly without usingany external label
[13, 9]. If a target biomolecule hybridises to a DNA probe, which is immo-
bilised on a surface, the electrical properties of the surface (e.g. conductivity
or dielectric constant) changes solely because of the presence of the target
molecule. Thus, a label-free affinity DNA sensor can be constructed, allow-
ing a selective DNA base sequence to be detected by measuringimpedance
changes. This method features the advantages that no or evenhardly any
sample preparation is needed, resulting in a simple DNA sensing device. Ad-
ditionally, online detection becomes possible, which gives information about
the binding process over time compared to endpoint detection. The label-
free impedance sensing principle can be divided into an active and a pas-
sive technique. The active sensing principle works as a transducer, e.g. a
field-effect transistor, which is sensitive to electrical charge variations occur-
ring at the surface-electrolyte interface due to hybridisation of the negatively
charged DNA [14, 15] and the passive sensing principle features a capaci-
tance made sensitive to the DNA hybridisation [16, 17]. Here, the changes
of the dielectric properties at an electrode surface are directly detected by ei-
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Figure 3.1: Schematic of the affinity-based principle for label-free DNA detection by
capacitance measurements.

ther using potentiostatic methods (measuring the capacitance changes at an
electrode-solution interface) or interdigitated electrodes (measuring the ca-
pacitance changes between two metal conductors close to each other). Be-
side the advantages of detecting a specific DNA sequence directly without
any preparation time for sample labelling, allowing cost-efficient measure-
ments and ease of miniaturisation, these sensing methods exhibit one main
drawback; the label-free affinity sensors are not able to distinguish between
specific and non-specific interaction, because there existsno differentiation
between them. Therefore, it is very important to immobilisethe surface in a
way that it ensures higher specific than non-specific bindings. Due to the lack
of intrinsic selectivity, the simplicity of the detection method and the pos-
sibility to integrate a reference system make the sensor more attractive than
others. In 1999, Berggrenet al. presented a feasibility study of label-free
capacitive DNA sensing [16]. Later, Maet al. reported about an impedance
increase of approximately 25 % based on double layer capacitance variations
due to DNA hybridisation [18] and, in 2008, Berdatet al. achieved a re-
sistance change of about 13 % using interdigitated electrodes [19]. These
examples show the high potential of detecting selected DNA sequences using
the passive label-free sensing method.

The above considerations led to select the last method as DNAdetec-
tion principle for the miniaturised diagnostic system for genetic testing in
biotechnology and medical diagnostics (see Chapter 4). Therefore, a capac-
itive sensor including interdigitated electrodes was designed, where the base
sequence of a specific target DNA can be detected during hybridisation to the
immobilised DNA probes.

In Figure 3.1 a schematic of the capacitive detection principle is shown
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more in detail. Gold electrodes, which form capacitors, aredeposited on an
insulation layer. At the surface of the gold electrodes, pre-selected single-
stranded oligonucleotide sequences (probes), comprisingat the5′-end a thiol
group (SH-group) modification, are covalently bonded. During the hybridi-
sation of the complementary DNA the quantity of biological material near
the sensing electrodes increases and the biomolecule solution including wa-
ter and electrolyte molecules is replaced. Hence, the dielectric constant be-
tween the electrode pair changes and the whole capacitance decreases [16].
If no hybridisation occurs the capacitance of the electrodestays unchanged.
For achieving high selectivity, i.e. that the DNA sensor responds solely to
the target analyte and not to existing background DNA, relative capacitance
measurements to a reference electrode pair need to be accomplished. At this
electrode pair, single-stranded oligonucleotides are immobilised whose se-
quences do not appear in the biomolecule solution. Under theassumption
that almost the same amount of non-specific DNA bindings occur at both
electrode pairs, the relative capacitance changes betweenthe sensing elec-
trode pair (Csens) and the reference electrode pair (Cref) result solely from the
specific binding of DNA. Several sensing electrode pairs canbe fabricated in
one single device. By immobilising them with different DNA probes, parallel
and multiple detection of DNA can be accomplished.

3.2 Design and Fabrication

The microfabricated sensor to recognise specific DNA sequences is com-
prised of an interdigitated electrode array forming 16 independent capaci-
tances for parallel DNA detection. Each electrode pair can be immobilised
with different DNA probes, whereas one pair acts as a reference capacitance.
Van Gerwenet al. showed that almost the total current between the electrodes
is flowing in a layer above the sensor surface not higher than the line-space
dimension of the electrodes and a minimum of the layer heightcan be reached
at a half pitch design [20]. To achieve a high detection sensitivity at the sen-
sor surface and due to the fact that DNA binding occurs up to several 100 nm
above the surface, the electrode widths and the spacings in between have to be
selected in the sub-micrometer range. Therefore, the widthof the electrode
fingers and the spacings in between were as small as 500 nm. Thesensor area
of the interdigitated electrodes amounts to 100× 100 µm2, which is a prac-
tical spotting size for DNA immobilisation. Resulting fromthese geometries
each electrode pair exhibits 100 fingers.
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Figure 3.2: Layout of the DNA sensor; total device (left), electrode array of the 16
interdigitated electrode pairs (top right) and detailed view of the interdigitated elec-
trodes (bottom right).

Figure 3.2 shows the layout of the DNA sensor. The 16 sensor areas are
placed at the centre of the device with a distance of 10 µm forming the elec-
trode array. Each electrode is linked to a bonding pad featuring an interface
to the exterior. The chip dimensions of 9× 9 mm2 were chosen to ensure an
appropriate distance between the sensing area and the bonding pads, even for
measurements using liquid.

A silicon wafer with a diameter of 3 inches was employed as basis mate-
rial, and included a 130 nm thick thermal oxide layer at one side. The silicon
dioxide (SiO2) layer minimises the parasitic capacitance from the electrodes
to the silicon underneath the oxide. Figure 3.3 illustratesschematically the
fabrication process of the interdigitated electrodes. After spinning a layer
of the resist PMMA (40 nm thick) at the wafer side with the oxide, the ge-
ometry of the electrodes was directly written on the resist with an electron
beam-pattern generator (a). As a next step, the resist was developed, where
the exposed areas of the resist were removed (b). Subsequently, two metal
layers were deposited. A thin titanium layer was evaporatedpromoting adhe-
sion of the gold layer to the oxide layer (c). The metal layerswere patterned
using the lift-off technique. Here, the residual resist including the metal lay-
ers were stripped. Only the metal remained, which was directly evaporated
at the silicon dioxide layer (d). The resulting interdigitated electrodes consist
of a 20 nm thick titanium layer and a 80 nm thick gold layer. Subsequently,



36 3 Capacitive Microsensor for DNA Detection

direct writing of resist layer

development of resist

(a)

(b)

Silicon

SiO layer2

electron
beam

deposition of titanium/gold

stripping of resist

(c)

(d)

Resist

Figure 3.3: Schematic of the fabrication process for the interdigitated electrode array
on a silicon substrate.

Figure 3.4: Scanning electron microscope images of an interdigitated electrode pair
with a total sensing area of 100× 100 µm2 (left) and a half pitch of 500 nm (right).

the wafer was diced with a conventional wafer saw to obtain sensor devices
with dimensions of 9× 9 mm2. Finally, the devices had been glued onto
a custom-made printed circuit board and electrically connected using ball-
wedge bonding. For a more detailed description of the fabrication process
see Appendix A.2.

In Figure 3.4 images of the fabricated electrodes are shown,which were
taken with a scanning electron microscope. On the left-handside the total
sensing area of an interdigitated electrode pair is illustrated. All fingers of
the gold electrode pair are completely processed and the structure exhibits
no artefacts or short-circuits, which is essential for using the interdigitated
electrodes as a sensor. The image on the right-hand side shows a detailed view
of the electrode pair, where the half pitch design and the electrode dimension
are depicted.

The total chip with the fabricated electrode array is shown in Figure 3.5.
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Figure 3.5: Electrode chip bonded on a PCB: On the chip (9× 9 mm2) 16 interdigi-
tated gold electrodes have been integrated with a half pitch of 500 nm.

Here, the four electrode pairs at the corners of the electrode array had been
electrically connected on a printed circuit board using gold wires. These
bonding wires were additionally protected with an epoxy. The two embed-
ded images in Figure 3.5 illustrate photomicrographs depicting the fabricated
electrode array of the 16 interdigitated electrode pairs and the electrodes
structure more in detail.

3.3 Sensor Model

In general, the equivalent circuit model, which describes coplanar metal elec-
trodes on a dielectric immersed in ionic solution, can be represented as shown
in Figure 3.6 (a). Here, a DNA sensing cell is illustrated, including all electri-
cal circuit elements. The upper half-plane depicts the solution with its resis-
tance and capacitances. The resistanceRsol represents the ohmic resistance
of the solution arising from the finite conductance of the ions in the bulky
solution, the capacitanceCsol stands for the capacitance through the water-
based solution and the two capacitancesCDL are the double layer capaci-
tances, which appear between the electrode surface and the liquid solution
when the electrodes are polarised. The bottom half-plane represents the ca-
pacitanceCox through the dielectric layer on top of the silicon wafer and the
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Figure 3.6: Illustration of the DNA sensing cell in an aqueous medium including all
electrical circuit elements (a). Corresponding equivalent circuit model (b).

capacitancesC to the silicon substrate.
In Figure 3.6 (b) a corresponding simplified circuit model ofthe coplanar

interdigitated electrodes is shown. The equivalent circuit consists of the sum
of the double layer capacitancesCDL at each electrode surface and the resis-
tance of the solutionRsol, and in parallel there is a capacitance path with the
cell capacitanceCcell, which represents the parasitic capacitance through the
water-based solution and the substrate (Ccell ≡ Csol + Cox + C). These three
components characterise the impedance spectra of the DNA sensor over the
frequency range till several MHz. The influence of these components on the
impedance spectra is discussed in more detail in Chapter 3.5.1.

In Van Gerwenet al. a theoretical model is derived, which allows the
value of the parameterRsol andCcell to be calculated analytically [20]. For in-
terdigitated electrodes, with the same line-space distance, the resistanceRsol

can be calculated by

Rsol = 2
ρ

nl
, (3.1)

wheren stands for the number andl the length of the fingers of the inter-
digitated electrodes andρ is the resistivity of the solution in the vicinity of
the electrodes. For instance, the resistivityρ of de-ionised water amounts to
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18 MΩcm, and withn = 100 andl = 100 µm the calculated solution resistance
Rsol is about 36 MΩ.

The expression for the cell capacitance Ccell is given by

Ccell =
1

2
ε0εrnl, (3.2)

whereε0 is the permittivity of vacuum andεr the relative dielectric constant
of the material. Silicone dioxide has the value of 4.5 forεr, and for waterεr is
about 80. The relatively high value from water results from the large electric
polarisability of the water molecule. Hence, the cell capacitance is dominated
by the water. The theoretical value of theCcell amounts to approximately
3.6 pF.

For the electrode-solvent interface, which is representedby the double
layer capacitanceCDL , it has been empirically recognised that the impedance
cannot be purely characterised as capacitive behaviour. Reasons for this ob-
servation are surface effects and inhomogeneous current distributions [21].
The electrode-solvent interface can be better modelled by aso-called con-
stant phase element (CPE) [22]. The complex impedance of theCPE is given
by

ZCPE =
1

(jω)kB
(3.3)

whereω is the angular frequency,k features a typical value between 0.85
and 0.98 introducing a constant phase-shift andB is an analogous to a ca-
pacitance. The absolute value of the impedanceZCPE is comparable to the
impedance of an ideal capacitor, whereas the phase angle is shifted over the
factork. The value ofB is dependent on the phase angle and changes by vary-
ing the factork. To achieve a relation to the double layer capacitanceCDL

the absolute impedance value of the CPE and an ideal capacitor are equalised,
which is independent of the phase angle. Therefore the double layer capaci-
tance at a given frequencyfi is calculated by

CDL =
(2πfi)

k

(2πfi)
B. (3.4)

3.4 Measurement Setup

To measure the impedance spectra of the interdigitated electrodes in different
solutions, the electrode chip, which is bonded on a PCB, was directly con-
nected to a high-precision impedance analyser (7600 Precision LCR Meter,
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Figure 3.7: Schematic of the experimental setup for the measurements: The chip
is directly connected to an impedance analyser, which is controlled by a personal
computer.

Quadtech, USA). Figure 3.7 shows the measurement setup. Theimpedance
analyser was controlled by a personal computer, which initialised the instru-
ment, triggered the measurement sweeps and stored the data for subsequent
processing. Therefore, a program in the developer tool MATLAB (MATLAB
7.2, MathWorks, USA) was created. Impedimetric spectra were performed in
the frequency range from 1 kHz to 2 MHz with a signal amplitudeof 20 mV.
The instrument was calibrated by open-circuit and short-circuit to eliminate
parallel parasitic capacitance due to instrumentation andcables.

Before a solution was put on the electrodes to measure the impedimetric
spectrum, a custom-moulded ring of PDMS has been clamped on the chip (in
Figure 3.7 the PDMS ring is shown schematically). This ring performs sev-
eral tasks; (i) it forms a reservoir for placing the solutionin a defined way to
the electrodes, (ii) it covers the electrical connections between the electrode
array and the pads to avoid that the solution running over theconnections
causing a measurement error, and (iii) during DNA hybridisation measure-
ments the reservoir resulting from the PDMS ring has been covered with a
cover to avoid evaporation. For these reasons the PDMS ring is an essential
part of the measurement setup to achieve stable measurementcondition for
reliable and reproducible measurements. During the experiments a volume of
5 µl of the solution was pipetted on the sensor area.
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3.5 Experimental Results

3.5.1 Characterisation of the DNA Sensor

Firstly, measurements of an electrode pair were carried outin a salt solution
(10-4 M KCl) to characterise the impedance behaviour over the frequency
range from 1 kHz to 2 MHz. The result is depicted in Figure 3.8,where
the upper plot shows the absolute value of the impedance and the lower one
the phase. The resulting data using the KCl solution are presented in circles.
The solid line represents the fitted curve, where the equivalent circuit model
shown in Figure 3.6 (b) with the three componentsCDL , Rsol andCcell has
been taken into account. The components were extracted by a self-written
program in MATLAB using the least square method. Each of these compo-
nents dominates at a specific frequency range. At the low frequency end of
the spectrum the double layer capacitanceCDL determines the signal. Here,
processes near the electrode surfaces are measured and influence the capac-
itance. At the intermediate range (between 10 and 100 kHz) the signal is
described by the solution resistance, which is signified by aplateau at the ab-
solute impedance curve and a phase shift at the phase angle curve. At even
higher frequencies of the spectrum a capacitance can be recognised again,
which is mainly corresponding to the dielectric behaviour of the solution and
can be seen as the cell capacitance.

The extracted value of the fitted cell capacitanceCcell amounts to approx-
imately 15 pF. Calculating the cell capacitance by the givenEquation (3.2)
with a relative dielectric constantεr of 80, the achieved result was 3.6 pF.
The resulting difference in capacitance appears to be due tothe fact that
the measured capacitance includes extra parasitic capacitances originating
not only from the substrate but also from the relatively longelectrical in-
terconnections on the chip and the bonding pads, which were not compen-
sated. The calculated capacitance considers only the capacitance through the
ionic solution. The fitted parameter of the solution resistanceRsol amounts
to 85 kΩ. To compare that value with the theoretical model, the conduc-
tance of the 10-4 M KCl solution has to be measured. At room temperature
a value of about 24 µS/cm has been determined with the conductivity-meter
HI 9835 (HANNA instruments, USA). Inserting the data into the variables of
the Equation (3.1), the calculated solution resistanceRsol is 83.5 kΩ. There-
fore, the fitted resistance parameter and the calculated value from the theoreti-
cal model are in quantitative agreement. The last parameterto be determined,
is the double layer capacitanceCDL . As explained in the previous section,



42 3 Capacitive Microsensor for DNA Detection

Frequency (Hz)

|Z
| 
(O

h
m

)

-100

-80

-60

-40

-20

0

P
h
a
s
e
 (

d
e
g
)

10
3

10
4

10
5

10
6

10
4

10
5

10
6

Frequency (Hz)
10

3
10

4
10

5
10

6

Fitting

10 M KCl
-4

Figure 3.8: Impedance spectra of the sensor in a 10-4 M KCl solution (circles). The
solid line shows the fitting result of the equivalent circuit model depicted in Figure 3.6
(b) to the measurements.

this parameter can be best represented by the impedance of a CPE, see Equa-
tion (3.3). The fitted value B amounts to 25 pF and the factork to 0.91.
Therefore, the resulting double layer capacitanceCDL amounts to 10 pF at a
frequency of 3 kHz calculated with Equation (3.4). In literature impedimetric
measurements with nanoscaled interdigitated electrodes in salt solution fea-
turing different concentrations have been described [23, 24]. It can be stated
that by increasing the salt concentration the double layer capacitanceCDL in-
creases and the solution resistanceRsol decreases. The region of resistance
(plateau in the impedimetric spectrum) shifts to higher frequencies and at a
certain ionic amount in the solution it can not be resolved from the used spec-
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Figure 3.9: Measured impedance spectra of the interdigitated electrodes with 36mer
oligonucleotides in different concentrations solved in de-ionised water.

trum any more. The sensor possesses a capacitive characteristic, where only
the electrical double layer effects dominate the impedance.

