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Abstract

The concept of miniaturised total analysis systems (UTA®he up in the
early 1990s. This approach implicates the integration obia)¢hemical
sensor into a microsystem combined with on-chip reagerdgsses and mi-
crofluidics. Such miniaturised analysis systems allow toycaut measure-
ments from small volumes of complex fluids with high efficigrmnd speed.

In this thesis, a modular design of a self-contained, cfigtient and
miniaturised system for fast DNA analysis is presented. 3ystem con-
sists of an on-chip DNA amplification unit based on the PCRhoetand of
a capacitive microsensor for label-free DNA detection. TH¢A detection
principle relies on a capacitance change at the surfaceefigitated sub-
micron electrode pairs during the DNA hybridisation praceaused by the
accumulation of complimentary DNA strands. Fast on-chipADaxinplifica-
tions and the performance of the label-free sensing pried¢ipve been suc-
cessfully demonstrated. Both devices are fabricated aga@pchips, which
are finally combined with a fluidic system allowing the redgenbe trans-
ported from one chip to the other. A portable control-measant unit has
been realised, which allows thermocycling at predefine¢gperature steps for
the PCR and to measure capacitance changes on the surfase il €lec-
trode pairs in parallel. The combination of the PCR chip, EidA sensor,
the fluidic system and the control-measurement unit cong@sest-efficient
and miniaturised analysis system, which is suitable forathelification and
detection of specific DNA sequences in a point-of-care farfimabiochemi-
cal analysis.

Further this thesis deals with the issue of microfluidicsiclwtis a main
research field of uTAS. Here, the flow behaviour of a sampéastrinside a
microchannel is studied, which is focused by vertical andzontal neigh-
bouring sheath flows. This so-called hydrodynamic focuséefnique offers
the possibility to adapt the dimensions of the sample straaghits position
inside the microchannel by varying the flow rate ratio betwtee sample
liquid and the individual adaptable sheath liquids. Twonwfigbricated flow-
cells have been realised and characterised; one for nonatcheath flow
(sample stream is surrounded at three sides, while at thithfeide the sam-
ple moves along the channel bottom) and one for coaxial Blilest (sample
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X Abstract

stream is squeezed on all four sides). Experiments have ¢eeied out
with both devices, where the size, shape and position ofdhgke stream
have been established by laser scanning confocal micresaag dye in-
tensity analysis. In microchannels (typically 2540 unt) the creation of
sample stream diameters that were five to ten times smadarttie channel
dimensions were achieved, and the smallest measured satrgaen width
was 1.5 pm. The mechanism to control the sample stream itis&deni-
crochannel allows the sample dimensions to be adapted avielearange. A
comparison of the experimental results with fluidic simiolas show excel-
lent agreements. In combination with (integrated) sensbese 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
C3HgO isopropyl alcohol

CgH120 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
H,0, hydrogen peroxide
HoSOy sulfuric acid
IC integrated circuit
I2C inter-integrated circuit
kb kilo base
KCI 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
MgCl, magnesium chloride
NaxS,0g 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

SiaN4 silicon nitride

SiO, silicon dioxide

SLR single-lens reflex

ssDNA single-stranded DNA

T thymine

Taq thermus aquaticus

us ultrasonic

uUsB universal serial bus

uv ultraviolet

w/v % weight/volume percentage

uC microcontroller

UTAS miniaturised total analysis system

0.2 List of Constants

Constant Description Unit

a temperature coefficient 3.85 x 1073 K!
3.14159

€0 permittivity of vacuum 8.8542 x 10712 As/Vm
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Nomenclature

0.3 List of Variables

Symbol Description Unit

A area m?

b width m

B analogous to a capacitance F

C capacitance F

D diffusion coefficient m?s!

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 Q

Re Reynolds number -

T temperature °C

AT temperature difference K

U DC voltage v

Upp peak-to-peak voltage A%

v average velocity ms!

Z impedance Q

er relative dielectric constant -

n dynamic viscosity Pa-s
angular frequency rads~!




0.3 List of Variables

XV

Symbol Description

Unit

P mass density

kgm
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Chapter 1
Introduction

Health is one of the most important factors in having a higality of life.
Therefore, scientists are working on analysis methodschvailow to iden-
tify infectious pathogens and viruses at an early stagehénpast decades
enormous progress has been accomplished. However, trersilba lot
of investigations needed to reach the aim of inexpensivgh tiroughput
and easy-to-use diagnostic systems. Actually, most of tladyais, such as
DNA sequencing and protein expression studies, are laintemsive, time-
consuming and they have to be carried out in laboratoriegyugiecific and
cost-intensive bench-top equipment. During the analysihé laboratories
the samples are subjected to several analytical proceeugspurification,
separation, amplification and detection), which will takeeral hours or even
days to obtain the final results. To overcome these defi@srsgientists are
putting effort into the investigation of novel analysis @®s or platforms.
These systems must be not only robust, reliable and accsmateas state-
of-the-art bench-top laboratory equipment, but also fastxpensive, and if
needed in a transportable form. The aim of such devices ishbg have the
ability for sample-in-answer-out analysis. The requiregcpsses should be
performed in a continuous way, should need a small samplenelnput and
they should work without intervention of a user.

The combination of the research aréessciencesndmicrosystem tech-
nologyincluding the fieldmicrofluidicsshow great potential in the investiga-
tion of small medical diagnostic tools. These devices welidapable of high
throughput analysis and of cost-efficient biochemical istsid

1.1 Miniaturised Analysis Systems
In 1990, the group of Manet al. were the first to introduce the concept

of miniaturised total analysis systendsTAS) [1]. This approach requires
that chemical sensors are combined with microsystem téopyndo create a

1



2 1 Introduction

miniaturised instrument for biochemical analysis. Thisteyn includes not
only the transformation of chemical information into etégl information
but it should also feature sampling, transportation, ngxiselection, heat-
ing, separation, reacting, detection as well as data hagn{ii]. The main
intention of the miniaturisation is to increase the anabjtiperformance of
chemical sensors and improve the analysis systems in masyquives, in-
cluding reduction of sample amount, increasing analysi® tand affect in
lowering analysis cost. A miniaturised analysis systentuies a compact
design including small channels, which results in shordpmrtation steps
of the sample and the reduction of the needed sample volumenfdysis.
On such a small device ongoing processes such as samplacheatiool-
ing can be additionally accelerated because of less massheFmore, the
system exhibits potential to perform several measurenmsntaltaneously,
which significantly affects analysis time [3]. MoreovelistAnalysis concept
allows to make point-of-care tests, which will yield cheayol aapid analysis
for everyone in an early diagnosis stage.

The developments during the past decades in the figkiabelectronics
including the integrated circuit (IC) processes and thetairealise integrated
mechanical elements lead to the researching areascobsystem technology
and micro-electro-mechanical systefMEMS). Here, the lithographic pro-
cesses have been enhanced in terms to fabricate integeatsdrs and ac-
tuators including electronic parts on a common silicon sabs. Products
of fully integrated sensors and actuators including thel4@at electronic are
available on the market since several years and examplefrare acceler-
ation sensors and pressure sensors.

The research field uTAS pushed the MEMS technology forwaddpao-
gress has been made in the fabrication processes to reatiggurised anal-
ysis systems. The technology of photolithography has bdaptad to fabri-
cate microdevices for biochemical analysis and sample poéation. Beside
using the in-plane technology, e.g. structuring electsoale the surface of
a substrate, also out-of-plane designs are applied. Irc#se, not only the
common etching processes have been taken into accounsbuhalphotore-
sist technology is used in a modified form. For instance thecgired resist
on a substrate is used as side walls for microchannels fegtimensions of
several tens or hundreds of micrometers or even smalleth&unore, mate-
rials such as plastics and polymer materials are treatddmgulding and hot
embossing techniques to achieve microscaled structurespdlymer-based
miniaturised devices are suitable for mass production &mbdable use, be-
cause the realisation of them requires lower fabricaticstscand relatively
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Sampling Reaction Detection Evaluation

’7 Transportation

Figure 1.1: Procedure for biochemical analysis system.

simple fabrication processes compared to the silicon asgieatments. In
the fabricated microchannel of the device a sample fluidseried, which is
running through measurement stages to analyse or monéasaimple con-
tent [4]. Dealing with the topic of on-chip manipulation ofiifis and the
guiding of samples over sensing areas lead to the reseaamarofluidics
[5]. In this field challenging studies take place, becaugicsolike, e.g. in-
terfacing from the chip to the world can still be improved.nhicrochannels
even at higher flow rates (several tens gfmin) no turbulences appear and
the flow behaviour of fluids is still laminar. A consequencetas fact is that
fluids, which are flowing side-by-side do not mix in the tréatigl sense and
the molecular transport between them only takes place ghrdiffusion [6].

1.2 Aspects for Biochemical Analysis

The procedure to analyse a specific biochemical specie® liakkow several
working steps. Figure 1.1 shows the main steps which have tmlyied out
during the analysis process. In laboratories the workirgssuch as sam-
pling, any necessary biochemical reaction, detection disasevaluation are
often conducted by using several bench-top instrumentsrengample trans-
portation between each step is either done automaticallyifmstting robots
or manually by a special trained personal. This general stepience will
also be used for the biochemical analysis in miniaturisestesys. However,
apart from the size reduction, further significant diffexesin the implemen-
tation exists. In the following the performance of the piaoe 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 U TASsTapic is
still an open issue.
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» Depending on the chemical or biochemical sample to be aadlgif-

ferentreactionsteps are applied during the analysis. These steps are

mainly done to increase the amount of the species in the saimgin-

hance the sensitivity for detection. This can be achieveoh&ance by
separation treatments (capillary electrophoresis oediedphoresis) or
amplification processes.

» Thedetectionof the species is performed by a chemical or biochemical

sensing method to transduce the concentration of the chérnen-
pound of interest, without background species, into antetet sig-
nal. Different physical sensing principles such as optastiection,
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 resulbferpretation.

» For the sampl&ansportatiorand manipulation through the microchan-
nels several techniques are applied. Beside the use ofupeessvac-
uum to move the fluid, gravitational and centrifugal forces applied.
In advance, elektrokinetic effects are used such as etextrotic flow.
For the sample manipulation inside the microchannel alsirddy-
namic focusing techniques are performed.

In the past years, it has become clear that the concept dfirttgration
of all biochemical analysis steps at one single chip will Bgadilt to reach.
The integration of so many aspects is very complex to fatgicAddition-
ally, if one sub-part of the total analysis system is lackimgunctionality,
it affects all other major parts fabricated on the same chipia the worst
case a complete failure of the total system can be caused dyfothese
parts. A more promising approach is to implement the fumeticteps for
the analysis system as separate components and connechtioeigh fluidic
channels. The application range of such microfabricateticds are in the
field of biochemistry, biotechnology and medicine.