DNA is negatively charged and the amount of DNA molecules in de-
ionised water also influences the impedimetric spectrum of the interdigitated
electrodes. To figure out this behaviour different DNA concentrations (us-
ing the DNA: 36mer oligonucleotides) solved in de-ionised water have been
measured on the electrodes. In Figure 3.9 the measurement curves of the re-
sulting absolute response of the impedance spectra are depicted. The dotted
line shows the measured curve with a concentration of 1 pmol/µl, the dashed
line with a concentration of 10 pmol/µl, and the solid line the data with a
concentration of 100 pmol/µl. The impedimetric spectrum with a concentra-
tion of 1 pmol/µl is comparable with that of the 10-4 M KCl solution (see
Figure 3.8). By increasing the DNA concentration in the de-ionised water,
the double layer capacitanceCDL increases and the solution resistanceRsol

decreases, which is homologous to results of measurements with different salt
solutions [24]. At a high conductivity of the solution the plateau cannot be
resolved from the spectrum any more and the sensor represents a capacitive
characteristic till 2 MHz, where electrical double layer effects dominate the
impedance.
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5 µm

Figure 3.10: Photomicrograph of the interdigitated electrodes with nano-particles on
their surface. The diameter of the particles amounts to 585 nm.

3.5.2 Sedimentation of Nano-Particles

It was shown that at a high amount of ions in the solution the electrical dou-
ble layer effects dominate the impedance spectrum up to 2 MHz. As a next
step, the change of the double layer capacitance on the electrode-solution in-
terface is demonstrated. The capacitance change is caused by replacing the
solution near the electrode surfaces by a medium with a different relative di-
electric constant compared to the solution. This behaviouris expected during
DNA hybridisation near the electrode surface. In first instance, this capaci-
tance change is analysed without using any biological material. Experiments
were carried out, where instead of DNA bindings the sedimentation process
of suspended nano-particles in a solution has been measured. The used par-
ticles are from the company microparticles GmbH (Berlin, Germany). The
material of the particles consist of silicon-dioxide (SiO2) and the diameter of
the particles amounts to 585 nm. With this size, the particles can sediment
between the 500 nm wide electrode gap. Silicon-dioxide has ahigher density
than the solution which makes the suspended particles sediment to the sur-
face of the electrodes due to the force of gravity. Additionally, SiO2 is not
electrical conductive (no short-circuits of the electrodes occur) and the value
of the relative dielectric constantεr is about twenty time less than the relative
dielectric constant of a watery solution. Thus, the SiO2 nano-particles are
ideal for the sedimentation experiments. The double layer capacitance (CDL)
on the electrode-solution interface is expected to decrease by increasing the
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Figure 3.11: Sedimentation measurements with different concentration of suspended
nano-particles (diameter of 585 nm) in a 10-2 M KCl solution (carried out with the
experimental setup shown in Figure 3.7. The capacitance change overtime results
from the sedimentation of the particles to the electrode surface.

amount of particles at the electrodes. Figure 3.10 shows a photomicrograph
of the interdigitated electrodes with nano-particles on the surface.

During the experiments a 10-2 M KCl solution has been used, which en-
sured that the double layer capacitanceCDL dominates the frequency range
up to several MHz (data not shown). For the sensor model a constant phase
element (CPE) was used to investigate the double layer capacitance behaviour
between the interdigitated electrodes and the solution (see Chapter 3.3). Look-
ing only at the absolute value of the impedance response, theCPE can be
seen as a capacitance. Hence, from the impedance measurements the corre-
sponding capacitance of the sensor was calculated using thefixed frequency
of 250 kHz. This frequency has been chosen because in a later step the mea-
surements of the particle sedimentation will be evaluated with a capacitance-
to-digital converter (Analog Devices Inc.) featuring a frequency of 250 kHz
(see Chapter 4.2.1). Hence, the two experiments will be quantitatively com-
parable.

In Figure 3.11 experimental results of nano-particle sedimentations over
a specific duration of time are depicted. First, a measurement series with-
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out any particles (only with salt solution) was carried out,where the value of
56 pF was determined. This curve shows a stable measurement series. Fur-
ther measurements were accomplished with different particle concentrations
suspended in the salt solution. These measurement curves show capacitance
drops. The capacitance change of the double layer capacitance depends on
the amount of the sediment particles, which displace the solution near the
electrodes. At a particle concentration of 1 % w/v, a capacitance drop of
about 12 pF was achieved in about 200 min. That means that the double layer
capacitance (CDL) changed by a value of about 20 %. This particle solution
concentration contains so many particles, that the whole interdigitated elec-
trode pair was totally covered with a few layers of particles. For the other
measurements the suspended nano-particles (1 % w/v concentration) were
additionally mixed with the solution in different ratios. The measurement
results show that the capacitance change is lower, if there are less particles
in the solution. For the particle concentration with the ratio of 1:7 (parti-
cle suspension to solution) a capacitance drop of nearly 7 % was measured.
The capacitance changed till 100 min and afterwards the value stayed almost
constant. The reason for this behaviour is that all particles were already sed-
imented at that time. If the amount of particles in the solution is increased
a higher capacitance change is achieved. The measurement results of the
nano-particle sedimentations show the physical principleof the double layer
capacitance change that is to be expected during the hybridisation process.

3.5.3 DNA Measurement

To create a DNA sensor from the fabricated on-chip electrodearray, the in-
terdigitated electrode pairs have to be made sensitive to a specific DNA se-
quence. Before the electrode pairs were functionalised with the DNA probes,
preliminary DNA bonding tests were carried out on gold-padswith a size of
100× 100 µm2 on a glass substrate, which were fabricated under the same
conditions as the electrode array. The gold-pads were functionalised with
the 39-base long oligonucleotideEco3probes (VBC Biotech, Austria). This
oligonucleotide was modified with a thiol group (-SH) at the5′-end to get a
covalent bond with the gold electrodes. The gold-pads were first organically
cleaned with an acidic piranha solution for about 60 min at room temperature
and afterwards functionalised with the modified DNA probes in a specific
buffer at room temperature for 60 min. A buffer solution including DNA
probes was pipetted on the electrode array, which was incubated for 60 min.
Subsequently, the gold-pads were cleaned with a wash bufferfor 30 min,
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100 µm

Figure 3.12: Fluorescent scanned image of eight gold-pads on a glass substrate. The
fluorescent labelled DNA probes (Eco3) were covalently bonded on the gold.

rinsed with de-ionised water and blown dry. This cleaning step ensured that
the covalent bonded DNA remains only on the gold pads. For a detailed de-
scription of the electrode functionalisation one might refer to Appendix B.2.

The DNA probes bonded to the gold-pads feature a fluorescent label at
the 3′-end, which allows the optical verification of the presence of DNA.
Figure 3.12 illustrates a fluorescent scanned photomicrograph of eight gold-
pads on the glass substrate. The light grey squares show the fluorescent DNA
probes bonded onto the gold-pads. This image illustrates that hardly any
DNA sticks at the substrate directly and the oligonucleotides adhere over the
whole gold area. Therefore, this process can be used to functionalise the
interdigitated gold-electrodes to make them sensitive to complimentary DNA
strands.

As a next step, the electrode array of one chip was functionalised with the
same DNA probes and the identical process. For the functionalisation of the
gold electrodes a volume of 5 µl of the buffer including the oligonucleotides
was pipetted at the electrode array. The PDMS ring on the chipensures that
the interconnections are shielded from the liquid and only the interdigitated
electrodes were functionalised (see Figure 3.7). Additionally, a PDMS cover
was put at the PDMS ring to seal the chamber and thus avoid evaporation.
After the functionalisation and the chip cleaning process all 16 gold electrode
pairs were sensitive to the same complementary DNA sequence, which can
be used for DNA target hybridisation measurements.

For the hybridisation experiments, the 39-base long complementary DNA
sequence oligonucleotideEco3 targets (VBC Biotech, Austria) were used.
These DNA targets hybridise to the corresponding oligonucleotide probes,
which were covalently bound to the surface of the electrodes. The hybridi-
sation process at the DNA sensor was performed in a hybridisation buffer
(DigEasy, Roche Diagnostics, USA). A volume of 5 µl of the buffer solu-
tion including the DNA was pipetted on top of the sensor area.The sensing
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Figure 3.13: Measurements with the hybridisation buffer over time. The line in-
cluding the squares shows a measurement without any DNA, which indicates reliable
measurements. The curve with the circles depicts a measurement with complemen-
tary DNA targets inside the hybridisation buffer. The DNA targets hybridiseto the
covalent bonded DNA probes on the gold electrodes. Hence, a capacitance change of
about 10 % is detectable.

chamber was sealed with a PDMS cover to avoid evaporation andto achieve
stable measurement conditions. The DNA hybridisation was measured with
the high-precision impedance analyser at room temperatureusing the setup
shown in Figure 3.7.

The saline hybridisation buffer features a conductivity ofabout 23 mS/cm
at room temperature (measured with the conductivity-meterHI 9835, HANNA
instruments), which implicates that the double layer capacitanceCDL dom-
inates the sensor response to the MHz frequency range (data not shown).
Therefore, the absolute values of the sensor capacitance was calculated form
the measured impedance response.

Figure 3.13 depicts the established capacitance values of the hybridisa-
tion measurement (curve with circles), and a reference measurement without
any DNA inside the buffer (curve with squares). The measurements were
carried out over the time duration of 80 min with a measurement step of
2 min. The frequency during the measurements was set to 250 kHz. The ex-
periment, where only the hybridisation buffer was measured, shows a stable
curve, which indicates that the measurement setup ensures reliable hybridis-
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ation measurements. The result of the hybridisation measurement shows that
in about 80 min the DNA binding process is complete and a capacitance drop
from 273 to 247 pF is recognised. Therefore, the relative capacitance change
after DNA hybridisation amounts to approximately 10 %. Furthermore, this
measurement shows that almost 80 % of the target DNA hybridised within
the first 30 min. This measurement proves that the DNA sensor clearly de-
tects the binding of the complementaryEco3 target to the DNA probes in a
hybridisation buffer by observing the decrease of the capacitance. Addition-
ally, the sensing method allows to monitor the hybridisation process online
and gives an information about the hybridisation time duration.

3.6 Conclusions and Outlook

In this chapter a DNA sensor has been described and characterised that is
based on the label-free affinity principle. Here, the capacitance changes at
the surface of interdigitated nano-scaled electrodes, if acomplementary DNA
sequence hybridises to the surface-bound DNA probes. The electrochemical-
based sensing principle allows to fabricate miniaturised devices and the detec-
tion method is much more cost effective compared to fluorescent-based meth-
ods. Additionally, this technique is very attractive for rapid and direct detec-
tion of DNA hybridisation owing to its inherent simplicity,miniaturisation
and low power requirements. Measurements with the fabricated sensor have
been accomplished featuring different DNA concentration in a salty solution
to show the influence of DNA to the electrode impedance response. The re-
sult shows that the higher the DNA concentration (amount of ions increases),
the more influence the double layer capacitanceCDL has over the spectrum.
To illustrate the physical effect of the capacitance changenear the electrode
surface by increasing the amount of DNA, sedimentation experiments with
nano-particles were carried out. The results show that the capacitance drop
increases by increasing the particle concentration. Further, a DNA hybridisa-
tion experiment in a buffer solution, where the DNA targets bind to the DNA
probes located at the electrode surfaces, was carried out. The result shows a
capacitance drop of about 10 % which proves that it is feasible to detect a spe-
cific sequence of DNA molecules without long DNA preparationand without
using any labels or indicators. In general, the label-free capacitive DNA de-
tection method features the advantage that the specific DNA oligonucleotides
can be detected online in an aqueous solution that represents the DNA in its
native properties. To ensure that only specific DNA bindingsare measured,
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relative capacitance measurements to a reference electrode can be performed.
This DNA detection method is highly suitable to see whether aspecific DNA
sequence is present in the sample probe or not. The established DNA sensor
features 16 independent interdigitated gold-electrodes,which allows the use
of one electrode pair as a reference and the other 15 can be functionalied with
different DNA sequences. This design of multiple working electrode pairs on
the same chip is very promising for multiplexing detection.To monitor all
electrode pairs in parallel and to get more comfort in operation of the DNA
detection, a specific read-out system was designed and realised, described in
Chapter 4.2.1. Overall, this impedance biosensor enables point-of-use appli-
cations in the field of clinical diagnostics.
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Chapter 4

Miniaturisation of the Total
Analysis System

The previous two chapters discussed the topics of a PCR chip for DNA ampli-
fication and of an on-chip DNA sensor for detecting specific DNA sequences.
To combine both fabricated microdevices into one miniaturised DNA analysis
system, a control-measurement unit, and a setup to connect both chips fluidi-
cally are required. In this chapter first, a short overview ofexisting on-chip
DNA analysis systems is given. Furthermore, the realisation of the minia-
turised DNA diagnostic system is discussed, where the implementation of an
instrument to operate the two chips and a fluidic system is described more in
detail.

4.1 Introduction

In recent years, considerable progress has been made in the development of
total analysis systems for on-chip biochemical detection,especially, for the
recognition of specific DNA sequences [1, 2]. Such micro-scaled devices al-
low point-of-care tests that are less expensive and much faster than analysis
using conventional laboratory benchtop equipment. The microsystems often
perform PCR for DNA amplification followed by a detection unit to verify
specific DNA sequences. First miniaturised analysis systems include optical
detection modules to recognise the amplified product [3, 4, 5, 6, 7]. Such
instruments incorporate an external light source and a photodetector, which
are still relatively bulky. To overcome these geometrical limitations different
research groups presented a system with integrated photodetectors, whereas
the excitation sources are still located externally [8, 9, 10, 11]. The optical
detection systems are not suitable to create a compact and cost efficient DNA
analysis instrument. The electrochemical-based DNA sensing principle, as
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described in the previous chapter, features advantages forease of miniaturi-
sation and for immediate integrated signal processing. Theuse of electrical
biosensors, especially label-free detection methods, hold significant promise
for the development of instruments, where minimising size and cost is cru-
cial. Therefore, integrated label-free DNA detection methods feature a great
deal of attention for miniaturised analysis systems. Houet al. presented an
integrated microelectronic device for label-free nucleicacid amplification and
detection, where the amplified DNA fragments within the PCR product were
detected by their intrinsic charge using a silicon field-effect sensor [12]. In
2008, Yeunget al. presented a microchip, which allows DNA to be amplified
and detected electrochemically [13].

In the following chapter the realisation of a miniaturised,self-contained
instrument is presented, which combines the DNA amplification and DNA de-
tection processing modules. The instrument incorporates acompact control-
measurement unit and a fluidic setup to connect both devices.The total minia-
turised analysis system allows low-cost,in vitro diagnostic application for
point-of-use testing, which ensures rapid DNA amplification and direct DNA
detection.

4.2 Realisation

The miniaturised system for DNA analysis consists of several sub-units, in-
cluding the PCR chip with its heater and temperature sensor,the DNA sensor,
the fluidic system to combine the two devices and to transportthe biological
solution, and the control-measurement unit. This control-measurement unit
is a self-contained system, which steers the PCR run, controls the cycling
temperatures, measures the capacitances of the electrode pairs during DNA
hybridisation and evaluates the results. Additionally, this unit features a soft-
ware menu to program the PCR run and to set the measurement conditions.

4.2.1 Control-Measurement Unit

In a first step the realisation of the control-measurement unit is presented.
To fulfil all the different features this unit is divided intoseveral sub-systems
which are combined into one device. In Figure 4.1 a block diagram of the
components and features are shown. The microcontroller (µC) is the central
part of the system, which is interfaced to several other components over the
I2C-bus (a standardised multi-master serial computer bus) steering the imple-
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Figure 4.1: Block diagram showing all components and features for the control-
measurement unit for the miniatured analysis system.

mented features. The µC is a ATmega32 from the AVR-family (Atmel, USA).
This µC interacts with a LC display to visualise informationand with a rotary
push-button to exert influence on the menu and to set defined parameters. In
the software menu the button allows to step through the software menu and
by pushing the button to access sub-menus or to escape from them. Addition-
ally, it is possible to increment or decrement the value of several parameters
by scrolling the button and by pushing the button the parameter value will be
stored. For the PCR run, e.g. the temperature and duration for each cycle-step
and the cycle number can be set. For the detection of capacitance changes,
e.g. the time duration between each measurement run and the total measure-
ment time can be adapted. Further, the control-measurementunit features
four interfaces, which are connected to the µC. One interface is for the DNA
sensor, one for the PCR heating control system, one is a USB-interface to al-
low the transmission of data to a personal computer, and the last one is for the
power supply. An external 12 V DC source feeds the control-measurement
unit and the microcontroller is supplied over a step-down-converter with 5 V.
The final two blocks shown in the Figure 4.1 present the temperature con-
trol and the capacitance readout. The two systems require several hardware
components and adequate software.

Figure 4.2 shows a photograph of the control-measurement unit, where
the lid was removed to see inside the cage. Here, a printed circuit board
with all the components is integrated, including the LC display and the ro-
tary push-button. The connector directly beside the buttonallows to program
the µC by flashing the self-created software, which has been created with the
developer tool AVR Studio® 4 (Atmel, USA). On the left-hand side wall the
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Figure 4.2: Photograph of the control-measurement unit to cycle the temperatures
during PCR and to measure the capacitances of the DNA sensor. The inserted
image shows the right-hand side wall of the unit with a connector. Dimensions:
3× 8× 12 cm3.

power connector, the USB interface and two LEDs (one for power-on and one
showing the data transfer of the USB interface) were incorporated. The side
wall at the front features a 16-point connector for the external parts of two
temperature control systems, which consist of two four-wired Pt100, two foil
heaters and one cooling fan (two pins are not used). The second temperature
control system was introduced to allow DNA hybridisations at higher temper-
atures than the ambient temperature. At the right-hand sidewall (see inserted
image) a 16-point connector for the DNA sensor is integrated. Here, the PCB
including the electrically bonded DNA sensor is plugged-in.