1.3 Objective of the Thesis

The realisation of miniaturised analysis systems allowtimg detection of
specific sequences of the polynaieroxyribonucleic acidDNA) in a point-of-

care format has been a topic of research in recent years, tHerpurpose is
to obtain the evidence, whether specific DNA sequences asept or absent
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in a given biochemical analyte. In a broader sense such amtinent can
give information whether a patient has a certain diseasetoimthe case of
viral or bacterial infections the identification of the dise at an early stage
is crucial. The sooner the result is available, the moredigpghe medical
scientists can operate against the diseases. Furtherdusieg the analysis,
existing antibiotic resistances of the patient can be deistgarallel, giving
the medical scientists important information for the tipgra

The objective of this research is to implement and charaetex cost-
efficient, miniaturised analysis system for the fast angaifon and detec-
tion of DNA and to investigate novel microfluidic devices tady flow be-
haviour, especially hydrodynamic focusing. Fluidic aisédyof a sample
stream inside a microchannel are carried out, where the |lsastqgam is
hydrodynamically squeezed by vertical and horizontal Imeayiring sheath
flows. The main focus for the miniaturised analysis systemnighe real-
isation of a self-contained and modular designed systenerevthe DNA
amplification is based on the PCR method, and the DNA detedtibows
an electrochemical-based principle without using any lladge technique.
This modular configured analysis system comprises a PCR &iNA sen-
sor (both devices are micromachined) and a compact instruimeluding a
control-measurement unit and a fluidic system to combinle imi¢rodevices.

1.4 Outline of the Thesis

In the following chapters, several microdevices are redland characterised,
which allow to amplify DNA, to detect DNA and to hydrodynarally focus a
sample stream inside a microchannel. In Chapter 2 the debigmodelling
and the fabrication of the PCR chip is described, where thetfonality of the
PCR chip is examined with a setup using laboratory instrusme@hapter 3
deals with the DNA sensor, which is based on a label-freectieteprinciple.
After a discussion of possible detection methods, the impleted principle
will be described more in detail. Here, the capacitance gbeamn the sur-
face of an interdigitated electrode pair are measured,wtasult because of
the local accumulation of DNA during the hybridisation pees. Further, the
design, the fabrication and the characterisation of the BidAsor are pre-
sented. In Chapter 4 the implementation of the compactimsnt including
the control-measurement unit and a fluidic system is desdribhe control-
measurement unit steers the PCR process and evaluategrihé&s $rom the
DNA sensor. The fluidic system allows the transportatiorhefltiomolecule
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solution from the PCR chip to the DNA sensor and it featuregthssibility to
seal the reaction chambers during the process. Finallgpaiponents are put
together to achieve a miniaturised analysis system. Ch&pteals with flow
behaviour analysis of a sample stream inside a microchawhaih is hydro-
dynamically squeezed by vertical and horizontal neighimgusheath flows.
Dependent on the flow rate ratio between the sample liquicaiirsdirround-
ing sheath liquids, not only the profile and its dimensions loa varied, but
also the sample stream can be freely positioned inside tb@atiannel. Two
microfabricated flow-cells are utilised, where one chipwal a non-coaxial
sheath flow and the other a coaxial sheath flow. In this chaptedesign
of the chips, its fabrication process and experiments awudsed, 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 dfigaition is de-
scribed. The polymerase chain reaction (PCR) techniqueisi@ed, which
is used to amplify specific DNA sequences. Further, an ogerdaf different
existing on-chip PCR devices is given. The PCR system de=ttiin this
chapter comprises an on-chip PCR chamber including a haatkea temper-
ature sensor. The system is fast, has a high temperaturbtgtamd per-
mits the PCR mastermix to be inserted and extracted verlyebsaddition,
for highly flexible handling, the system was designed to balsemd cost-
effective at the same time. The design, the constructiomjlsitions and the
characterisation of the PCR system are discussed.

2.1 Introduction

The genetic information of all living organisms and somaisés is carried
in a polymer calledleoxyribonucleic acigDNA). The study and analysis of
the genomic code delivers information that has a major imipaeg. clinical
diagnostics, drug discovery and forensic sciences. Theymiase chain re-
action (PCR) is aim vitro DNA amplification method. Itis a repeated cycling
process of a number of defined temperature stages, whichamagiged by
Kary B. Mullis in 1983 [1]. For this invention he was awardée Nobel Prize
in Chemistry in 1993. The PCR is used to multiply DNA sequenmfnter-
est, to enhance subsequent DNA analysis, and to achieverlsghsitivity
for DNA detection.

The three-dimensional structure of a DNA molecule is a riggnid twisted
double helix of two complementary DNA strands (see Figule 2ft). The
diameter of the double helix is about 2 nm. This structure fivasdescribed
by James D. Watson and Francis H. C. Crick in 1953. DNA strdral®
a directionality and the different ends of a single strarel called the %'-
end’ and the3’-end’. The orientation (denoted as— 3’) of the two DNA

7



8 2 On-Chip DNA Amplification

(@) (b)
Sugar-phosphate backbones 3’

3’ nucleotide

3 Base pair 5

Figure 2.1: Structure of the DNA double helix (a) and its chemical structure (b). The
schematic shows the DNA backbone composed of alternating sugard phasphate
(P) fragments and the hydrogen bondings between the base paira(d-G—C).

strands is anti-parallel, which means th&ir— 3’ directions are opposite
(see Figure 2.1). Th& terminal is a phosphate group and iesnds with
a hydroxyl group. One strand consists of a backbone, whicbnsposed of
alternating sugar residues (deoxyribose for DNA and rifoseRNA) and
phosphate fragments, and of heterocyclic bases at the sideer These three
elements together comprise what is termed a ‘nucleotidaie Gucleotide
unit is approximately 0.33 nm long. The bases of the two wopolgnu-
cleotide strands are connected to each other by weak hyutmyeds form-
ing base pairs (bp). Four different bases exist where ontydembinations
of base pairs are possible; Adenine (A) is paired with Thyn{if) (A-T and
vice versa) through two hydrogen bonds and Guanine (G) isgaiith Cyto-
sine (C) (G—C and vice versa) through three hydrogen bomdsKgure 2.1,
right). The two strands of the double helix are therefore giementary to
each other. The specific sequence of the nucleotides in tiediidnds forms
the genetic code. For more specific information one miglarref, e.g. [2].
The PCR process is based on a specific enzyme called ‘polgaiera
which is the catalyst to synthesise a complementary strarides’ — 3’
direction from a given single stranded DNA sequence, caléedplate’. The
reagents required for the PCR include all fo@oxynucleotide triphosphates
(dNTPs) with the different bases (A, T, G, and C) as buildifacks for the
DNA, a thermostable DNA polymerase and two chemically sgsised DNA
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\Q Pri Step 1: Denaturation
romers
Taq polymerase S eeeeeeee—— 3
& @ R 2 dNTPs 95 °C
5 o—— 3
3’0 ] 5 T 1 g0
DNA template S