In the following the construction of the temperature control and the capac-
itance readout of the control-measurement unit are described more in detail.

Temperature Control

For the temperature control system the measured temperature of the Pt100
sensor has to be evaluated and the foil heater has to be fed with the adequate
power to achieve the set temperature. Beside the implemented software for
the control cycle, the hardware including specific components had to be con-
structed. In the following the assembly of the hardware is discussed.



4.2 Realisation 57

ADC

µC
Pt100

12 V

PCR Chip

2.7 V
100 Ω

Heater PWM

Figure 4.3: Schematic of the circuit diagram to control the temperature of the PCR
chip. The heater is energised with a smoothed PWM signal from the µC. ThePt100
is evaluated with a reference resistor of 100Ω and the analogue signals are converted
(ADC) to process the digital values with the µC.

Figure 4.3 shows a schematic of the circuit diagram for the temperature
control of the PCR chip. On the left-hand side the PCR chip including the
resistive foil heater and the Pt100 are schematically shown(more informa-
tion of the components can be found in Chapter 2.5.2). The elements in-
side the dashed rectangular area are integrated in the cage of the control-
measurement unit. The resistive foil heater is fed with a 12 Vsource and
the applied power to the heater is steered by a transistor, which is controlled
with a pulse-width modulation (PWM) signal generated from the µC. The
resulting signal is smoothed to achieve a DC signal at the heater. To de-
termine the temperature of the PCR chip the resistance valueof the Pt100
sensors has to be determined. The relation between temperature and resis-
tance is given by the Callendar-Van Dusen equation, which isdefined by
RPt100(T ) = R100Ω[1+α ·∆T ] at a temperature range between 0 and 100◦C.
The∆T is the temperature difference and the constantα denotes the linear
temperature coefficient and it amounts to the value of 3.85×10-3 K-1. To
determine the resistance of the Pt100 sensor, the voltage drop of the Pt100 is
measured, where a constant DC current source is preconditioned. For the pre-
cise measurements the four-wire technique is used, where the wire resistances
are eliminated [14]. Further, the voltage drop over the 100Ω resistance is
measured, achieving all needed parameters to determine thetemperature with
the already described Callendar-Van Dusen equation. Before the tempera-
ture of the Pt100 sensor is calculated by the µC, the two analogue measured
voltage drops have to be converted to digital values by an analogue-to-digital
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Figure 4.4: Temperature sequences of the PCR chip with the temperature control
unit. The dash dotted line shows the specified temperature, the solid line the measured
temperature with the control unit and the dashed line illustrates the temperature of an
additional Pt100.

converter (ADC) module. Depending on the determined temperature differ-
ence between the measured temperature and set temperature,the µC generates
an adequate PWM signal achieving the specified temperature.

The software menu of the control-measurement unit allows toset the pre-
denaturation, denaturation, annealing, extension and final extension tempera-
tures to the desired values and each temperature duration isindividually ad-
justable. After setting all the parameters a PCR run can be started with vari-
able cycle numbers. The self-contained control-measurement unit allows to
transfer the temperature curves via a USB interface to a personal computer,
where the data can be visualised.

Figure 4.4 shows a temperature sequence performed with the control-
measurement unit, where the three temperature steps are setto 95◦C, 58◦C
and 72◦C. The data of the two illustrated temperature cycles are plotted by
using a self-created MATLAB program. The dashed dotted lineexhibits the
specified temperatures of the PCR chip. The other two lines (almost congru-
ent) depict the temperature curve from two different Pt100 sensor mounted on
the foil heater, which were measured by different instruments. The solid line
shows the measured temperature curve recorded by the measurement system
of the control-measurement unit. This temperature is used for the imple-
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Figure 4.5: Schematic of the circuit diagram to determine the capacitances of the
DNA sensor using a commercially available capacitance-to-digital converter (CDC).
One electrode finger of the electrode pairs is supplied with a square wave signal. The
capacitances are determined by evaluating the time constant of the charging curve.
The resulting capacitances are converted to process the digital values withthe µC.

mented control loop. The dashed line depicts the temperature curve of the
other Pt100 measured with a multimeter (Agilent 3410A, USA). This curve
is recorded once to see whether the control-measurement unit measures the
absolute temperatures of the Pt100 precisely. Both measured curves are in
very good agreement, which proves that the temperature measurement sys-
tem of the control-measurement unit processes correctly the temperature of
the Pt100.

The software parameters of the control loop in the control-measurement
unit are adjusted that way that no overshoots occur for specified tempera-
tures higher that 90◦C. To enhance the cooling process of the chip an active
system is implemented considering of a simple switchable fan. The result-
ing temperature curve and the resulting cycling speed depicted in Figure 4.4
are comparable to the temperature sequence shown in Figure 2.11 (see Chap-
ter 2.5.2), where the temperature of the PCR chip is controlled by a personal
computer. The heating rate and cooling rate show equal values.

Capacitive Readout

The control-measurement unit comprises a readout circuit for the fabricated
DNA sensor discussed in Chapter 3. Four electrode pairs of the sensor array
have been electrically connected to the printed circuit board. A photograph
of the bonded chip is shown in Figure 3.5. These four electrode pairs still
feature the possibility to measure three different DNA sequences relative to
one reference electrode pair. The readout circuit of the control-measurement
unit is designed to measure the capacitances of these four electrode pairs.

Figure 4.5 depicts the schematic of the circuit diagram to measure the ca-
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pacitances of the interdigitated electrodes at the DNA sensor. Two electrode
pairs are illustrated in the figure; one demonstrates the reference capacitance
(C ref), where DNA strands are immobilised not matching to the DNA targets
and the other presents the sensing capacitance (Csens) with DNA probes com-
plimentary to the DNA targets. The elements inside the dashed rectangular
area are integrated in the cage of the control-measurement unit.

The capacitance measurements are carried out by applying anintegrated
circuit (IC) device AD7143 (Analog Devices Inc., USA) steered by the µC.
This AD7143 device is a capacitance-to-digital converter (CDC) featuring
eight input channels, which are guided through a switch matrix to a 16-
bit, 250 kHz sigma-delta capacitance-to-digital converter. The CDC has an
I2C interface, which is used to communicate with the µC. The DNAsensor,
bonded on a printed circuit board, is directly linked over the 16-pin connector
of the control-measurement unit to the capacitance-to-digital converter. For
the capacitance measurements one electrode of each electrode pair is fed with
a rectangle signal generated from an internal excitation source of the CDC.
The rectangle signal features a frequencyf of 250 kHz and an adjustable
peak-to-peak voltageUpp from 2.7 to 3.6 V (specified range) depending on
the applied voltage for the IC. Four input channels of the IC device are di-
rectly connected with the counter electrode of all four electrode pairs. From
these counter electrodes the discharge currentI is measured by the CDC (the
remaining input channels are not used). The relation between the determined
currentI and the capacitanceC of the electrode pair is given by

C =̂
I

Uppf
. (4.1)

The capacitance-to-digital converter is designed to measure capacitances
from the range of 1 to 40 pF (internal register adjustment is needed) by a
resolution better than 1 fF. With regard to the hybridisation measurements in
buffer solution (see Figure 3.13) the capacitance reaches values higher than
270 pF. Therefore, the actual measurement range of the CDC istoo small for
the detection of the capacitance change during DNA hybridisation in buffer
solution. The Equation 4.1 shows that the capacitance is dependent on the
applied peak-to-peak voltageUpp, the used frequencyf and the resulting dis-
charge currentI. By reducing the applied peak-to-peak voltage the measur-
able capacitance range can be increased to higher values. Therefore, the IC
device is supplied by a DC voltage of 2.7 V and additionally a resistive volt-
age divider were implemented. The two resistances were dimensioned in a
way that capacitances up to 600 pF are measurable, which provides a suffi-
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cient range to measure capacitances during DNA hybridisation in buffer so-
lution. Therefore, the electrode is fed with a peak-to-peakvoltage of 140 mV.
This measurement adjustment of the CDC has the effect that the values trans-
ferred to the µC do not match with the effective capacitance value and the
resolution is decreased (e.g., a detected value of 40 pF correlates to a sensor
capacitance of 600 pF). Additionally, a non-linear relation results between the
determined currentI and the effective capacitanceC. All these issues do not
result in disadvantages for the readout circuit, because the interest is to detect
capacitance changes and not absolute values during the DNA hybridisation.
On the contrary, the reduced voltage at the electrodes formsan essential bene-
fit, because the resulting electrical field between the electrode fingers exhibits
a value, which does not damage the electrodes and the biomolecule layer on
them.

As a next step, experimental measurements were taken to verify the func-
tionality of the readout system and to show that capacitancechanges can be
detected by the control-measurement unit. Therefore, sedimentation experi-
ments with nano-particles suspended in a 10-2 M KCl solution were carried
out over a specific duration of time. The experiments and the used nano-
particles were the same as shown in Figure 3.11 (see Chapter 3.5.2), where
the measurements were accomplished with the impedance analyser. Here, the
sedimentation of the suspended nano-particles in the solution is detected by
the control-measurement unit, where one electrode pair of the total electrode
array was measured. All measured values over a specific time duration were
referred to the first measured capacitance value. This allows the evaluation
of the relative change of the capacitance over time. The datarecorded during
the particle sedimentation were also transferred via the USB interface to a
personal computer, which allows the visualisation of the recorded data in an
adequate diagram.

Figure 4.6 shows the results of the measured sedimentation experiments.
The nano-particles are suspended in a concentration of 1 % w/v, which was
further diluted with a 10-2 M KCl solution in different proportions. The result
produced with a particle concentration with the ratio of 1:3shows a relative
capacitance change of 18 % after a time duration of 250 min. Further experi-
ments with different particle concentrations show that therelative capacitance
change decreases by using less amount of particles in the solution. Addition-
ally, the sedimentation time of the particle is decreasing.For example, at a
particle concentration with the ratio of 1:10 a capacitancedrop of approxi-
mately 3.5 % is detected. This change is achieved after a timeduration of
almost 70 min. By continuing the measurements the capacitance value stays
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Figure 4.6: Sedimentation measurements with different concentrations of suspended
nano-particles (diameter of 585 nm) in a 10-2 M KCl solution (carried out with the
control-measurement unit shown in Figure 4.2). The capacitance change over time
results from the sedimentation of the particles to the electrode surface.

almost unchanged. The results of the sedimentation experiments shows that
the readout circuit of the control-measurement unit is suitable to detect ca-
pacitance changes on the surface of the electrode pairs and that the sensitivity
of the detection unit is satisfactory.

For the depicted measurements in Figure 4.6 the software of the µC is
set in a way that the first value of the measured capacitance isstored and
the further measured values are subtracted from the stored capacitance. This
evaluation method displays the relative capacitance change compared to the
start value of the measurement series of all four electrode pairs.

The control-measurement unit also features the possibility to measure the
capacitance changes relative to a reference electrode pair. Here, the measured
capacitances of the other three electrode pairs are subtracted from the actual
measured value of the reference electrode pair. This measurement method
is used for the hybridisation experiments to detect specificDNA sequences
on the three electrode pairs, which can be immobilised with different DNA
probes. The capacitance measurements of the three electrode pairs are re-
ferred to the reference electrode pair. Therefore, the lackof intrinsic selectiv-
ity using this label-free DNA sensing method is compensated, because non-
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specific interactions appear at all four electrode pairs.
The hybridisation process of specific DNA sequences often occur in tem-

perature range from 50 to 60◦C. Therefore, the control-measurement unit ad-
ditionally allows to set the hybridisation temperature, which is controlled by
the µC. The implemented principle for the chip heating is thesame as that one
used for the PCR chip. The polyimide Thermofoil™ heater HK5565R10.0
(Minco, USA), with a resistance of 10Ω and a size of 6.4× 6.4 mm2 was
fixed at the backside of the silicon-based DNA sensor. A hole was cut through
the PCB underneath the sensor to achieve a direct and good thermal connec-
tion between the heater and the chip. Additionally, a Pt100 was mounted
on the foil heater. The heater and the Pt100 were connected tothe control-
measurement unit via the 16-pin connector. The set temperature for the DNA
sensor is controlled by the µC.

The readout circuit used for the control-measurement unit is capable of
detecting capacitive changes of the microsensor. The measurement results of
the sedimentation process detected with the readout circuit (see Figure 4.6)
and the impedance analyser (see Figure 3.11) are quantitatively in good agree-
ment. Therefore, the readout circuit will be suitable to detect capacitance
changes at the surface of immobilised electrode pairs during DNA hybridis-
ation, as already shown in Figure 3.13, where the measurements have been
recorded using the impedance analyser.

4.2.2 Fluid Connection System

In the previous sections the control-measurement unit has been described in
detail. However, to achieve a miniaturised instrument for the fabricated DNA
analysis a system has to be designed, which combines the PCR chip and the
DNA sensor fluidically. In general, the fluid connection system replaces not
only the pipetting process for filling and extracting the PCRchamber and the
reservoir at the electrode pairs, but it also allows the transport of the biologi-
cal solution from the PCR chip to the capacitive DNA sensor, while keeping
the two devices in a defined position, which is a relevant factor for running
stable and reliable processes. In addition, the fluidic system defines a reser-
voir around the sensing electrode pairs and features the possibility to seal this
reservoir and the PCR chamber to avoid evaporation.

In Figure 4.7 a photograph of the fluid connection system is depicted in-
cluding the PCR chip with the foil heater and the Pt100, a cooling fan and the
DNA sensor bonded on the PCB. For this fluidic system the polymer poly-
oxymethylene (POM) is used as material, which exhibits excellent physical
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Figure 4.7: Photograph of the fluid connection system between the PCR chip and
the DNA sensor. The inserted image at the bottom-right corner shows theslider from
the backside, which includes O-rings. Depending on the position of the slider either
solution can be transported through the devices or the reservoirs are sealed.

and processing properties. The fluid connector is constructed of a basic plate,
where the PCR chip, the fan and the DNA sensor are positioned.The fan
is screwed to the plate and each device is fixed by a separate clamp. Both
clamps are combined over two Teflon tubes, which are insertedby interfer-
ence fittings. The clamp for the PCR chip is constructed as a slider for manual
operation (movement of the slider is indicated by a double arrow). In Fig-
ure 4.7 at the bottom-right corner the embedded image shows the backside of
the slider, which includes six O-rings. The upper row of the O-rings are just
inserted at the surface of the slider, whereas at the lower row each inserted
O-ring surrounds a Teflon tube. Therefore, for the slider position, where the
O-rings without tubes surrounds the access holes of the PCR chamber, the
chamber is closed tightly and by moving the slider to the other position, a
sealed connection between the tubes and the access holes of the chamber is
accomplished. At this slider position the PCR chamber can befilled with the
biological solution. After moving the slider back to the original position the
chamber is sealed hermetically to avoid evaporation duringthe PCR run. As
a next step, the solution including the amplified DNA sequences can be trans-
ported to the DNA sensor. The clamp for the DNA sensor features not only
two inserted tubes for the liquid transportation but it alsoexhibits a reservoir,
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Figure 4.8: Photograph of the miniaturised analysis system to amplify and detect
specific DNA sequences. The modular configured system consists of the control-
measurement unit and the fluid connection system including the DNA sensor and the
PCR chip with the heater, the Pt100 and the cooling fan. The control-measurement
unit is the operation instrument for running the amplification and detection process.
The fluid connection system allows to combine the PCR chip with the DNA sensor.

which contains approximately the volume of the PCR chamber.To achieve
a hermetical sealing between the DNA sensor and the reservoir of the clamp
the custom-made PDMS ring is inserted. The tube, which allows the sample
to be extracted from the reservoir, is connected again to theslider. Therefore,
the reservoir can also be hermetically sealed during the DNAhybridisation
process. This is important, because if the hybridisation process takes place
at temperatures higher than the ambient temperature. The PCR chip and the
PCB with the bonded DNA sensor can be exchanged easily, because the de-
vices are simply clamped over springs.

The performance of the fluid connection system was tested, especially,
chamber and reservoir filling, the liquid transportation and the integrity of the
chamber and reservoir after sealing. It can be concluded that the fluidic sys-
tem for combining the PCR chip with the DNA sensor satisfies all mentioned
issues, respectively. The chamber and reservoir can be filled without any air
bubbles and the sample in the reservoir reaches the electrode pairs. In addi-
tion, the liquid transportation is free from leakage and thePCR chamber is
sealed airtight till 95◦C, which ensures PCR runs.
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4.2.3 Miniaturised Analysis System

For the realisation of the miniaturised analysis system allcomponents, which
where described in this chapter have to be combined. Therefore, the control-
measurement unit and the fluid connection system including the PCR chip
with the foil heater and the Pt100 and the DNA sensor bonded onthe PCB
have been put together. A photograph of the total miniaturised analysis sys-
tem is depicted in Figure 4.8. The fluid connection system is placed on the
right-hand side of the control-measurement unit. At that side the connector
for the capacitance readout is located, which allows the PCBwith the bonded
DNA sensor to be plugged in. The cooling fan, the two foil heaters (one for
the PCR chip and the other for the heating of the DNA sensor) and the two
corresponding Pt100 sensors are merged to one connector, which is clipped
at the front side wall of the control-measurement unit. The transportation of
the prepared sample can be performed with a syringe manually(as shown
in the figure). The control-measurement unit is supplied with a 12 V DC
source. The mean electric power consumption of the system amounts to ap-
proximately 0.8 W and during the heating steps of the PCR run the power
consumption achieves a maximum value of 8 W.

After setting the parameters and sealing the filled chamber,the PCR run
can be started. During the PCR run the set temperature, the actual tempera-
ture, and the residual cycle number are visualised on the LC display. After the
DNA amplification process the sample can be directly transported to the area
of the immobilised electrode pairs and the DNA detection process with the
control-measurement unit can be started. During this process the temperature
of the sensor can be set and the reservoir can be sealed tightly. The detected
capacitive changes of each electrode pair relative to the reference electrode
are directly visualised at the LC display.

This analysis system for amplifying and detecting specific DNA strands
is a stand-alone and compact instrument, which is designed to perform fast
and semi-automated DNA analysis. Only a small amount of sample material
and reagents are needed to carry out direct detection of DNA hybridisation
in parallel. This system represents a cost efficient and rapid point-of-care
solution compared to conventional laboratory benchtop equipment.

4.3 Conclusions and Outlook

In this chapter, a miniaturised analysis system for amplifying and detecting
specific DNA sequences is described. The modular system comprises not
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only the PCR chip and the DNA sensor, which were described in the previous
two chapters, but it also contains the control-measurementunit and the fluid
connection system. The control-measurement unit is a µC steered instrument,
which is designed to control the different temperature steps during the PCR
process and to measure the capacitance changes during DNA hybridisation.
The fluid connection system allows the transport of the sample directly from
the PCR chamber onto the electrode pairs of the DNA sensor. Intotal, the
analysis system is very attractive for rapid and direct DNA detection owing
to its simplicity, miniaturisation and low power requirements. The modu-
lar configuration for the DNA amplification and the DNA detection ensures
cheap chip fabrication and it results in high production yield. In addition, the
use of commercially available components (e.g., foil heater and IC for the
readout) for the miniaturised analysis system allows the production of a cost
effective instrument. The possibility to carry out DNA analysis outside of the
laboratory directly by the user enables to achieve measurement results in a
rapid way. The system is designed for relevant point-of-care analysis in the
field of biomedical diagnostics to help to identify subjectsof interest. Other
applications can be found in the field of environmental monitoring, forensics
and bacterial pathogen detections.

Up till now, the miniaturised analysis system has been produced and
tested for its general function. The system allows temperature curves for the
PCR chip to be run, which have already shown successful DNA amplification
results using laboratory equipments, in order to ensure that DNA amplifica-
tion will be possible with the analysis system. Also, the detection principle is
demonstrated with sedimentation experiments using nano-particles. The mea-
surement results are in good agreement with the sedimentation experiments
performed with a laboratory instrument. Therefore, the operation principle
of the described miniaturised analysis system has been demonstrated and it
can be concluded that the system is suitable to amplify and detect bacterial-
species specific DNA sequences. Furthermore, the system features the pos-
sibility to detect several DNA sequences on their presence or absence in the
sample during one experiment.

Bibliography

[1] T. M.-H. Lee and I-M. Hsing, “DNA-based bioanalytical microsystems
for handheld device applications,”Anal. Chim. Acta, vol. 556, pp. 26–
37, 2006.



68 BIBLIOGRAPHY

[2] E. T. Lagally and R. A. Mathies, “Integrated genetic analysis microsys-
tems,”J. Phys. D: Appl. Phys., vol. 37, pp. R245–R261, 2004.

[3] P. Belgrader, S. Young, B. Yuan, M. Primeau, L. A. Christel, F. Pourah-
madi, and M. A. Northrup, “A battery-powered notebook thermal cycler
for rapid multiplex real-time PCR analysis,”Anal. Chem., vol. 73, pp.
286–289, 2001.

[4] J. A. Higgins, S. Nasarabadi, J. S. Karns, D. R. Shelton, M. Cooper,
A. Gbakima, and R. P. Koopman, “A handheld real time thermal cy-
cler for bacterial pathogen detection,”Biosens. Bioelectron., vol. 18, pp.
1115–1123, 2003.

[5] N. C. Cady, S. Stelick, M. V. Kunnavakkam, and C. A. Batt, “Real-time
PCR detection ofListeria monocytogenesusing an integrated microflu-
idics platform,”Sens. Actuators, B, vol. 107, pp. 332–341, 2005.

[6] F.-C. Huang, C.-S. Liao, and G.-B. Lee, “An integrated microfluidic
chip for DNA/RNA amplification, electrophoresis separation and on-
line optical detection,”Electrophoresis, vol. 27, pp. 3297–3305, 2006.

[7] J. Wang, Z. Chen, L. A. M. Corstjens, M. G. Mauk, and H. H. Bau, “A
disposable microfluidic cassette for DNA amplification and detection,”
Lab Chip, vol. 6, pp. 46–53, 2006.

[8] M. A. Burns, B. N. Johnson, S. N. Brahmasandra, K. Handique,
J. R. Webster, M. Krishnan, T. S. Sammarco, P. M. Man, D. Jones,
D. Heldsinger, C. H. Mastrangelo, and D. T. Burke, “An integrated
nanoliter DNA analysis device,”Science, vol. 282, pp. 484–487, 1998.

[9] T. Vo-Dinh, G. Griffin, D. L. Stokes, and A. Wintenberg, “Multi-
functional biochip for medical diagnostics and pathogen detection,”
Sens. Actuators, B, vol. 90, pp. 104–111, 2003.

[10] C. G. J. Schabmueller, J. R. Pollard, A. G. R. Evans, J. S.Wilkinson,
G. Ensell, and A. Brunnschweiler, “Integrated diode detector and opti-
cal fibres forin situ detection within micromachined polymerase chain
reaction chips,”J. Micromech. Microeng., vol. 11, pp. 329–333, 2001.

[11] P. Liu, T. S. Seo, N. Beyor, K.-J. Shin, and J. R. Scherer,“Integrated
portable polymerase chain reaction-capillary electrophoresis microsys-
tem for rapid forensic short tandem repeat typing,”Anal. Chem., vol. 79,
pp. 1881–1899, 2007.



BIBLIOGRAPHY 69

[12] C.-S. J. Hou, M. Godin, K. Payer, R. Chakrabarti, and S. R. Manalis,
“Integrated microelectronic device for label-free nucleic acid amplifica-
tion and detection,”Lab Chip, vol. 7, pp. 347–354, 2007.

[13] S. S. W. Yeung, T. M. H. Lee, and I-M. Hsing, “Electrochemical-based
real-time PCR on a microchip,”Anal. Chem., vol. 80, pp. 363–368,
2008.

[14] U. Tietze and C. Schenk,Electronic Circuits. Handbook for Design and
Application, 2nd ed. Germany: Springer, 2006.



70 BIBLIOGRAPHY



Chapter 5

Hydrodynamic Focusing

In the previous chapter a system for sample transportation was introduced,
where two individual microdevices, a PCR chip and a DNA sensor, have been
fluidically combined. The trend in the field of µTAS is to integrate several
(sub-)systems (e.g. for sample transportation, manipulation, mixing, charac-
terisation or sorting) into one single device which makes itnecessary to deal
with the topic of microfluidics. One attractive technique tocontrol the pas-
sage of samples or particles through microfluidic channels is hydrodynamic
focusing, where a sample flow is squeezed by neighbouring sheath flows. In
the following sections two microfluidic devices are presented featuring three-
dimensional hydrodynamic focusing for full control of the sample stream.
One device allows to create a non-coaxial sheath flow while the other one can
form a coaxial sheath flow. The chapter starts with an introduction and basic
aspects of microfluidics, followed by the description of thechip fabrication
and the measurement setup. Subsequently, experiments and characterisation
of the two different devices are presented including laser scanning confocal
microscope measurements and dye intensity analysis.

5.1 Introduction

Microfluidic systems have been utilised for analysis of chemical or biological
assays in the fields of biochemistry, biophysics, medicine,and life sciences
[1, 2, 3]. The analytes are transported through microchannels to achieve in-
formation of their characteristics or to manipulate them. The guidance of the
sample inside the microchannel plays an essential aspect for ensuring reli-
able experimental results. Therefore, it is attractive to apply sample focusing
techniques.

Different focusing approaches have been presented in the literature, pro-
viding the possibility of controlling the passage of the samples or chemical
reagents through the microchannels. The electro-kinetic [4] and the dielec-
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trophoretic (DEP) [5, 6] techniques are able to manipulate cells or particles by
applying a force field directly to them, which premises certain types of cells
or particles; electro-kinetic focusing requires charged species and DEP focus-
ing relies on the polarisation of the particles in the fluid. In the hydrodynamic
focusing technique a sample liquid containing the matter tobe analysed is
squeezed by a neighbouring sheath liquid [7, 8, 9]. Advantages of the sam-
ple focusing are that any undesired sample adsorption at thechannel surface
can be reduced, and in the case of particle analysis, channelclogging can be
avoided. Additionally, a small volume of analytes can be directed precisely
to a defined region in a larger channel.

The first published hydrodynamic focusing devices exhibited a sample
flow that was squeezed vertically or horizontally by one or two neighbouring
sheath flows. Examples of such applications can be found in [7] and [10]. In
particle analysis applications, this so-called two-dimensional (2D) hydrody-
namic focusing technique exhibits the drawback that it doesnot provide the
possibility of single particle analysis even though the focused stream width
is of the same order of magnitude as the particle diameter. The particles can
be distributed over the total height in the microchannel (see Figure 5.1, left).
Further publications show devices allowing sample focusing in vertical and
horizontal directions. This three-dimensional (3D) hydrodynamic focusing
technique allows narrowing down the sample stream diameterto the required
size of the particles, thus allowing single particle analysis (see Figure 5.1,
right). The sample stream can be either hydrodynamically focused on three
sides, while at the fourth side the stream moves along the channel bottom
(non-coaxial sheath flow), or it can be squeezed on all four sides, where the
sample stream flows at the centre of the microchannel (coaxial sheath flow).
In both cases, the diameter of the sample stream can be controlled and posi-
tioned inside the channel by varying the flow rate ratio between the sample
liquid and the sheath liquid, as shown in [8].

The hydrodynamic focusing technique finds application in the field of
microflow cytometry to count and sort cells or particles [11], which includes
Coulter counting [12] and fluorescence activated cell sorting (FACS) [13, 14].
A Coulter counter is an instrument to determine the size distribution of parti-
cles or cells in a conductive liquid by measuring the impedance changes with
electrodes. The liquid suspending the particles or cells has to be in contact
with the measuring electrodes at one channel side, which employs a non-
coaxial sheath flow in 3D hydrodynamic focusing [15, 16]. Also, optical near
field detection systems require a non-coaxial sheath flow because the sample
stream has to be close to the detection area [17, 18]. Arakawaet al. uses such
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2D focusing 3D focusing

Sheath liquid Sample liquid Particle

Figure 5.1: Schematic of the microchannel cross-section showing four differenthy-
drodynamic focusing types; 2D focusing: one or two sheath flows squeezes the sam-
ple stream, 3D focusing: at three (non-coaxial sheath flow) or all four (coaxial sheath
flow) sides the sample is focused.

a flow-cell for particle sorting [19]. In contrary a FACS features typically a
coaxial sheath flow, where a 3D hydrodynamic focusing technique is imple-
mented [6, 13]. Here, a passing particle or cell through a microchannel is
illuminated by a laser beam and the fluorescent or scattered light is detected
giving information about the physical and chemical structure of each indi-
vidual probe. In addition, the focusing approach has been applied to a num-
ber of different microfluidic applications, including cellpatterning [20, 21],
molecule handling [22, 23], DNA stretching [24], micro-flowswitching [25],
adjustable optofluidic microlens [26], rapid mixing or dilution [7, 22, 27],
bubbles and droplet generation [28, 29], fabrication of monodispersed parti-
cles or liposomes [30, 31] and electrospinning of nanofibres[32].

In recent years, microfluidic devices have been introduced,allowing hy-
drodynamic focusing by completely surrounding the sample stream with a
coaxial sheath flow. In 2001 Shojiet al. fabricated one of the first coaxial
sheath flow microdevices using microsystem technology [33]. To realise the
vertical sheath flows, a two step introduction of carrier flows was considered
and for lateral sheathing the sample inlet was designed as a part of the channel
width. Nieuwenhuiset al. presented flow-cells allowing to adjust the sheath
flows for adaptable non-coaxial and coaxial sample streams [8]. Wolff et al.
fabricated a ‘chimney-like’ structure in a microchannel for coaxial sheathing
[13]. Sundararajanet al. fabricated a chip with several PDMS layers using
a sandwich technique to achieve a coaxial carrier flow [34]. Later, Yanget
al. have shown a device using 3D photolithography in SU-8, to generate a
microchannel allowing 3D sample focusing [25]. Changet al. presented a
PDMS fabricated scheme, whereby the sample stream is liftedby an addi-
tional inlet forming a coaxial sheath flow [35], and Maoet al. introduced the
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“microfluidic drifting” technique to focus the sample stream [36]. Here, the
sample flow drifts to the centre of the microchannel induced by the centrifu-
gal effect in the curve of a microfluidics channel. Satoet al. reported another
way to form passively a coaxial sample flow inside the microchannel [37].
The group utilised symmetrically slanted microgrooves at the microchannel
walls to generate local directional streams, which lifts the non-coaxial sample
flow to the centre region of the microchannel. Recently, Tsaiet al. presented
a focusing technique where the non-coaxial focused sample stream passes a
micro-weir structure for lifting the species [9]. All thesemicrofluidic devices
are able to focus the chemical or biological reagents to the central region of
the microchannel. Additionally, the channel dimensions ofthe devices are in
the range of 100 µm or even more.

In the following chapter the realisation of two different 3Dhydrodynamic
focusing devices (non-coaxial sheath flow and coaxial sheath flow) is de-
scribed. The flow-cells allow the creation of sample stream dimensions in the
range of a few microns in diameter. The chips exhibit a numberof orthog-
onal control mechanisms for adjusting the sample stream dimensions and to
navigate it to any position inside the microchannel. Additionally, the chip
dimensions are much smaller compared to previously presented sheath flow
devices. The significance of producing smaller flow-focusing devices is that
the amount of chips on one wafer is considerably increased, which results in
an important cost reduction, also when integrated sensors will be included.

5.2 Basic Aspects

The description of the fluid behaviour in macroscopic systems is based on
the continuum assumption, where the volume of the fluid contains as much
molecules that all physical parameters, like e.g. pressureand velocity are
well-defined and vary continuously in the defined volume. Nguyen and Were-
ley described in [38] that this assumption can also be assumed as valid in the
microscopic scale for fluids, because there are still enoughmolecules avail-
able. Therefore fluids, especially liquids, flowing throughmicrochannels, are
examined as a continuum and the established approaches for analysing flow
in macroscopic systems can be used. The governing continuumfluid me-
chanics equations are developed from the primary conservation laws (mass,
momentum, and energy), considering that the flow is incompressible, Newto-
nian (shear stress is linearly proportional to the velocitygradient), isotropic,
and isothermal. The so-called Navier-Stokes equations form a partial differ-
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ential system of equations, which is used to model fluid dynamic problems.
The system of equations is generally solved using numericalsimulations. For
a more detailed treatment of the subject one might refer to, e.g. [39] or [40].

In microchannels laminar flow conditions, where the fluid flowlines run
in parallel, are a prerequisite to achieve a stable liquid flow. The defined
Reynolds number

Re =
ρ

η
vL (5.1)

estimates the laminar-turbulent transition, whereρ is the density of the fluid,
η is the dynamic viscosity of the fluid,v is the average fluid velocity, andL
is a characteristic length, which represents in a microchannel its diameter. In
a rectangular channelL is defined as

L = 4
A

P
, (5.2)

whereA is the cross-sectional area andP is the perimeter. In literature the
transition threshold from laminar to turbulent flow is declared in the order
of 1000 to 2000 [38, 41]. In microchannels having, e.g. a diameter of 50 µm
and water-based liquid flowing at 1 m/sec (which is considered as a very high
speed) the Reynolds number is about 50. According to this, the liquid flows
inside the microchannel are laminar.

Mass transportation taking place in fluidic systems is described through
diffusion – the random thermal motion of individual particles in the fluid –
and by convection, in which matter is transported by the bulkmotion of the
fluid. Due to the continuum assumption the PDE of convection-diffusion is
derived and used for solving mass transportation problems.For more detailed
information one might refer to, e.g. [41]. The Péclet number is a character-
istic for dispersion effects under the action of convectionand diffusion. It is
described by

Pe =
vL

D
, (5.3)

whereD is the diffusion coefficient (the other variables have been already
declared). The diffusion coefficient is determined experimentally and be-
longs in water-based systems in the range of 10-10 m2s-1 or even smaller [41].
Hence, the Ṕeclet number is at least of the order of 5000. At this range con-
vection dominates the transfer process and diffusion hardly takes place. The
laminar flow behaviour in microchannels and the limited interaction between
the sheath liquid and the sample liquid make microsystems very suitable for
applying the hydrodynamic focusing technique.
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5.3 Numerical Simulations

Numerical simulations have been conducted firstly to find an adequate de-
sign including the geometrical dimensions of the microfluidic devices and
secondly to verify the fluidic behaviour of the sample streaminside the mi-
crochannel. For the computational fluid dynamic (CFD) simulations the soft-
ware tool COMSOL Multiphysics™ (COMSOL 3.3a, Sweden) was used.
The steady-state flow in the microchannel was governed by theincompress-
ible Navier-Stokes equation, and to visualise the sample stream, the coupled
convection-diffusion equation with flux was solved. After modelling the ge-
ometry of the flow-cell, the physical properties of the subdomains were de-
fined. As inlet boundary conditions different flow rates wereapplied and at
the sample inlet a dye concentration was added. The outlet boundary con-
dition was set as neutral with a convective flux. The diffusion coefficient
of the diluted fluorescent dye acridine orange in de-ionisedwater has the
value of 3.6×10-10 m2s-1 [42]. In order to get a suitable balance between
computational solving time and achieving a satisfactory resolution of the
numerical result, a mesh of about 100000 tetrahedral elements for solving
the Navier-Stokes equation was generated and approximately 580000 tetra-
hedral elements for the convection-diffusion equation. Once the flow fields
had been established, the velocity field was substituted into the species of the
convection-diffusion equation to calculate the dye concentration field.