Step 3: Extension

g
b4 ] LN _ )
- 72 °C - 58 °C
5 #@!ﬁ [ _ W
3 5 15

Figure 2.2: PCR cycle: Double-stranded DNA denaturation (@5, primer anneal-
ing to template DNA (approximately 58C) and primer extension (72C). These
three temperature steps form one PCR cycle.

fragments, called primers. The two primers, forward anctrsw, are de-
signed as short DNA sequences (10 — 20 bases long) to flanlegienrof
DNA to be amplified. The creation of the primers presuppolasthe start-
ing sequence of the DNA template has to be known exactly. &8ttend of
the primers the polymerase synthesises the single stramddauble stranded
DNA. All reagents are present in a buffer solution (for moegailed infor-
mation see [3]).

The PCR reaction takes place in three temperature-cogdreteps (see
Figure 2.2). First, the double stranded DNA is heated up to®® break up
the hydrogen bonds and separate the two strands from eash(dénatura-
tion). Next, at a lower temperature, of approximately’&8complementary
primers bind to the single strands at the starting regiom®MfNA template
(annealing). The temperature at this step strongly dependhe sequence
and the length of the primers. Finally, these flanked DNA&tsare extended
to complete double strands with the four different dNTPs$ding blocks by
a thermostable polymerase derived from the bacfhermus aquaticugb-
breviation: Tag) at a temperature of 72C (extension). The construction of
the complementary DNA strands begins from the position efgtimers and
proceeds in thé’ — 3’ direction. The DNA extension rate is approximately
50 bases per second [4]. The three temperature stagesetmstie cycle. A



10 2 On-Chip DNA Amplification

typical PCR process consists of 20 to 50 cycles, dependirtgamount of
DNA required and the PCR yield. After each PCR cycle the arhotiBNA
is theoretically doubled (exponential amplification). Jiechnique allows
amplifying a DNA sequence of interest more than a billiongsmin practice
inhibition of individual samples can lead to a lower PCR ¢ifd].

The PCR process is suitable for highly specific DNA amplifaratand
is easy to automate. Nowadays, the PCR takes place in budksttyclers,
which have long cycle times due to large thermal mass (seletas). The
heating'cooling rates can be improved by decreasing the thermal erabs
increasing the heat transfer rate. Microsystem technahagygreat potential
for developing on-chip PCR solutions. Miniaturised PCRides allow de-
creasing the cycle time and reagent volume to achieve DNAifcapions 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 onpcRCR. Several
different PCR microsystems have been published [6, 7, 8 h&jrevdifferent
materials, sample volumes, heating and cooling methodssa@ Generally,
the on-chip PCR devices can be divided into two categorigth€ dynamic
continuous-flow PCR chips and (ii) the stationary chamtzeseld PCR chips.
In continuous-flow PCR the reaction mixture is dragged in arafiuidic
channel between three well-defined temperature zones {gaeR2.3) and
in the chamber-based PCR the mixture is kept stationary laadetmpera-
ture of the reaction chamber is cycled between differenfptmatures (see
Figure 2.4).

One of the most attractive features of the continuous-flowhoekis the
reduction of the heat inertia to a minimum, because only dnepde’s thermal
mass needs to be taken into consideration for heating arthgod-or this
approach the temperature transition times depend only @sample flow
rate and the time the sample needs to reach a thermal egurtibfFurther
advantages are that the cycle time can be varied by changintiow rate,
different reaction volumes are possible, and several PE&igun in series.

In literature different types of the continuous-flow PCR @gorted. The
serpentine channel flow was introduced by Kepgl. in 1998 [10], which is
illustrated in Figure 2.3 (a). The mixture passes in a measdaped mi-
crochannel through three thermostable copper blocks. FPBIR concept
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Figure 2.3: On-chip continuous-flow PCR principles; serpentine (a), rotary (b), o
oscillatory (c) channel flow.

was improved over the last years using different materiglasg, silicon,
SU-8, PDMS, polycarbonate, ceramic), transporting pdgsis (pumping,
electroosmotic flow-driven, suction), and heating methesistive heating,
Peltier elements); examples therefore are [11] and [12]oidig narrow
curves in the chip-design several groups emphasized tag/rchannel-based
flow, where spiral [13], cylindrical [14] and annular [15,]160otion can be
distinguished from another. The spiral method, which isicep in Fig-
ure 2.3 (b), features the drawback that at a constant flowthate@bsolute
cycle time increases after each circulation, which doegynatantee stable
PCR conditions. This disadvantage has been overcome witlinaligcal de-
sign, where a capillary is wound around a cylindrical thdroyeling body.
The annular design, where the PCR mixture is flowing in a ejratldition-
ally features the advantage that this principle allows ty ¥he cycle num-
bers. For such continuous-flow systems the relative timeravthe mixture
is exposed to each temperature zone, is determined by tignd#she chip
layout. That means that the ratio of the exposure times fothhee temper-
ature steps is fixed. Therefore, in an oscillatory channel flte sample is
pumped back and forth in a straight channel through therdifitetemperature
zones (see Figure 2.3 (c)) [17, 18, 19]. This design comthmegexibility of
the cycle numbers and the variation of the ratio of the expotme between
the different temperature zones.