5.4 Fabrication

Before manufacturing the designed microfluidic devices a decision about the
used materials and its fabrication methods had to be made. Due to the desire
to apply microchannels with dimensions in the range of 50 µm and smaller,
microsystem technology with clean room conditions was favoured. Here,
proven fabrication technologies, e.g. lithography, coming from the semicon-
ductor industry, has been used to treat hard materials, likesilicon wafers. Ad-
ditionally, in the last decades the photolithography technique has been further
developed allowing channel structures to be defined precisely in photoresist.
One might refer to [43] for a detailed description of microsystem processing.

The fabricated flow-cells consist of a planar microfabricated silicon-glass
sandwich with an intermediate layer of the polymer SU-8. Thesilicon was
used as the basis, where the access holes for the fluidic interface were etched.
SU-8-50, a photoresist, was used to define the geometry of thechannels and
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Figure 5.2: Schematic of the microdevice fabrication process based on defining the
channels in SU-8 and using SU-8 to bond two wafers together.

to cover the channels a PYREX® 7740 glass was utilised ensuring optical
access. The binding between the SU-8 and the glass was accomplished by a
irreversible low temperature wafer bonding process.

In Figure 5.2 the process flow for the device fabrication is schematically
illustrated. On the left-hand side the treatment of the 200 µm thick glass
wafer is shown. First a few atom layers of titanium were evaporated onto the
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wafer surface (glass still transparent) to improve the adherence between the
silicon wafer and the SU-8 which was deposited afterwards byspin-coating.
The thickness of the SU-8 layer defining the channel height can be controlled
by the spin rate and the viscosity of the resist. For different fluidic devices
different resist layer thicknesses were generated. Subsequently, after a soft-
bake at 90◦C for 4 hours, the negative photoresist was exposed through a
lithographically written mask near UV light transferring the pattern of the
mask (a). A post exposure bake (PEB) followed at 90◦C for 15 min (b). Here,
the long molecular chains of the resist at the exposed areas were cross-linked
and solidification of the material occurred. Afterwards, a 1.2 µm sacrificial
copper layer was deposited by thermal evaporation on top of the SU-8 layer.
The copper layer was patterned by wet etching (for more information see
the next paragraph for Si3N4 layer patterning) (c). The remaining copper
layer protects the unexposed SU-8 parts between the exposedSU-8. In a next
step, the SU-8 was developed and the copper layer was removed(d). The
exposed SU-8 builds the channel walls, whereas the remaining unexposed
SU-8 in-between is needed for the adhesive wafer bonding. This material is
still thermoplastic and at temperatures of about 100◦C it will cross-link, even
without UV exposure.

On the right-hand side of Figure 5.2, the silicon wafer treatment is de-
picted. A 360 µm thick double-side mirror polished wafer with thin layers of
Si3N4 and SiO2 at both sides was used. First, access holes through the silicon
wafer were anisotropically wet etched to achieve a fluidic interface. There-
fore, one of the outer Si3N4 layer was covered with a positive photoresist. The
resist was exposed through a photomask using near UV light totransfer the
mask pattern (e), followed by resist developing to remove the exposed areas
(f). The structured resist was used as a mask to etch the Si3N4 and SiO2 layers
with plasma. After removing the remaining resist (g) cavities were anisotrop-
ically wet etched into the silicon wafer using a KOH water solution (h). The
Si3N4 and SiO2 layers at the other side of the silicon wafer are still untreated.
For the adhesive wafer bonding, the bonding side of the silicon wafer has to be
treated with a (mirrored) SU-8 structure existing on the glass wafer. Here, the
thickness of the resist amounts to only a few micrometers andthe sum of the
thickness of SU-8 layer at the glass wafer and the silicon wafer comprises the
microchannel height. The same procedure as for the glass treatment had been
used. First, at the untreated side of the silicon wafer a thintitanium layer was
evaporated followed by a SU-8 coating. Next, the resist was exposed at the
defined areas, post baked and developed (i). No unexposed SU-8 remained
at the wafer. Subsequently, the wafer was rinsed using de-ionised water with
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megasonic to break the Si3N4 and SiO2 layers at the cavities obtaining access
holes through the wafer. To achieve a microfluidic device theglass wafer was
thermally irreversibly bonded at a force of 700 N to the silicon wafer. First, at
a temperature of approximately 100◦C the unexposed SU-8 becomes viscose
and rinse to the silicon wafer used as the adhesive material.Subsequently,
the SU-8 structure on both wafers was hard baked at a temperature of 180◦C
(j). Finally, the bonded wafers were diced using a conventional wafer saw.
For a more detailed description of the whole fabrication process one might
refer to Appendix A.3. Photographs of the fabricated flow-cells are shown in
Figure 5.6 and in Figure 5.18.

5.5 Measurement Setup

For the hydrodynamic focusing experiments, a fluidic connection from the
environment to the chip is needed. The main requirements areease of use,
reliability and the possibility to allow optical access through the glass cover
inside the microchannel. Therefore, a custom-made device holder was fabri-
cated using the engineering plastic POM which includes Teflon tubes allow-
ing syringes to be connected. To combine the chip with the holder, the chip
was aligned and glued on an adapted printed circuit board (PCB). This PCB
was subsequently mounted on the plastic holder, while a custom-moulded sili-
cone gasket (0.8 mm thick) was placed between the holder and the fluidic chip
to achieve a tight connection. A self-made gasket for tight sealing was needed
because the access holes on the chip are very close to each other, making the
application of O-rings difficult. In Figure 5.3 (bottom right) a cross-section
sketch shows the principle. This fluidic connection system has the benefit that
the oil immersion objective of the microscope can be used (the objective has
to be placed directly at the glass surface of the chip). Figure 5.3 illustrates
details of the fluidic connection and shows the chip (dimensions: 6× 9 mm2)
from the back side with six access ports (coax sheath flow chip, see Chap-
ter 5.7). During the experiments the self-made gasket formed a leakage-free
connection even at high flow rates (up to 100 µl/min for the cumulated sheath
flows) and accompanying pressures.

In order to obtain information on the cross-section profilesof the sam-
ple stream inside the microchannel, the confocal laser scanning microscope
technique (Confocal C1 TE-2000, Nikon, USA) was used. During the exper-
iments the chip with its fluidic connections was positioned on the scanning
area of the confocal laser scanning microscope. Figure 5.4 depicts the ex-
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Figure 5.3: Photograph of the holder, PCB, silicone gasket and silicon chip (not as-
sembled yet); before the PCB is mounted to the holder the chip is glued on the PCB
and the silicone gasket is placed between the holder and the chip. At the bottom right
a cross-section sketch shows the principle.

perimental setup for the fluidic measurements. The computercontrolled mi-
croscope focuses onto a specific focal plane in the microchannel and a laser
scans this area on their fluorescent intensities point by point. The wavelength
of the laser amounts to 488 nm and the maximum emission wavelength of
the fluorescent dye is 525 nm. The pinhole ensures that only beams from the
specified focal plane reach the light detector. By repeatingthe scanning pro-
cess on several neighbouring channel planes through the total channel height,
the measured data were rendered and a 3D image was generated.The re-
sulting pictures give information on the sample stream cross-section (profile)
and its position inside the microchannel. More details about confocal laser
scanning microscopes can be found, e.g. in [44].

For the measurements of the fluidic behaviour inside the microchannel
the liquids were driven through the device by different volumetric flow rates
which were controlled with syringe pumps (kdScientific model 200 series,
USA). The fluorescent dye acridine orange diluted with de-ionised water
(concentration: 0.15 mg/ml) was used as sample liquid to visualise this flow
and the sheath liquid consisted of de-ionised water. Due to the low dye con-
centration, the density and the viscosity for both liquids can be assumed as
identical, which results in a single phase system.

The microscope used for the experiments not only allows the profile of
the sample flow inside the channel to be measured confocally,but it also
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Figure 5.4: Schematic of the experimental setup for the measurements: The chip is
glued on an adapted PCB which is fixed on a custom made holder. Silicone tubes are
mounted on the holder for fluidic connections to syringes. Between the holder and the
fluidic chip a silicone gasket with holes is put to achieve a tight connection. Withthe
computer controlled microscope confocal and intensity images are taken.

permits vertical images of the flows to be captured with a coupled digital
SLR camera (D100, Nikon, USA) for quantitative dye intensity analysis. The
diluted fluorescent dye was excited by the laser of the microscope and the
filtered fluorescence light was recorded using the digital camera. For this the
pinhole was removed. These two analysis techniques allow, e.g. comparing
the confocally measured sample height inside the channel tothe calculated
sample height over its fluorescence intensity (see Section 5.6.2). Therefore,
vertically captured images of the sample flow features also the possibility to
derive three-dimensional information (determining sample width and height).
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5.6 Non-Coaxial Sheath Flow-Cell

5.6.1 Design

A flow-cell has been fabricated as explained in Section 5.4 featuring a non-
coaxial sheath flow. Figure 5.5 shows the functioning of the hydrodynamic
focusing, where the sample flow is squeezed between three sheath flows. At
the fourth side the sample flow is moving along the channel bottom. Through
the sample inlet the sample is orthogonally injected, wherea sheath liquid
from the back is already flowing. The flow rate ratio between the sample flow
and the sheath flow defines the sample height inside the microchannel. By in-
creasing the flow rate of the sample flow relative to the back sheath flow rate,
the sample liquid laterally penetrates further into the sheath liquid. Lower-
ing the flow rate of the sample liquid, the penetration of the sample stream
is reduced. In a next step, the channel width is transversally compressed in
a ratio of one to sixteen through the use of a taper (channel geometry). The
application of such a focusing section allows to fabricate fairly large chan-
nel inlets for less critical alignment. Due to the low Reynolds number in the
microchannels laminar flow occurs and the sample flow is focused geomet-
rically at this section. For dynamic control of the sample flow dimension in
horizontal direction two side sheath ports are designed perpendicular to the
sample flow. The sheath flows from the sides additionally focus the sample
flow. By controlling the flow rates of the side sheath inlets relatively to the
sample flow rate the sample profile and its size can be varied. To achieve
high versatility to create different sample flow profiles each sheath flow can
be steered separately. Liquid can be removed at one of the side ports, whereas
liquid is added at the other port to control the sample flow in the horizontal
plane.

The design of the non-coaxial flow-cell is based on work presented by
Nieuwenhuiset al. [8]. The new flow-cell design features smaller channel di-
mensions. This design allows further investigation into smaller sample flows
and finer focusing.

Figure 5.6 shows a photomicrograph of the fabricated chip. This realised
microfluidic device allows multiple sheath flows, where eachsheath flow can
be separately steered. The chip has three sheath inlets (330× 330 µm2), one
sample inlet (80× 80 µm2) and one outlet (330× 330 µm2). The total chip
dimensions are 6× 9 mm2 and the channel dimensions at the channel cross
are 50 µm in square.
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Figure 5.5: Schematic of the non-coaxial sheath flow-cell. The sample stream is
vertically injected into the channel, where a sheath liquid from the back is already
flowing. After a first focusing step the sample flow is squeezed between the side
sheath flows.
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Figure 5.6: Photomicrograph of the non-coaxial sheath flow device (shown chip
dimensions: 4× 7 mm2); back sheath inlet, side sheath inlets, and outlet:
330× 330 µm2; sample inlet: 80× 80 µm2; channel dimensions after the focusing
section: 50× 50 µm2 (height× width).
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5.6.2 Experimental Results

In order to characterise the fluidic behaviour of the sample flow in the non-
coaxial sheath flow-cell, focusing limitation of the sample, its profile and its
uniformity over a certain distance have been studied.

Focusing Limitation

For determining the focusing limitation of the flow-cell thewidth of the sam-
ple flow at the focusing region was analysed. A top-viewed image was cap-
tured with the digital camera and the colour intensity of theemitted fluores-
cent dye was evaluated. The width of the sample flow was definedas the
width of the sample at 50 % of the maximum dye intensity which is a useful
definition for different applications, e.g. particle or cell handling, where the
particles or cells have diameters of the same scale as the sample flow diame-
ters. During the experiment the flow rates at the inlets were controlled with
the syringe pumps. The experimental optimum of sample focusing has been
found using the flow rates of 2 µl/min (back sheath inlet), 0.1 µl/min (sample
inlet), and 30 µl/min (side sheath ports). In Figure 5.7 the captured focusing
limitation of this device is depicted. The picture presentsthe image of the flu-
orescent dye. The already focused sample flow due to the taperis additionally
squeezed by the liquids coming from the side ports. The measured focusing
limitation of the non-coaxial sheath flow-cell using the mentioned definition
is a 2.5 µm wide sample flow at a channel width of 50 µm. The reason for
the focusing limitation is the low velocity of the pressure driven flow near the
channel bottom (parabolic flow profile as shown in [45]).

Confocal images have been obtained showing a cross-sectionview of the
channel using the same setup conditions as for the Figure 5.7. Figure 5.8 on
the left-hand side depicts a confocal image of the channel cross-section di-
rectly after the side sheath ports and at the right-hand sidethe corresponding
numerical simulation is highlighted. These two results arein good agree-
ment and they feature a triangle-like shape of the sample flowprofile. The
evaluated sample width of 2.5 µm describes the width at half height of the
sample stream profile. The measured sample flow width of the device at the
channel bottom amounts to 5 µm. The height of the sample flow inside the
microchannel amounts to 12 µm.
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Figure 5.7: Focusing limit of the sample flow in the non-coaxial sheath flow device
(the edges of the channels are outlined with a dotted line for reference andthe arrows
indicate the flow direction). The smallest width of the sample flow amounts to 2.5 µm.
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Figure 5.8: Confocal image and numerical results of the focusing limitation.

Confocal Images Compared to Intensity Measurements

As a next step, confocal measured heights of the sample flow inthe mi-
crochannel were compared with the sample flow heights calculated from the
fluorescence intensity of the sample captured with top viewed images. For
these experiments, the flow rates at the back sheath inlet andthe side sheath
inlets were kept constant, while the flow rate of the sample stream was varied
to achieve different sample heights inside the microchannel. The flow rate at
the back sheath inlet was set to 10 µl/min and at the side sheath ports there
was no flow. In Figure 5.9 (top) confocal profiles of the sampleflow measured
over the whole channel cross-section are depicted featuring different sample
flow rates. The images were performed at 0.5 µm perz-sectioning step over
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Figure 5.9: Top: confocal images of the sample flow profile inside the channel; bot-
tom: photos of the fluorescence intensity of the corresponding sample flow profile
(top). At stable sheath flow the sample flow rate is varied: 0.05 µl/min (left) and
2 µl/min (right).

the 50 µm channel height. Figure 5.9 (bottom) shows the corresponding flu-
orescence images taken with the digital camera of the vertical section of the
whole channel. In Figure 5.9, for the two left images the sample flow rate
was kept at 0.05 µl/min and at the right images at 2 µl/min. The confocal
images show a sample height of 8 µm (left image) and a sample height of
35 µm (right image). The corresponding fluorescence images show different
fluorescence intensities which indicate the possibility ofsample height calcu-
lation using the measured fluorescence intensities. The height of the sample
stream in the microchannel can be determined by comparing the fluorescence
intensity of the sample flow with the fluorescence intensity of a sample flow
reaching the channel ceiling. This assumption is valid because the colour
intensity of the digital camera is not in saturation and the absorption of the
light in water can be neglected due to the wavelength and the small channel
height. Different flow rate ratios between the sheath flow andsample flow
are constituted. Only the flow rate of the sample flow is varied; 0.05 µl/min,
0.1 µl/min, 0.5 µl/min, 1 µl/min, and 2 µl/min.

Figure 5.10 shows the fluorescence intensities of the different sample
flows over the channel width. To obtain a reliable result the intensity of the
dye was averaged over 100 adjacent image lines. The curve with the highest
fluorescence intensity is the reference curve, where the microchannel is com-
pletely filled with the fluorescent dye. The sample flow reaches the channel
ceiling. The other curves indicate that the fluorescence intensity decreases
due to a decreasing sample flow rate. The fluorescence intensity relatively to
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Figure 5.10: Different fluorescence intensities of the sample flow over the channel
width by varying the sample flow rate. The reference curve depicts a sample flow
which reaches the channel ceiling. Sample flow rates according to increasing the
fluorescence intensity: 0.05 µl/min, 0.1 µl/min, 0.5 µl/min, 1 µl/min, and 2 µl/min.
The flow rate at the sheath inlet is stable at 10 µl/min and at the side sheath inlets
there is no flow.

the reference curve allows the sample height inside the channel to be deter-
mined.

Figure 5.11 compares the sample height measured by the confocal micro-
scope and the calculated sample height found from the relative fluorescence
intensity. The results are in good agreement. It shows that without using
the more extensive and higher priced confocal laser scanning measurement
equipment the sample height can be estimated by taking top viewed fluores-
cence photos of the sample stream inside the microchannel. Although, this
image intensity analysis method does not give information on the sample pro-
file and it also requires anin situcalibration as described above.