The continuous-flow PCR chips pose several problems. If @8 Bix-
ture in the microchannel is transported with a pressuneedrflow, the sam-
ple exhibits a hyperbolic flow profile which may lead to proggige sample
dispersion. Also, the continuous-flow systems do not supherpossibility
to regionally control the flow rates at the different tempera zones for the
PCR requirements, unless the flow rate of the PCR soluticepislated. Ad-
ditionally, most of the continuous-flow PCR systems need#yooiechanical



12 2 On-Chip DNA Amplification

(a) (b)

Cover plate
\ j—ichamber——\t/\ A\ [\ [\ /
. — ——
Heating element Temperature sensing element

Figure 2.4: On-chip chamber-based PCR principles; single (a), or multi chanbber (

instruments for sample transportations, like syringe psinhich adversely
affect the realisation of compact and integrated contistftaw PCR devices.
Beside the sample transport challenges, one control-leogéded for each
of the three temperature stages.

In a chamber-based PCR system the reaction mixture is letjairsary so
no sample transportation is needed. By achieving the diftetlemperature
stages in the reaction chamber the on-chip PCR system isrigally tem-
perature controlled. The whole system needs to be tempermataled, where
parasitic heat capacity is unavoidable. For fast cyclirgttiermal mass has
to be kept to a minimum and also a high thermal flow has to beredsu

The first chamber-based PCR chips were developed by Nortitrah
in 1993 [20] and Wildinget al. in 1994 [21], where the reaction chamber
was fabricated on a silicon wafer. This format has been wideplicated
and improved, in terms of materials, chamber geometriesthl control,
and miniaturisation [7, 8]. Giordanet al, e.g. achieved successfully DNA
amplifications in reaction volumes in the range of severaldned nanoliters
[22]. The approaches for heating the PCR chamber can beedivido in-
ternal and external heating systems. For the internal isokit a resistive
layer is often integrated inside the chamber, such as elan4itm platinum
resistor, which can also be used as thermal sensor [23], Klggrated poly-
silicon heaters are used [24]. The external heating metbad®e classified
into non-contact and on-chip ones. For instance, Giordarab has used an
infrared-mediated lamp as a contactless heating systemd@aa for the on-
chip heating methods the thermoelectric effect was appsadh as Peltier
elements [21] or the resistive heating effect [25]. Auratxal. showed on-
chip DNA amplification using microwave dielectric heatir®6]. In general,
chamber-based PCR systems can be divided in single andataitibers (see
Figure 2.4). The latter one forms an array of cavities whdfferént DNA
templates can be amplified in parallel for high throughp@{.[2n most cases
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the chambers are constructed as a closed system and thepacated using
microsystem technology techniques. The PCR reaction wisrdefined by
the size of the chambers.

Advantages of chamber-based PCR are the freedom in cyclbersrand
time duration at each temperature zone. The realisatioddifianal temper-
ature steps and variable time durations for specific PCR cansbe easily
implemented. Using a transparent material for the chambegrareal-time
monitoring is feasible. The chamber-based devices canbasotegrated in
analysis processes.

2.3 Design and Fabrication

The high flexibility of the chamber-based principle, andpbssibility of pre-
testing the device without any added heating and sensimgegieled to the
decision to choose this concept as the basic design of thed2@iRe. In
an early development stage the chamber-based PCR chipeqaut lnto a
conventional thermocycler to test if the chamber is biocatilyle for DNA
amplification. Additionally, the PCR vyield between chip arwhventional
tubes can be compared.

Next, the specifications of the fabricated chamber-baseld El@p are
listed:

» Volume of the reaction chamber: 25 pl
(small but still a manageable volume)

» Biocompatibility of the chamber surface

» Temperature uniformity in the chamber66.5°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 evapiora

 High thermal conductivity and low thermal mass of the materfor
fast thermal cycling

The selected design of the PCR chip consists of a single maltamber
with a volume of about 25 pl. The chamber is a closed systeneravthe
DNA mixture is kept stationary (Figure 2.4a). To achievehhigcovery of
the liquid insertion and extraction, the chamber geomediy/th be designed
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Pyrex glass
- Drilling of holes
(1 mmin diameter)
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- Etching of PCR chamber
(depth of cavity: 180 pm)
- Thermal oxidation

Figure 2.5: Design and fabrication steps of the silicon-glass based PCR chip. The
volume of the chamber amounts to 25 pl.

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

The selection of the material for the chip plays a significald in terms
of heat transfer, temperature uniformity, fabricationd drilocompatibility.
The material has to have a high thermal conductivity achga high ther-
mal homogeneity in the chamber, and a low heat capacity &irdgcling.
As a further condition it has to be compatible with microsysttechnology.
Silicon has been chosen as the primary material due to itsllert thermal
and structural characteristics. A cavity in the materiat weocessed to serve
as a reaction chamber. To close the chamber a cover has tmtedt the
silicon. For this, glass is used, which has the advantagdmfiag to see
inside the chamber. A hermetic irreversible seal betweergthss and the
silicon is obtained by anodic bonding of the two material$ie Dlass can
also be mechanically machined creating access holes. Dlaegtion of the
holes in the glass has additionally the positive effect thatheating unit can
be attached on the silicon side, which improves the thermiadbiour of the
device. Also, one can observe the injection and extractitineoPCR sample
process easily.
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Due to the high ratio of surface area to volume, surface céteyréan play
a dominant role in PCR reactions. Silicon as such is not vemygatible with
DNA and especiallyfag polymerase, since it provokes adhesion effects and
has the tendency to adsorb on the surface that prevents tgemeractivity
and thereby inhibits standard PCR reactions [28]. An oridlisurface how-
ever shows consistent amplification that is comparabledsetiperformed in
conventional PCR tubes [29, 30]. Thus an oxide layer wasrihlly grown
on the silicon side in the cavity.