Influence of the Hydrodynamic Focusing on the Sample Flow Profile

Another interesting effect to analyse is the influence of theliquid flow at the
side sheath ports to a sample flow whose height exceeds the channel centre.
For this experiment the flow rate ratio of the back sheath flow and the sample
flow was kept constant to achieve a stable sample height in thechannel. The
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Figure 5.11: Comparison of the confocal imaged sample flow height (light grey bars)
in the microchannel and the sample flow height calculated (dark grey bars) from the
intensity measurements. Flow rates: 10 µl/min (back sheath inlet), 0 µl/min (side
sheath inlets).

flow rates were held at 10 µl/min (back sheath inlet), and at 2 µl/min (sample
inlet). The generated sample profile without using the side sheath inlets is
given in Figure 5.9 (top right). By applying a flow rate of 30 µl/min at both
side sheath ports the sample flow is squeezed. In Figure 5.12 (top left) the
sample flow profile is shown directly after the side sheath focusing. In the
middle of the channel the focusing of the sample flow has a higher effect
than near the bottom and top of the channel. The sample width in the middle
amounts to 2 µm and at the bottom to 8 µm. The reason of this effect is
the parabolic flow profile in the channel, where the highest flow rate occurs
in the channel centre. The phenomenon of this bow shaped profile is also
described in [46]. Comparing this sample profile to the one without using the
side sheath inlets (Figure 5.9, top right) the sample also increases in height.

The uniformity of the sample flow inside the microchannel is of particular
interest, because the sample stream containing the matter to be analysed, has
to flow through a certain sensing region. A uniform sample flowenhances the
reproducibility of the measurements. To analyse the sampleflow uniformity
inside the channel a confocal image of the sample profile at the microchannel
end has to be constituted. In Figure 5.12 (top right) the sample flow profile
is depicted as it is formed not directly after the side sheathfocusing area, but



5.6 Non-Coaxial Sheath Flow-Cell 89

Width of channel: 50 µm

H
e
ig

h
t 
o
f 
c
h
a
n
n
e
l:
 5

0
 µ

m

Width of channel: 50 µm

top viewtop view

cross section cross section

Figure 5.12: Top: confocal images of the sample flow profile inside the channel
(left: directly after side sheath focusing; right: 600 µm after side sheath focusing);
bottom: photos of the fluorescence intensity of the corresponding sampleprofile (top);
left: images taken directly after side sheath focusing; right: images taken 600 µm
downstream after the side sheath focusing.

600 µm downstream (see Figure 5.6). The sample flow profile broadens a lit-
tle. In the middle of the microchannel the sample width amounts to 4 µm and
at the bottom to 10 µm. It also reaches almost the original height (compare
with Figure 5.9, top right). For this flow conditions the Péclet number is in the
range of 10000, which indicates that diffusion hardly occurs and the convec-
tion dominates the transfer process. Therefore, the slightbroadening of the
sample stream in the downstream channel is not only affectedby diffusion
but also by fluidic effects.

At the bottom of Figure 5.12 the two images show a top-viewed pho-
tomicrograph of the whole channel which correspond to the above depicted
confocal images. Here, the sample width is determined by evaluating the flu-
orescence intensity of the sample flow. The sample width of the left bottom
image is 5 µm (measured directly after side sheath focusing)and of the right
bottom image 7 µm (measured 600 µm after side sheath focusing). The re-
sulting sample widths evaluated with the fluorescence intensity are between
the measured sample widths of the two sample profiles in the middle and at
the bottom of the channel.

Sample Flow Uniformity Analysis by Dye Intensity Measurements

Further investigations of the sample flow uniformity along afluidic channel
over a distance of 1.7 mm are constituted using a non-coaxialsheath flow de-
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1 2

Figure 5.13: Experiments on hydrodynamic focusing: optical measurements
were carried out at the black squares 1 and 2 (distance 1.7 mm) Sampleinlet:
160× 160 µm2; channel width at the inlets and the outlet: 625 µm; channel width
after focusing section: 160 µm; channel height: 70 µm.

vice with channel dimensions of 160 µm in width and 70 µm in height after
the side sheath ports. The chip design is the same as that one described in Fig-
ure 5.5. The device was also realised using the fabrication process explained
in Section 5.4. In Figure 5.13 a photomicrograph at the focusing section of
the fabricated chip is shown. Optical measurements were carried out at the
beginning of the focusing channel (region 1) and the ending (region 2).

For all experiments presented here the flow rates of the back sheath inlet
and the sample inlet were kept constantly at 10 µl/min and 1 µl/min, respec-
tively. During the measurements the flow rate of the side sheath ports were
increased in defined steps from 0 to 40 µl/min to evaluate the uniformity of
the sample flow at different focusing rates and to analyse thechanges of the
sample flow profile. Also, the limitations of hydrodynamic focusing were
experimentally verified.

In Figure 5.14 (bottom) fluorescence photomicrographs of the channel
at the region 1 and 2 are depicted. The images present the intensity of the
emitted colour of the diluted fluorescent dye, which were used to analyse
the width and height of the stable sample flow in the channel. Figure 5.14
(top) depicts the fluorescent intensity of the corresponding images. The solid
line represents the sample profile at region 1 and the dashed line indicates the
profile of region 2. To reduce the noise of the sample flow profile the intensity
of the dye was averaged over the fluorescence image (100 adjacent lines). At
the left-hand side of the Figure 5.14 the flow rate of the side sheath ports was
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Figure 5.14: Measurement results of the sample flow uniformity along the microchan-
nel (solid line indicates region 1 and dashed line indicates region 2 as shownin Fig-
ure 5.13). Left: The flow rate at the inlets are held at 10 µl/min (back sheath inlet),
1 µl/min (sample inlet) and 5 µl/min (side sheath inlets). Right: The flow rate at the
side sheath inlets are increased to 40 µl/min. Bottom: adequate fluorescence images.

kept at 5 µl/min and at the right-hand side at 40 µl/min. The measurements
show the uniformity of the hydrodynamic focused sample flow over a distance
of 1.7 mm. It is noticeable that the width of the sample flow spreads and the
intensity (related to sample hight) is lower due to diffusion effects [47].

As a next step, the width of the sample flow is obtained by different side
sheath flow rates. Figure 5.15 depicts the width of the sampleflow (50 %
of the maximum dye intensity) depending on the flow rate of theside sheath
ports. The light grey bars illustrate the sample width at region 1 and the darker
ones at region 2. The measurements show a focusing in the range from 56 µm
to 11 µm at region 1 and from 63 µm to 13 µm at region 2 at a channelwidth
of 160 µm by varying the flow rate of the control ports from 0 to 40 µl/min.
At a high flow rate of the side sheath ports the width reaches a limit. The
side sheath flow have hardly any influence in further reducingthe width of
the sample flow at higher flow rates than 40 µl/min. The focusing limit of the
sample flow in this device amounts to 10 µm. At region 2 the width of the
sample flow becomes always wider than in region 1.

In Figure 5.16 the influence of the height of the sample flow depending
on the flow rate of the control ports is depicted. To determinethe height of
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Figure 5.15: Comparison of the width of the sample flow at region 1 and region 2
in the channel at different flow rates at the side sheath ports (back sheath flow rate:
10 µl/min; sample flow rate: 1 µl/min).

the sample flow inside the microchannel its measured intensity was compared
to the intensity of an image where the channel was fully filledwith dye. The
measurements show that the height is reduced from about 51 to42 µm at
region 1 and from about 42 to 32 µm at region 2 at a channel height of 70 µm
by varying the flow rate of the side ports from 0 to 40 µl/min. At higher flow
rates than 40 µl/min at the side sheath ports the height of the sample flow still
decreases. It can be seen that the flow rate of the side sheath ports shows an
influence to the height of the focused sample. At region 2 the height of the
sample flow is always lower than at region 1. This results because the sample
flow at region 2 becomes always wider that in region 1 and thus the sample
hight decreases.

5.7 Coaxial Sheath Flow-Cell

5.7.1 Design

Beside the non-coaxial sheath flow-cell discussed in the previous section,
also a design allowing coaxial sheath flow has been constituted. The coax-
ial sheath flow device has been fabricated in the same fabrication run as the
non-coaxial sheath flow devices described in Section 5.4. For a more detailed
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Figure 5.16: Comparision of the height of the sample flow at region 1 and region 2
in the channel at different flow rates at the side sheath ports (back sheath flow rate:
10 µl/min; sample flow rate: 1 µl/min).

description of the fabrication process one might refer to Appendix A.3.
In Figure 5.17 the schematic of the coaxial sheath flow deviceis depicted.

The design of the flow-cell is mainly based on the non-coaxialsheath flow
one (see Section 5.6.1), but it exhibits an additional lifting inlet between the
geometrical focusing section (taper) and the side sheath ports. At that region
the entire sample liquid is lifted by adding sheath liquid through the inlet
and a coaxial sheath flow is formed. The vertical control of the sample flow
dimension and its position inside the microchannel is steered by varying the
flow rate ratio of the back sheath flow and lifting sheath flow tothe sample
flow and the additional sheath liquid at the side ports can navigate the sample
liquid in horizontal direction.

The resulting hydrodynamic focusing device allowing coaxial sheath flow
features multiple sheath flows. Each sheath flow has its own access port
and can be steered individually. A photomicrograph of the fabricated de-
vice is shown in Figure 5.18. The chip has four sheath inlets;three are
330 × 330 µm2 large and the lifting sheath inlet measures 25× 50 µm2.
To compensate the tolerances of alignment during chip processing, the size
of the lifting sheath inlet in the silicon wafer was designeda little larger
(50 × 50 µm2) and after processing the microchannel, the inlet achievesa
size of 25× 50 µm2. The dimensions of the sample inlet are 25× 25 µm2
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Back sheath
inlet

Sample inlet

Side sheath ports

OutletLifting sheath inlet

Taper

Figure 5.17: Schematic of the coaxial flow-cell. The sample liquid is vertically in-
jected into the microchannel, where a sheath liquid from the back is already flowing.
After a first geometrical focusing step (taper section) the sample streamis lifted and
then navigated from the side sheath ports.

and the outlet is 330× 330 µm2. At the inlet areas (except the lifting sheath
inlet) the channel dimensions amount to 400 µm in width and 40µm in height
and after the transversal compression the channel width is 25 µm.

This designed flow-cell features high versatility, becauseit exhibits the
flexibility in creating different sample stream profiles (width and height) and
it allows to navigate the sample stream to every desired position inside the
microchannel (vertical and horizontal). The chosen channel dimensions of
the flow-cell allows creating sample stream dimensions in the range of a few
microns. Additionally, the dimensions of the chip are small(6 × 9 µ mm2).
The major limiting factor for the chip size is that the inletsneed an appropriate
distance between each other to avoid fluidic short-circuits(see the backside
of the chip in Figure 5.3).

5.7.2 Simulation Results

Numerical studies were carried out to analyse the variety ofthe sample stream
profiles and their navigation possibilities inside the microchannel of the coax-
ial sheath flow-cell. For more details of the simulation results one might refer
to Section 5.3. Due to the fact that each sheath flow has its owninlet, the
chip allows high flexibility in controlling the sample stream. The inlets can
either be not used (zero flow rates) or they exhibit flow rates,which can also
be changed in direction (adding or removing sheath liquid).For the desired
sample flow profiles, the corresponding flow rates have to be applied at the in-
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Figure 5.18: Photomicrograph of the coaxial sheath flow device; Back sheath inlet,
side sheath ports and outlet: 330× 330 µm2; sample inlet: 25× 25 µm2 and lifting
sheath inlet: 25× 50 µm2; channel dimensions at the channel cross: 25× 40 µm2

(width× height).

lets. Figure 5.19 depicts CFD simulation results directly after the side sheath
focusing area showing the possibilities of 2D hydrodynamicsample focusing
with the microfluidic chip. The images depict the dye concentration field in
the channel cross-section; black represents the minimum concentration and
white the maximum one. In image I the sample flow is squeezed atone side,
where only the left side sheath port is used. Image II shows horizontal sam-
ple focusing with two neighbouring side sheath flows (unequal flow rates)
and image III highlights vertical sample focusing. To achieve the 2D vertical
focusing, liquid has to be removed at the side sheath ports. It can be seen that
the confinement of the sample flow in image II is much stronger than in im-
age III. That is not only because of the defined flow rates at theinlets but also
of the chip geometry. Due to the focusing step at the taper (see Figure 5.17)
the back sheath flow does not have the same hydrodynamic focusing power
in vertical direction as the side sheath flows in horizontal focusing direction.
The sample stream profiles shown in image II and III can also beshifted in-
side the microchannel by adapting the flow rates of the side sheaths, back
sheath or lifting sheath ports, respectively.

Figure 5.20 depicts CFD simulation results showing examples of varied
sample profiles at different positions inside the microchannel using the 3D
hydrodynamic focusing technique. These images represent the situation re-
sult directly after the side sheath ports in the downstream direction. Image
IV shows a non-coaxial focusing of the sample stream, which is shifted a bit
to the left-hand side (at the left side sheath port liquid is removed and at the
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Figure 5.19: Simulated 2D hydrodynamic focusing inside the microfluidic device;
numerical images of the channel cross-section (directly after the side sheath focusing
area) with different sample stream profiles. The sample can be focused with one or
two neighbouring sheath flows either horizontally (I and II) or vertically (III). Flow
rates (µl/min): back sheath inlet: 1 (I), 1 (II) and 15 (III); sample inlet: 5 (I), 5(II)
and 0.5 (III); lifting sheath inlet: 0 (I), 0 (II) and 12 (III); left side sheath inlet: 10 (I),
10 (II) and−10 (III); right side sheath inlet: 0 (I), 2 (II) and−10 (III).

right side sheath port liquid is added). The middle image V shows a lifted
sample stream (coaxial sheath flow) and image VI depicts the sample stream
positioned at the top right corner. These images show the versatility in sample
stream control of the fluidic chip.

5.7.3 Experimental Results

In this section, experimental results with the confocal microscope are de-
scribed to show the performance of the coaxial sheath flow device. Addition-
ally, the analysis of dye intensity for sample flow characterisation is illustrated
more in detail.

Confocal Microscope Measurements of the Sample Stream

Figure 5.21 shows a three-dimensional confocal image of thesample stream
at the channel region where the sample stream is lifted initially and focused
afterwards from the sides. The scanning area of the microscope is set to a
square of 220× 220 µm2, which is covered by 512× 512 pixels and the ver-
tical step size amounts to 0.5 µm. This image presents the emitted light of the
fluorescent dye. For orientation of the sample stream, the channel geometry
is outlined. It can be seen that the sample stream inside the channel is first
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Figure 5.20: Simulated 3D hydrodynamic focusing inside the microfluidic device;
numerical images of the channel cross-section (directly after the side sheath focusing
area) with different sample flow profiles. The sample stream can be focused either
to one channel wall (IV) or dynamically controlled inside the channel by adjustable
sample diameter (V and VI). Flow rates (µl/min): back sheath inlet: 15 (IV), 20 (V)
and 10 (VI); sample inlet: 0.05 (IV), 0.1 (V) and 0.5 (VI); lifting sheath inlet: 0 (IV),
5 (V) and 30 (VI); left side sheath inlet:−8 (IV), 0 (V) and 10 (VI); right side sheath
inlet: 5 (IV), 0 (V) and−8 (VI).

lifted and then horizontally focused. This image shows thatthe principle of
the coaxial sheathing at all four sides is operating.

Subsequently, the fluidic dynamics of the sample stream and its focusing
behaviour was analysed. In Figure 5.22, top and side views ofthe sample
stream at the lifting and side ports area are shown. The flow rates at the
inlet ports were 15 µl/min (back sheath inlet), 0.5 µl/min (sample inlet),
12.5 µl/min (lifting sheath inlet) and 40 µl/min (side sheath inlets). The
sample stream is centred to the middle of the channel and additionally hori-
zontally focused. The top view shows that the sample stream broadens a bit
after the lifting inlet. This broadening comes from the lifting liquid, pushing
the sample up to the channel centre. At the channel cross areathe sample
stream accumulates a little before it is squeezed. This can also be seen at the
side view, where the dye intensity rises. The reason for thissample accumu-
lation is that the flow rates at the side sheath inlets (2× 40 µl/min) are fairly
high compared to the flow coming from the main channel, where the stream
has a flow rate of approximately 28 µl/min.

The confocal technology also allows cross-section views, which show the
sample flow profile. Figure 5.23 depicts three channel cross-sections at the re-
gion before sample lifting (A), after sample lifting (B) andafter side focusing
(C). The regions are also depicted in Figure 5.22 (top view).Figure 5.23 (A)
shows a non-coaxial sample profile, where the sample moves along the chan-
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50 µm

Figure 5.21: Measurement result with the confocal laser scanning microscope. The
sample stream is initially lifted and then squeezed by the flows at the side ports.Flow
rates: 15 µl/min (back sheath inlet), 0.5 µl/min (sample inlet), 12.5 µl/min (lifting
sheath inlet), and 40 µl/min (side sheath ports). The edges of the channels are out-
lined, whereas at the front left corner some lines are left out for better visibility of the
sample stream and the arrow indicates the flow direction.

nel bottom. The height of the sample flow reaches approximately one-third
of the channel height. After lifting the sample flow the profile gets somewhat
broader in width and its height decreases; see Figure 5.23 (B). This phe-
nomenon comes from the lifting liquid which pushes the sample stream up.
The size of the sample stream amounts to about one fifth of the microchannel
dimensions. These dimensions of the sample stream allow focusing single
particles of about 5 µm in diameter. In order to test the focusing limit in the
horizontal direction the sample stream is additionally squeezed (40 µl/min
at each side port). Figure 5.23 (C) illustrates the resulting profile; the sam-
ple stream is further focused in width, whereas the height ofthe profile stays
almost the same. The smallest possible width measured amounts to approxi-
mately 1.5 µm.

Figure 5.24 depicts the CFD simulation results of the sampleflow profile
at the regions A, B and C in Figure 5.22 (top view). Here, the same flow rates
at the channel inlets are applied as in the presented experiment. It can be seen
that the simulation results for all three profiles (A, B and C)are in very good
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Figure 5.22: Measurement results with the confocal laser scanning microscope. Top:
top view of the section with lifting inlet and side ports. (The edges of the channels
are outlined with a dashed line and the lifting inlet in silicon is outlined with a dotted
line. The arrows indicate the flow direction). Bottom: side view of the microchannel.
The flow rates at the inlet ports are held at 15 µl/min (back sheath inlet), 0.5 µl/min
(sample inlet), 12.5 µl/min (lifting sheath inlet), and 40 µl/min (side sheath inlets).

agreement with the measurements.

Dye Intensity Analysis of the Focused Sample Stream

A series of measurements were performed in which the vertical dimensions
of the sample stream were controlled. First, the penetration of the sample
flow into the microchannel was analysed in relation to the flowrate ratio be-
tween the back sheath flow and the sample flow. During the experiment, the
flow rate of the back sheath flow was kept constant at 15 µl/min, while the
sample liquid was injected at different flow rates from 0.05 to 4 µl/min. The
measurements were carried out at region A (Figure 5.22, top). At the top of
Figure 5.25, images of the dye intensity (sample flow) are depicted, showing
the intensity change caused by increasing the sample flow rate. These top-
viewed images were captured with the digital camera coupledto the micro-
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Figure 5.23: Confocal measurements inside the microchannel. The pictures reveal
the sample flow profiles at cross-sections at the positions A, B, and C (Figure 5.22 top
view).

A CB
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Figure 5.24: Simulation results of the flow-cell using the flow rate settings that were
applied for the measurements of Figure 5.23. The pictures reveal the cross-section
sample flow profiles at the positions A, B, and C (Figure 5.22 top view).
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Figure 5.25: Top: Top-view dye intensity images of the sample flow by varying the
sample flow rate. The back sheath flow is kept at 15 µl/min. The images are a part
of the total channel width and the shown channel region is at position A (Figure 5.22,
top view); Bottom: The different dye intensities of the sample stream in relation to the
sample flow rates. The reference line depicts the maximum dye intensity, where the
channel is fully filled with dye.

scope. In Figure 5.25 (bottom) the graph shows the differentdye intensities
of the sample streams at the middle of the channel width. To obtain a reli-
able result the intensity of the dye was averaged over 100 adjacent lines. The
reference line was achieved by filling the microchannel totally with dye. As
shown in Section 5.6.2, the sample height inside the channelcan be calculated
from these intensity images. Figure 5.26 shows the results of the calculated
sample heights obtained from the intensity images as shown in Figure 5.25,
compared with the results of CFD simulations. They show a good match and
the sample height inside the channel can be steered between approximately
10 and 40 µm.

As a next step, the height of the sample lifting inside the microchannel
was determined. During this experiment, the back sheath flowand the sample
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Figure 5.26: Comparison of the simulated sample flow height (light grey bars) inside
the microchannel at region A (Figure 5.22, top view) and the measuredsample height
(dark grey bars) resulting from the dye intensity (Figure 5.25). The back sheath flow
is kept stable at 15 µl/min.

flow were kept constant (15 µl/min at the back sheath inlet and 0.5 µl/min at
the sample inlet). At this flow conditions the sample flow height is about one
third of the total channel height. The lifting sheath flow rate was varied from
1 to 16 µl/min (see Figure 5.27). In order to measure the height of sample
lifting, the dye was not injected at the sample inlet, but at the sheath lift-
ing inlet. Dye intensity analyses were carried out the same way as discussed
in the previous paragraph. The images were taken at region B (Figure 5.22
(top)). The height of the lifting flow (equivalent to the sample lifting height)
was calculated from the resulting intensity images of the lifting sheath flow.
Figure 5.27 (bottom) shows the results of the experiment andthe correspond-
ing CFD simulations, which are in good agreement. At a sheathlifting flow
rate of 1 µl/min, the sample stream is lifted to about 4 µm from the chan-
nel bottom. By increasing the sheath lifting flow rate, the sample stream is
lifted further to the channel centre. For sheath lifting flowrates higher than
12 µl/min, the sample lifting does not change much anymore with these flow
conditions. If the sample stream has to be shifted further tothe channel ceil-
ing the flow rate of the back sheath inlet has to be reduced (seeFigure 5.20,
VI). Figure 5.27 (top) depicts CFD simulation images of the sample stream
profile (cross-view), which correspond to the lifting sheath flow rate shown
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Figure 5.27: Top: Simulated cross-section view of the sample stream in relation to
different lifting sheath flow rates; Bottom: Comparison of the simulated sample lifting
height (light grey bars) inside the microchannel at region B (Figure 5.22, top view)
and the calculated sample lifting height (dark grey bars) resulting from dye intensity
analysis (data not shown). The back sheath flow is held stable at 15 µl/min and the
sample flow at 0.5 µl/min.

also in Figure 5.27. The image series shows that if the flow rate of the lifting
sheath inlet is increased, the sample stream will not only belifted to the centre
of the microchannel, but it will also be squeezed in the vertical direction. For
achieving the desired sample stream height at a defined sample lifting place
inside the microchannel, all three flow rates form the back sheath inlet, the
sample inlet and the lifting sheath inlet have to be taken into account.

Beside the experiments for the vertical control of the sample flow, a series
of additional measurements were carried out to analyse the horizontal control
of the sample stream. The width of the sample flow and the sample flow shift-
ing caused by the side sheath ports were analysed. During theexperiment,
the flow rates at the back sheath inlet, sample inlet and the lifting sheath inlet
were kept constant at 15 µl/min, 0.5 µl/min, and 12.5 µl/min, respectively.
For these flow conditions the sample stream is surrounded by acoaxial sheath
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Figure 5.28: Comparison of the simulated sample flow width inside the channel at
region C (Figure 5.22, top view) and the calculated sample width resulting from its dye
intensity (data not shown). Other flow rates: 15 µl/min (back sheath flow), 0.5 µl/min
(sample flow) and 12.5 µl/min (lifting sheath flow).

flow and the sample stream flows in the centre of the microchannel. The sam-
ple stream exhibits a size of about 6 µm in diameter, as shown in Figure 5.23
(B). The flow rates at the side sheath ports were varied to control the width
of the sample stream and its flow position in the horizontal direction. At the
side sheath ports, liquid was either added or removed. If liquid is removed
we call the flow rate negative. For the experiments, images were taken with
the digital camera of the area of the side sheath ports. The dye intensity of
the sample stream was analysed at region C shown in Figure 5.22 (top).

In a first step, the width of the sample stream was controlled,where the
same flow rate at both side sheath ports were applied and varied in the range
from −10 to+40 µl/min. Figure 5.28 shows the determined sample width
over the different flow rates of the side sheath ports, which can be controlled
over a wide range. At a flow rate of−10 µl/min at both side ports the sample
stream is enlarged to the channel width of 25 µm. This flow rateis also
the limit where still no sample liquid is flowing into the sideports, which
will occur if more liquid is removed from the side ports. By adding sheath
liquid through the side ports the sample stream is squeezed horizontally. At
the flow rate of 40 µl/min at both side ports, the sample width amounts to
approximately 1.5 µm. The resulting sample profile is shown in Figure 5.23
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Figure 5.29: Left: Measured images of the sample stream at the side ports area in
relation to the flow rates at the sheath side ports (The channel edges are outline with a
dashed line. The arrows indicate the flow direction); Right: Corresponding simulated
results after the side ports in flow direction. Other flow rates: 15 µl/min (back sheath
flow), 0.5 µl/min (sample flow) and 12.5 µl/min (lifting sheath flow).

(C). This width exhibits the horizontal focusing limit of the flow-cell. Further
decreasing the sample flow width appeared not possible because the flow rates
between sample and sheath flows became so large that the regular sample flow
was disturbed and not visible any more.

Finally, the horizontal sample flow positioning in relationto the applied
flow rates at the side ports was analysed. The flow rates for theother inlets
(back sheath, sample and lifting sheath) were kept constantat the values men-
tioned before, where the sample stream exhibits the profile as shown in Fig-
ure 5.23 (B). To shift the sample stream inside the microchannel, the sheath
liquid flow at the side sheath ports were applied in the opposite direction. Fig-
ure 5.29 shows images at the side ports area with different applied flow rates
at the side ports. On the left-hand side, some illustrative top-viewed images
of the experimental results are depicted and at the right-hand side, the cor-
responding CFD simulations in a cross-section perspectiveare shown. The
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Figure 5.30: Horizontal sample flow shift. Dye intensity of the sample stream over
the channel width in relation to the flow rates at the side sheath ports at regionC
(Figure 5.22, top view). At one side sheath port liquid is added, whereas at the other
liquid is removed with the same flow rate. The sample stream moves to the right-
hand side. Flow rates: 15 µl/min (back sheath flow), 0.5 µl/min (sample flow) and
12.5 µl/min (lifting sheath flow).

simulated images show the sample profile directly after the side ports in the
flow direction, and they illustrate where the sample stream flows inside the
microchannel. The horizontal control of the sample flow dimension shows a
good match between experimental results and the CFD simulations. By in-
creasing the flow rates at both side ports, the sample stream is shifted to one
channel side wall, whereas the sample stream diameter staysalmost the same.
At flow rates of±10 µl/min, the sample stream flows along the channel wall.
If the flow rates are even further increased, the sample stream starts to split
up and a part of the flow runs through one side sheath port. At flow rates of
±12 µl/min, the sample stream completely flows through one side channel,
as shown in Figure 5.29 (bottom). The flow rates can be furtherincreased so
that the sample stream does not even touch any channel wall.

Figure 5.30 shows the quantitative results of the horizontal sample flow
shifting. The dye intensity stays the same and the width of the sample hardly
changes. It becomes only a little bit broader when the samplestream is shifted
to the channel wall side. If the flow rates at the side sheath ports exhibit dif-
ferent flow rates in addition, the width of the horizontal shifted sample stream
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can be also varied (focused or expanded). All the investigations in this section
emphasise the versatility of the flow-cell for sample streamadjustment inside
the microchannel.

5.8 Conclusions and Outlook

In this chapter two microfabricated 3D hydrodynamic focusing devices have
been described featuring high versatility in sample streamcontrol. Due to the
fact that each of all the sheath flow sides can be individuallysteered the flow-
cells cannot only adjust the sample stream profile and its dimensions, but it
can also position the sample stream inside the microchannel. Additionally,
the chip size of both devices amounts to 6× 9 mm2, which is significantly
smaller than microfluidic devices found in literature.

First a non-coaxial sheath flow device with a channel cross-section at the
focusing area of 50× 50 µm2 was induced. Here, the experimentally deter-
mined focusing limitation of the sample flow was highlightedand it amounts
to 2.5 µm in width (sample flow border was 50 % of dye intensity). Under
these conditions the sample flow is running along the channelbottom and
its profile features a triangle-like shape with a height of 12µm. The pro-
file of the sample stream inside the microchannel was constituted with con-
focal laser scanning microscope measurements. Different confocal-measured
heights of the sample profile were compared with the sample flow heights cal-
culated from the fluorescence intensity of the sample. The results are in good
agreement. It shows that without using the more extensive and higher priced
confocal laser scanning measurement equipment the sample height can be es-
timated by taking top-viewed fluorescence photomicrographes of the sample
stream inside the microchannel. Disadvantages are that theshape of the sam-
ple flow cannot be determined with this method and anin situ calibration for
each channel height is required. Additionally, the influence of the side sheaths
focusing of the sample flow was investigated. Due to the parabolic velocity
field this focusing technique shows higher effect at the channel centre than
near the channel walls. A bow shaped sample profile will be achieved, if the
sample flow is penetrated deeper inside the channel than the half of the chan-
nel hight. Finally, the change of the sample profile after a distance of 600 µm
(and 1.7 mm for a device with a channel cross-section of 70× 160 µm2)
downstream of the side sheath inlets was shown; the sample profile broadens
a little and the height is decreased.

The second microfluidic device features a coaxial sheath flowcell, where



108 BIBLIOGRAPHY

the channel cross-section at the focusing area amounts to 25× 40 µm2. The
sample stream was surrounded with a sheath flow at all four sides. Here, a
very small sample stream flowing in the centre of the microchannel with a
width of approximately 1.5 µm has been achieved. The resulting height of
the sample stream features 8 µm. These dimensions are nearlyan order of
magnitude smaller than those in conventional 3D flow focusing devices. Ad-
ditionally, the versatility in sample stream control was shown. The flow-cell
allows hydrodynamic focusing of the sample stream either intwo or in three
dimensions. It can also generate non-coaxial and coaxial sheath flows in dif-
ferent parts of the microchannel. Experiments have been carried out using a
confocal laser scanning microscope, where the sample flow profiles generated
were characterised. Subsequently, intensity analyses of the sample stream in
relation to the applied flow rates at all inlets were made to establish the re-
sulting sample stream size and its position inside the microchannel. These
results were compared with the numerical CFD simulations, thereby confirm-
ing the flexible sample stream control and showing that the complicated flow
behaviour of the flow-cell can be accurately modelled.

In combination with (integrated) sensors the two three-dimensional sheath
flow devices are suitable for single particle or cell analysis. For example the
non-coaxial sheath flow design enables the possibility for an on-chip Coulter
counter, where electrodes are integrated at the channel bottom [12], near-field
optical particle shape detection [18], or cell analysis applying a DVD pickup
head near the microfluidic device [17]. In coaxial sheath flowdevices optical
fibres can be integrated, which allows single particles or cells to be detected
or counted [48]. Furthermore, the latter design allows applications in the
non-coaxial and coaxial parts to be combined, forming a complete integrated
analysis system. Another possibility would be to use the flow-cell in cell
sorting applications. The two hydrodynamic focusing designs described here
allow very small sample stream dimensions featuring a comparable size of
e.g. bacteria and platelets.
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Appendix A

Fabrication

The micromachined devices described in Chapter 2, Chapter 3, and Chapter 5
were manufactured with planar microfabrication processesbasically involv-
ing (i) optical photolithography, (ii) etching, (iii) thin-film deposition, (iv)
wafer bonding, (v) wire bonding, and (vi) wafer sawing. In the following, a
detailed description of the process scheme of the differentdevices is given.

A.1 PCR Chip

The used materials of the PCR chip were a silicon wafer and a glass wafer,
both with a diameter of 100 mm. The silicon wafer is 525 µm thick, n-type,
(100) oriented, and mirror polished at one side. For the glass a 500 µm thick
PYREX® 7740 wafer was used.

As a first step, cavities were etched in the silicon wafer, followed by ther-
mally growing a silicon oxide layer at the cavities side of the wafer.

Step Process Equipment and Parameters

1 Photoresist
coating

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate
Leybold UT 5042 EK air-circulating oven
1© Spin coating of positive photoresist AZ6624 at

4000 rpm (resist thickness of 2.4 µm) for 40 seconds
2© Hotplate pre-bake at 107◦C for 5 minutes
3© Air-circulating oven pre-bake at 100◦C for 10 minutes

2 Photoresist
exposure

EVG AL 6 mask aligner using hard-contact mode
1© Alignment of the photomask
2© Exposure for 10 seconds

115
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Step Process Equipment and Parameters

3 Photoresist
develop-
ment

Hamatech spray developer
1© Development using AZ 826 MIF for 30 seconds
2© Rinsing with DI water and spin drying

4 Cavity
etching

Alcatel AMS 100 “I-Speeder” ICP etcher
1© DRIE with time-multiplexed etching using gas chop-

ping of sulfur hexafluoride SF6 (etching) and octaflu-
orcyclobutane C4F8 (deposition) for a depth of 180 µm

5 Photoresit
removing

EVG 301 single wafer megasonic cleaner
1© US pre-cleaning for 5 minutes in acetone bath II
2© US pre-cleaning for 3 minutes in acetone bath III
3© US pre-cleaning for 3 minutes in isopropanol bath
4© DI water megasonic cleaning and spin drying

6 Wafer
oxidation

ATV PEO 601 furnace
1© Wet thermal oxidation at 900◦C for 6 minutes to

achieve a 40 nm thick SiO2

7 Resist coat-
ing at the
wafer front
side

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate
1© Spin coating of positive photoresist AZ6624 at

4000 rpm (resist thickness of 2.4 µm) for 40 seconds
2© Hotplate pre-bake at 107◦C for 5 minutes

8 Oxide
stripping at
the wafer
back side

Reactive ion etcher STS 320-PC
1© RIE using fluoroform and oxygen CHF3/O2 for 10 min-

utes

9 Photoresist
removing

EVG 301 single wafer megasonic cleaner
1© US pre-cleaning for 5 minutes in acetone bath II
2© US pre-cleaning for 3 minutes in acetone bath III
3© US pre-cleaning for 3 minutes in isopropanol bath
4© DI water megasonic cleaning and spin drying

10 Wafer
cleaning

Reactive ion etcher STS 320-PC
1© Oxide-plasma cleaning at the wafer front side
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The silicon wafer treatment has been completed. As a next process step,
through holes were drilled in the glass wafer. Here, the wafer was first
coated with a resist to protect the glass wafer from the particles arising during
drilling.