In Figure 2.5, beside the depicted design of the on-chip P8Kcd the
fabrication steps are also highlighted. The silicon-glaased PCR chip is
fabricated using microsystem technology involving a desgetive ion etch-
ing (DRIE) process, thermal oxidation, glass drilling, agldss-to-silicon
dioxide anodic bonding. First a one side mirror polisheidail wafer (525 um
thick, 100 mm diameter, (100), n-type) was used. To fabgithé cavities
for the chamber the positive photoresist AZ6624 was coatethe wafer
and patterned using photolithography. Afterwards thetizs/ivere plasma
etched to the depth of 180 um using a DRIE reactor. To achimgoimpat-
ibility inside the cavity a silicon dioxide layer with theithness of 40 nm
was thermally grown on the silicon wafer. As a next step, fiofel mm in
diameter were drilled in a 500 um thick PYREX 740 glass wafer by means
of a high speed spindle and diamond tools. Afterwards thiemwas anod-
ically bonded with the silicon wafer to cap the cavities. dfiyy the wafers
were diced with a conventional wafer saw. For a more detalkstription
of the fabrication process one might refer to Appendix A.heDuter chip
dimensions are 15 mm in width, 20 mm in length and 1 mm in heidt
Figure 2.6 a photograph of the PCR chip including a chambetwio access
ports is shown.

2.4 Thermal Simulations of the PCR Chip

To achieve a stand-alone PCR device, a heating unit induaisensing ele-
ment has to be established for the chip. For consideringdlabe between
expensive on-chip heater-sensor integration and a lowsobstion by an ex-
ternal heating-sensing unit, numerical simulations werégsmed to analyse
the thermal behaviour of the PCR chip. An uniform tempematiistribution
inside the chamber plays a significantly role during therttarcycling and
the heat transfer shall be high for fast DNA amplificatione$é parameters
basically depend on the thermal properties of chip matetihermal conduc-
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Figure 2.6: A photograph of the fabricated PCR chip. The chip dimensions are
15x20x1 mn? 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. Thelation results
provide information whether the heating unit can be usedraglly or has to
be integrated inside the chamber, and whether a certaimbeaethod fulfils
the given specifications.

For the thermal simulations the software tool COMSOL Muiyipics™
(COMSOL 3.3a, Sweden) was used, which allows numericakfigiement
analysis. This software tool describes scientific and exgging phenom-
ena in an abstract and mathematically way and predefineidipdifterential
equations (PDEs) form the basis for the models. The PDEswanerically
solved with the finite element method (FEM). The softwarekpge addi-
tionally provides the opportunity to couple physical pheena to create so-
called ‘multiphysics’ models. For instance, resistivatieg effects can be
taken into account in a model where current-flow is simulatexh electrical
resistance. In a first step, the geometrical structure oftifgwas modelled.
After defining the physical properties of the sub-domaingd tore boundary
conditions, and generating a suitable mesh, the model wascally solved
using the adequate PDEs.

2.4.1 2D Simulation at a Constant Temperature

The software package COMSOL Multiphysics provides the pgek‘Heat
Transfer Module” including the “General Heat Transfer” iggtion mode,
which supports all three fundamental heat transfer meshani- heat con-
duction, heat convection and thermal radiation — in the fofrtheir defined
partial differential equations. The heat conduction déssrthe heat transfer
due to a temperature gradient in a solid or a stationary feodyection oc-
curs between a surface and a moving fluid both having diffeesnperatures;



2.4 Thermal Simulations of the PCR Chip 17

Air (ambient): 23 °C max: 95.0 °C
95.0

Glass | 94.2

/
Silicon /

93.8

PCR chamber
with access port 93.4

min: 93.3 °C

Figure 2.7: 2D numerical simulation of the temperature distribution inside the PCR
chip (cross-section of the device). A constant temperature 69 applied at the
silicon side.

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

First, a two-dimensional steady-state simulation wasie@@mut, where
the temperature behaviour inside the chip was analysed.kihgaat the
lengthwise cross-section through the middle of the PCRoaewhere the
access ports are included, the case with the highest tetaperistribution
inside the chamber can be observed. Due to device symmdinagrart of
the cross-section needs to be modelled (see Figure 2.7)!Qédmeral Heat
Transfer” application mode is used for the thermal simatatind for the sub-
domains the used physical properties are given in Table Phi. boundary
conditions are defined as follows; at the bottom silicon ,sédaniform tem-
perature of 95 C was applied, at the right-hand side of the chip symmetry
conditions were specified, and at the two remaining sidesesgent ambient
air with a temperature of 23C was assumed. For these thermal settings heat
conduction occurs inside the chip, whereas to the ambieatdonvection and
surface-to-ambient radiation were taken into accounttt@free convection
a heat transfer coefficient to air had to be set, where in prenaet al. an em-
pirically determined value of about 12 WAK ! is given and for the surface-
to-ambient radiation the surface emissivity was set to (B&8h By carrying
out the simulation with a constant temperature at the silisottom side of
the chip two main aspects can be examined; first whether astertype offset
in the chamber occurs and second whether the temperattribwtion inside
the chamber fulfils the claimed temperature specificatioh@b°C.
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Table 2.1: Material properties of the PCR chip [32].

Thermal conductivity Heat capacity Density

[WmK] [Dkg'K*]  [kgm?]
Silicon 163 703 2330
Water (PCR mixture) 0.6 4186 1000
PYREX® glass 15 837 2230
Tape 0.13 1000 1020

Figure 2.7 shows the simulation result of a part of the chgssrsection
with one access port. The total silicon part exhibits a tepee of 95°C
due to its high thermal conductivity. Therefore, no tempamoffset occurs
between the applied temperature and the silicon sided obramall. The
maximum thermal deviation inside the chamber appears aitttess port and
amounts to about 1C. For the two-dimensional geometry it is assumed that
the third dimension is infinite, although the access pornisdfiand therefore
the maximum thermal deviation inside the chamber can benze$as a bit
lower. Inside the chamber of the PCR chip a thermal deviaifanly 0.3°C
is calculated. This temperature decrease fulfils the spatidn of+0.5°C
and an external heating and sensing element are sufficieabfdrolling the
thermal cycling.

Because of the first simulation results and the desire toldewe sim-
ple and cost-efficient device, an external heating methasifassoured com-
pared to the option of integrating heating and sensing etésneExternal
heating possibilities are either contactless with, erdrared-mediated lamps
or direct on-chip using, e.g., the thermoelectric effecaaesistive heating
method. Achieving a compact system by using a heating metinectly con-
nected on the chip is favourable compared to non-contatingechniques.
Peltier elements have the advantage that they additioakdlw active cool-
ing, although they are bulky and feature an additional tlmmass, which
counteracts fast temperature changes. For resistivenge#tin and flexible
foil heaters are commercially available. They have diffiékariations in size,
resistance and material and they have a low thermal massaanigecsimply
mounted on the silicon side of the PCR chip. The polyimiderfriadoil ™
heater HK5573R15.7 (Minco, USA), with a resistance of 18.@nd a size
of 12.7 x 19.1 mn¥ features appropriate dimensions for the PCR chip. To
ensure that the foil heater achieves the recommended tampedistribution
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inside the chamber three-dimensional simulations wer®peed.

2.4.2 3D Simulation with a Thermofoil Heater

To attain an accurate and representative model of the ¢fgjuding the foll
heater, a three-dimensional multiphysics model was gés@draCOMSOL
Multiphysics provides the feature to couple applicationdesy where e.g.
first the electrical heat generation is simulated and afietta the resulting
heat transfer is generated. For the simulation the “Gelhtgat Transfer” ap-
plication mode in combination with the “Shell, Conductiveda DC” appli-
cation mode from the “AZDC Module” was used. A conductive layer (rep-
resenting the foil heater) can be modelled under the camddf this mode,
which causes Joule heating when a voltage is applied. Theepies of the
conductive layer determine the amount of the heat produ€kd.generated
heat is used as the heat source for the “General Heat Tramgplication
mode to simulate the temperature distribution inside thR Etamber.

The geometry of the foil heater exhibits no symmetry, whichkes it
necessary to model the total chip including the serpergivased conductive
layer for the foil heater (see Figure 2.8). Simulating thathgeneration of
the foil heater the “Shell, Conductive Media DC” applicatimode was used,
which allows to model the conductive layer of the heater tiraensionally
on the surface of the silicon side of the chip. The thicknéskeserpentine-
shaped conductive layer measures about 12 um, which is defire a con-
stantin the model. The physical properties of the sub-dognafithe chip and
the thin conductive layer are given in Table 2.1 and the stattconductivity
of the serpentine-shaped Platinum resistive layer amaar@$6x 10° Snt?,
taken from [32]. The boundary conditions for the chip ared®is; at the
resistive layer inward heat flux to silicon is specified, gated from the re-
sistive heating, and at the remaining silicon side and aith#r surfaces heat
flux to ambient was assumed, where free convection was takemccount.
Compared to the free convection flow, the surface-to-antibéstiation shows
hardly any influence and it can be neglected (see [31]). Fofrde convec-
tion flow a heat transfer coefficient to air had to be set. Irrdperaet al.
empirical correlations have been determined, where éiffevalues between
horizontal and vertical plates were distinguished [31}. the horizontal case
(top- and backside of the chip) the heat transfer coefficieas 15 WKt
and for the vertical case (side walls of the chip) the caledaeat transfer
coefficient amounts to 40 WAK™. Finally, a voltage of 12 V was applied
at the endings of the Platinum resistive layer, achievirggtémperature 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®@%t the temperature range
of 95°C.

about 95°C. Once the generated heat had been established throughgsolv
the “Shell, Conductive Media DC” application mode, the temgture dis-
tribution inside the chips was simulated using the “Genkl@ht Transfer”
application mode.

Figure 2.8 illustrates the temperature distribution ieside chip of the
generated heat from the resistive layer at the silicon Sitle.grey area of the
three-dimensional model shows the specified temperatwiatdm within
0.5°C at the temperature value of 9€. It can be seen that the whole cham-
ber is located in this area. The temperature differencelénie chamber
amounts to a total of 0.4C. At the temperature values of 7Z and 58°C
the thermal deviation inside the chamber shows comparalilies, even a bit
lower (data not shown). This temperature deviation indi@echamber fulfils
the specified temperature uniformity #.5°C. The simulation also shows
that one external heating and sensing element are sufffoiectintrolling the
thermal cycling because of the excellent thermal conditgtdf 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 chamtie¥,chip was
first placed into the hot air unit of a PTC-200 slide cycler (REkearch, USA)
for thermal cycling. A standard PCR program was run, whezdée¢mperature
of the hot air in the cycler is set at 9% for denaturation, 58C for primer
annealing and 72C for extension. Each step was set for 30 sec. To achieve a
high yield of DNA amplification, 40 cycles were carried ouefBre the tem-
perature cycling was started a pre-denaturation step &96r 10 min was
accomplished to ensure that all double-stranded DNA teteplaere sepa-
rated and after the 40 cycles a final extension step &C7fr 10 min was
added to be sure that all amplified DNA stands were completielygated.
A standard PCR mastermix was used, where gene-specificngtide®xynu-
cleotide triphosphate&@NTPs), 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 manindicted
into the PCR chip with a pipette. The funnel shape of the gaalibws fill-
ing the chamber without air bubbles. Before the chip waseqaaato the
thermal cycler the filling ports had to be sealed. This prevéime gradual
evaporation of the PCR mixture and avoids generating uretesir bubbles
at the denaturation temperature. The air tight sealing wamsdd with a spe-
cial PCR tape ARseal 90404 (Adhesives Research, Irelartd).same PCR
mixture was filled in the standard polyethylene tubes, whiehe placed in
the T3000 Thermalcycler (Biometra, Germany). Here, PCR masusing
the same program for yield comparison. The PCR program df bgtlers
was run in a total of about 3.5 hours including the pre-denaditun and final
extension times.