Step Process Equipment and Parameters

1 Resist
coating

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate
1© Spin coating of AZ 1512 at 4000 rpm for 40 seconds
2© Hotplate pre-bake at 100◦C for 2 minutes

2 Holes
drilling

Adapted drilling machine
1© Drilling of 1 mm holes at 20000 rpm with a diamant

hollow drill

3 Resist
removing

EVG 301 single wafer megasonic cleaner
1© US pre-cleaning for 5 minutes in acetone bath II
2© US pre-cleaning for 3 minutes in acetone bath III
3© US pre-cleaning for 3 minutes in isopropanol bath
4© DI water megasonic cleaning and spin drying

4 Wafer
cleaning

Reactive ion etcher STS 320-PC
1© Oxide-plasma cleaning at the wafer bonding side

Subsequently, the two wafers were anodically bonded.

Step Process Equipment and Parameters

1 Wafer
alignment

–
1© Wafer alignment manually
2© Wafer clamping with bond tool

2 Wafer
bonding

EVG 501 wafer bonder
1© Anodic bonding at 425◦C and a contact force of 250 N

with a DC voltage of 1000 V for 45 minutes

Finally, the bonded wafers were cut in order to obtain individual PCR chips.
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Step Process Equipment and Parameters

1 Sawing Automatic Dicing Saw DISCO DAD 3220
1© Wafer cutting
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A.2 DNA Sensor

As base material a 350 µm thick, (100) orientated, and double-sided mirror
polished 3 inch silicon wafer was used, which was coated with130 nm of
thermally grown silicon oxide at one side. Interdigitated gold electrodes were
fabricated at the silicon oxide layer.

Step Process Equipment and Parameters

1 Resist
coating

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate
1© Spin coating of resist 5 % 950K PMMA (polymethyl-

methacrylate) in anisole at 1000 rpm (resist thickness of
400 nm) for 40 seconds

2© Hotplate pre-bake at 180◦C for 2 minutes

2 Resist
exposure

E-beam pattern generator
1© Direct writing on the resist

3 Resist
development

–
1© Development using C6H12O:C3H8O (1:3) for 60 sec-

onds
2© Rinsing with isopropyl alcohol C3H8O
3© Dry under a nitrogen flow

4 Post bake Leybold UT 5042 EK air-circulating oven
1© Post bake at 95◦C for 30 minutes

5 Titanium-
gold
evaporation

Balzers BAK 550
1© E-beam evaporation of 200̊A of titanium at a deposition

rate of 3Å/s and a pressure of around 10-7 mbar
2© Thermal evaporation of 800̊A of gold at a deposition

rate of 5Å/s and a pressure of around 10-7 mbar

6 Lift-off –
1© Lift-off in acetone bath I
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Step Process Equipment and Parameters

7 Cleaning EVG 301 single wafer megasonic cleaner
1© US pre-cleaning for 5 minutes in acetone bath II
2© US pre-cleaning for 3 minutes in acetone bath III
3© US pre-cleaning for 3 minutes in isopropanol bath
4© DI water megasonic cleaning and spin drying

Finally, the wafer was cut in order to achieve individual sensor chips. For
measurements, the devices were glued onto printed circuit boards and electri-
cally connected by wire bonding. To ensure proper electrical insulation and
mechanical robustness, the bond wire areas were sealed using an epoxy resin.

Step Process Equipment and Parameters

1 Wafer
sawing

Automatic Dicing Saw DISCO DAD 3220
1© Wafer cutting

2 Chip
mounting

–
1© Gluing the chips onto PCB’s using the instant adhesive

Uhu plus 300

3 Wire
bonding

Unitek 8-150-03 Thermocompression wire bonder
1© Bonding using a gold wire with a diameter of 13 µm

4 Wire
sealing

Leybold UT 5042 EK air-circulating oven
1© Sealing of the bond wire areas using the two-component

adhesive Uhu plus 300
2© Air-circulating oven curing at 70◦C for 45 minutes



A.3 Flow-Cells 121

A.3 Flow-Cells

The hydrodynamic focusing devices consist of a silicon wafer and a glass
wafer with a sandwiched photosensitive polymer in between.The used sili-
con wafer was 100 mm in diameter and 350 µm thick. It was n-type, (100)
oriented, double-sided mirror polished and coated with 250nm of thermally
grown silicon oxide and 70 nm of LPCVD silicon nitride on bothsides. For
the glass a 200 µm thick PYREX® glass wafer with the same diameter as the
silicon wafer was used and the polymer was a commercial available SU-8-50,
based on the EPON™ epoxy resin.

In a first process, the SU-8 layer on the glass wafer was structured defin-
ing the microchannels (geometry and height). For the later adhesive wafer
bonding unexposed SU-8 was remained on defined areas using asbonding
material.

Step Process Equipment and Parameters

1 Titanium
evaporation

Balzers BAK 550
1© E-beam evaporation of 10̊A at a deposition rate of 1̊A/s

and a pressure of around 10-7 mbar

2 SU-8
coating

Hamatech resist coater
LHG Type PZ28-2 hot plate
1© Spin coating of negative photoresist SU-8 50 at

2500 rpm (resist thickness of 43 µm) and 3500 rpm (re-
sist thickness of 35 µm) for 40 seconds

2© Hotplate pre-bake at 90◦C for 4 hours

3 SU-8
exposure

Süss MA 150 M mask aligner using hard-contact mode
1© Exposure for 60 seconds

4 PEB LHG Type PZ28-2 hot plate
1© Post exposure bake at 90◦C for 15 minutes

5 Copper
evaporation

Balzers BAK 550
1© Thermal evaporation of 12000̊A at a deposition rate of

5 Å/s and a pressure of around 10-7 mbar
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Step Process Equipment and Parameters

6 Photoresist
coating

Hamatech resist coater
LHG Type PZ28-2 hot plate
1© Spin coating of positive photoresist AZ 1512 HS at

4000 rpm (resist thickness of 1.2 µm) for 40 seconds
2© Hotplate pre-bake at 60◦C for 5 minutes

7 Photoresist
exposure

Süss MA 150 M mask aligner using hard-contact mode
1© Alignment of the photo mask
2© Exposure for 5 seconds

8 Photoresist
develop-
ment

Hamatech spray developer
1© Development using AZ 826 MIF for 20 seconds
2© Rinsing with DI water and spin drying

9 Wet etching
of copper

–
1© Etching using aqueous 20% (WT) solution of Na2S2O8

for 2 minutes

10 Photoresist
removing

–
1© Cleaning using undiluted developer AZ 400 K for

2 minutes

11 SU-8
development

Glass cuvette
1© Development using PGMEA for 4 minutes
2© Rinsing with isopropanol and spin drying

12 Wet etching
of residual
copper

–
1© Etching using aqueous 20% (WT) solution of Na2S2O8

for 2 minutes

The glass wafer has been prepared for the wafer bonding. As a next process
sequence, rectangular apertures were created in the back side coating of the
silicon wafer, followed by an anisotropic wet etching process through the sil-
icon. The coating at the front side still remains and severalmembranes were
created. In a later step, the membranes were penetrated achieving through
holes.
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Step Process Equipment and Parameters

1 Front side
protection

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate

1© Spin coating of positive photoresist AZ 6624 at
4000 rpm (resist thickness of 2.4 µm) for 40 seconds

2© Hotplate pre-bake at 105◦C for 5 minutes

2 Cleaning EVG 301 single wafer megasonic cleaner
1© DI water megasonic cleaning and spin drying of the

wafer back side

3 Back side
photoresist
coating

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate
Leybold UT 5042 EK air-circulating oven
1© Spin coating of positive photoresist AZ 6624 at

4000 rpm (resist thickness of 2.4 µm) for 40 seconds
2© Hotplate pre-bake at 105◦C for 5 minutes
3© Air-circulating oven post-bake at 100◦C for 10 minutes

4 Photoresist
exposure

EVG AL 6 mask aligner using vacuum-contact mode
1© Alignment of the photo mask
2© Exposure for 10 seconds

5 Photoresist
develop-
ment

Hamatech spray developer
1© Development using AZ 826 MIF for 25 seconds
2© Rinsing with DI water and spin drying

6 Plasma
etching

Reactive ion etcher STS 320-PC
1© RIE using carbon tetrafluoride and oxygen CF4/O2 for

5 minutes
2© RIE using fluoroform and oxygen CHF3/O2 for 5 min-

utes

7 Cleaning EVG 301 single wafer megasonic cleaner
1© US pre-cleaning for 5 minutes in acetone bath II
2© US pre-cleaning for 3 minutes in acetone bath III
3© US pre-cleaning for 3 minutes in isopropanol bath
4© DI water megasonic cleaning and spin drying of the

wafer front side
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Step Process Equipment and Parameters

8 Front side
protection

Hamatech resist coater
Süss MicroTec Delta 150 BM hot plate

1© Spin coating of PROTEK etch protective coating
(Brewer Science) at 2000 rpm for 30 seconds

2© Hotplate pre-bake at 100◦C for 3 minutes
3© Spin coating of PROTEK etch protective coating

(Brewer Science) at 4000 rpm for 30 seconds
4© Hotplate pre-bake at 120◦C for 2 minutes, followed by

130◦C for 2 minutes, and 150◦C for 2 minutes

9 Back side
wet etching

KVA Anisotropic etcher
1© KOH etching for 7 hours using a 30 weight percent wa-

ter solution at 75◦C yielding an etch rate of 50 µm/h

10 Protective
coating
removal
and clean-
ing

EVG 301 single wafer megasonic cleaner
1© Dip-cleaning for about 60 minutes in acetone bath II
2© Dip-cleaning for about 30 minutes in acetone bath III
3© Dip-cleaning for about 30 minutes in isopropanol bath
4© Rinsing of the wafer front side using DI water and spin

drying

The front side of the silicon wafer has been prepared for the adhesive wafer
bonding achieve an irreversible SU-8 to SU-8 bond. Therefore, SU-8 was
structured defining the channel geometry (no unexposed SU-8was applied).
Note, for masks featuring asymmetric structures, the SU-8 on the silicon
wafer had to be exposed in a mirrored way.

Step Process Equipment and Parameters

1 Titanium
evaporation

Balzers BAK 550
1© E-beam evaporation of 1000̊A at a deposition rate of

5 Å/s and a pressure of around 10-7 mbar
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Step Process Equipment and Parameters

2 SU-8
coating

Hamatech resist coater
LHG Type PZ28-2 hot plate

1© Spin coating of diluted negative photoresist SU-8 50
with GBL (3:1) at 3500 rpm (resist thickness of 7 µm)
and 5000 rpm (resist thickness of 3 µm) for 40 seconds

2© Hotplate pre-bake at 95◦C for 30 minutes

3 SU-8
exposure

EVG AL 6 mask aligner using hard-contact mode
1© Back side alignment of the quartz mask
2© Exposure for 25 seconds

4 PEB LHG Type PZ28-2 hot plate
1© post exposure bake at 90◦C for 30 minutes

5 SU-8
development

Glass cuvette
1© Development using PGMEA for 4 minutes
2© Rinsing with isopropanol and spin drying

Subsequently, the membranes consisting of 250 nm of thermally grown sil-
icon oxide and 70 nm of LPCVD silicon nitride were penetratedachieving
through holes in the silicon wafer. The holes were the accessports to the
microchannels.

Step Process Equipment and Parameters

1 Membrane
removal
and clean-
ing

EVG 301 single wafer megasonic cleaner
1© Rinsing of the wafer back side using DI water with

megasonic at 1 MHz followed by spin drying

Now, the wafers were prepared for the adhesive wafer bonding.

Step Process Equipment and Parameters

1 Wafer
alignment

EVG AL 6 mask aligner
1© Wafer alignment
2© Wafer clamping with bond tool
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Step Process Equipment and Parameters

2 Wafer
bonding

EVG 501 wafer bonder
1© Apply bonding force of 700 N, no evacuation
2© Heating up to 100◦C at a heating ramp of 3◦C/minutes
3© Hold heat at 100◦C for 60 minutes
4© Heating up to 180◦C at a heating ramp of 3◦C/minutes
5© Hold heat at 180◦C for 60 minutes
6© Cooling down to room temperature at a cooling ramp of

1 ◦C/minutes

Finally, the wafer was cut in order to obtain individual microfluidic chips.
For comfortable chip handling and to ensure fluidic connection, the chips
were glued onto adapted PCB’s.

Step Process Equipment and Parameters

1 Wafer saw-
ing

Automatic Dicing Saw DISCO DAD 3220
1© Wafer cutting

2 Chip
mounting

–
1© Gluing the chips onto PCB’s using the instant adhesive

Loctite 401
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Protocols

In the following, the protocols for the PCR, the functionalisation of the gold
electrodes with modified DNA probes and the DNA hybridisation measure-
ments with the DNA sensor are described more in details.

B.1 PCR

The PCR runs were accomplished with the 16S rRNA target gene from the
bacteriaEscherichia coli. The selected DNA template is a component of the
small subunit (30S) of prokaryotic ribosomes. The used primers flank the
16S fragment between the position 934 to 1413. Therefore, a 479 bp long
DNA sequences will be amplified. In Table B.1 the compositionof the PCR
mixture is shown.

After preparing the PCR mastermix, it was manually injectedinto the
PCR chamber (or tube) with a conventional pipette. The chamber was fully
filled with the mixture and afterwards sealed properly to prevent evaporation
of the mixture during the PCR run. The adjusted temperature cycle conditions
are shown in Table B.2. During the PCR process 40 temperaturecycles had
been accomplished.

To yield of the DNA amplification were determined using the standard
process of agarose gel electrophoresis.
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Table B.1: Composition of the PCR mixture.

Reagent PCR mixture [µl] Concentration in PCR mixture

Glycerol 3 –
Betaine 1.5 10 %
BSA 0.6 5 mg/ml
Water 11.34 –
Forward primer 1.2 25 pmol/µl
Reverse primer 1.2 25 pmol/µl
10× PCR Buffer 3 –
MgCl2 1.2 25 mM
dNTP with dUTP 0.6 –
Taqpolymerase 0.36 5 U/µl
DNA from CFU 6 1:10 or 1:100

Total volume 30

Sequence of the forward primer:
5′-d[CAC AAG CGG TGG AGC ATG TGG TTT A]-3′

Sequence of the reverse primer:
5′-d[TGG TGT GAC GGG CGG TGT GTA CAA]-3′

Table B.2: Temperature cycling conditions.

Temperature [◦C] Time [s]

Pre-denaturation 95 600

Denaturation 95 30
Annealing 58 30
Extension 72 30

Final extension 72 600
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B.2 Functionalisation of the Gold Electrodes

Next, a detailed description of the functionalisation process is given.
The interdigitated gold electrodes were functionalised with the 39 base

long oligonucleotideEco3probes (VBC Biotech, Austria), which were ob-
tained from the 16S rRNA of the bacteriaEscherichia coli. The probes
were modified at the3′-end with the fluorescent dye Cy3 (550 nm excita-
tion, 565 nm emission) and at the5′-end with a thiol group (also referred
as a sulfhydryl group). The thiol group is composed of a sulfur atom and a
hydrogen atom (-SH) and it binds covalently on the gold electrodes.

Step Process Equipment and Parameters

1 Organic
cleaning

–
1© Rinsing the electrodes with DI water
2© Drying under a nitrogen flow
3© Incubation of the electrodes in 5 µl acidic piranha solu-

tion (30 % H2O2 : 96 % H2SO4, 1:1) for 60 minutes at
room temperature

4© Rinsing thoroughly the electrodes with DI water
5© Drying under a nitrogen flow

2 Functional-
isation

–
1© Incubation of the electrodes in 5 µl of the thiol modi-

fied oligonucleotides (Eco3probes) in functionalisation
buffer for 60 minutes at room temperature
(50 pmol/µl probe in 1× PBS/ 0.35 M MgCl2 / 0.1 %
Tween 20)

3 Chip
washing

–
1© Rinsing the electrodes with DI water
2© Drying under a nitrogen flow
3© Incubate the electrodes with 1× PBS/ 0.2% Tween 20

for 30 minutes at room temperature
4© Rinsing the electrodes with DI water
5© Drying under a nitrogen flow

Sequence of the modifiedEco3probe:
5′-SH-d[CCG AAG GCA CAT TCT CAT CTC TGA AAA CTT CCG TGG
ATG]-Cy3-3′
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The functionalised gold electrodes with the DNA probes are sensitive to the
complimentary DNA targets.
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B.3 DNA Hybridisation with the DNA Sensor

In the following, the procedure for DNA hybridisation of thecomplementary
DNA targets on the functionalised gold electrodes is given.

The ssDNA probes bonded on the gold electrodes were hybridised with
the complimentary 39 base long oligonucleotideEco3targets (VBC Biotech,
Austria), which were obtained from the 16S rRNA of the bacteria Escherichia
coli. The DNA targets hybridise to the corresponding oligonucleotide probes.

Step Process Equipment and Parameters

1 Hybridisation –
1© Incubation of the functionalised electrodes in 5 µl of

the hybridisation puffer DigEasy (Roche Diagnostics,
USA) with the oligonucleotides (Eco3targets) for sev-
eral hours at room temperature (50 pmol/l targets in the
hybridisation puffer)

Sequence of the modified Eco3 target:
5′-d[CAT CCA CGG AAG TTT TCA GAG ATG AGA ATG TGC CTT
CGG]-3′
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