After running the PCR in the cycler, the detection of the afiga DNA
product was performed off-chip. For this the amplified DNAngde is col-
lected from the chip with a pipette. The volumes of the recedd®CR prod-
uct and the mastermix initially applied to the chip are altidsntical. During
the PCR run no evaporation occurred and only a negligibleuawinof PCR
mixture remained at the corners of the reaction chamber sdtaple collec-
tion.

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

agarose matrix gel. Next, an electric field is applied overgal. Negatively
charged DNA molecules move through the agarose matrix.t&hmolecules
move faster and migrate further in the gel than longer sgamtie DNA was
made fluorescent by labelling the molecules with ethidiumniide (EtBr)
and exposing with ultraviolet light to visualise the DNA gdret. For more
detailed information see [2].

In Figure 2.9 the result of the gel electrophoresis is deplicivhere the
PCR amplification in the chip chamber (Lane 1 and Lane 2) ispaoed
to that in conventional PCR reaction tubes (Lane 4 and LanelLane 3
indicates the 100 base pair ladder to ensure that the whoketBidplate was
amplified to the correct length. The result of the gel elqutiaresis shows
that the amplification yield inside the on-chip PCR chambesirnilar to that
obtained by the classical reaction tubes. It also confirras tthe materials
PYREX® glass and thermally grown silicon dioxide allow the PCR psx

2.5.2 On-Chip PCR System

The thermal simulation results of the PCR chip including riéssistive heat-
ing have shown that the Thermofoil heater HK5573R15.7 &itfike 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, Y&#hthe silicon
side of the PCR chip. A resistance temperature detector {RES3 used for
controlling the temperature of the heater. The commeycalkilable Plat-
inum (Pt) sensor exhibits a resistance of IDat 0°C (Pt100 sensor). This
sensor features a positive temperature coefficient (PTByavits electrical
resistance increases by increasing temperature. Themakerof the used
Pt100 ¥3 class B amounts t&:0.26°C at a temperature of 98. The thin-
film Pt100 (2 x 4 mn?) with a flat surface was mounted on the foil heater
using the thermal conductive adhesive film. A picture of thgp avith the
mounded foil heater and the Pt100 can be seen in Figure 2.10.

For achieving DNA amplification in the PCR chip including floé heater
and the Pt100 sensor, an electronic setup for controllieglitferent tempera-
ture steps had to be realised. The scheme of the setup is $héigure 2.10.
The foil heater and a cooling fan are directly connected witimogrammable
DC voltage supply (Agilent E3649A, USA) and the resistantthe Pt100
sensor is read out with a digital multimeter (Agilent 3441QSA). To elim-
inate the wire resistance for precise temperature measmtsrthe four-wire
technique is used [33]. The power supply and the digital imigiter are con-
nected via a general purpose interface bus (GPIB) to a parsmmputer
(PC). The PCruns a self-created LabVIEW program (LabVIE®Y Rational
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Instruments, USA), which controls the setup during thertia@icycling. The
program defines the power of the DC voltage supply to heat @R Ehip

and monitors the resistance of the Pt100 resistor. The LEWMbrogram has
a control loop implemented. By changing the set temperatheeprogram
either heats the chamber through the power supply or it Beston the fan to
cool. Using this program the pre-denaturation, denatmathinnealing, ex-
tension and final extension temperatures can be set to tirediealue and
each temperature duration is individually adjustable. Whele program al-
lows an automatic PCR run with variable cycle numbers. Theptrature
curves are monitored online on the PC for total system cbntro

Before the first PCR was run with the temperature cyclingmstta whole
system was tested and temperature difference measuretimentgh the chip
were accomplished. The measured results were comparedhgitsimula-
tions to ensure the assumption that the external chip hle#isatisfactory
for PCR. Therefore, an additional Pt100 sensor was placetlatly on the
glass cover to evaluate the temperature difference thrtugPCR chip. In
Figure 2.11 a temperature sequence during the PCR run imshdvere the
PCR temperature cycling setup was used. During the expetithe PCR
chip was filled with the PCR mixture. The dash dotted line bithithe spec-
ified temperatures of the chip. The two other lines presemtémperature
measurements of the two Pt100. The solid line belongs to #esared tem-
perature at the foil heater and the dashed line shows thectartope on top
of the glass cover. The controlled temperature of the fat@efollows the
set temperature, whereas the temperature on the glasssideund 1.7C
lower. On the right top of Figure 2.11 the excerpted part shihve measured
temperature sequence more in detail. The right insert abdftem depicts
the transient simulation result of the same excerpted seguelhe simula-
tion values of the temperature on top of the glass cover reatalell with the
measurements (dashed lines). The dotted line in the sietldmaph indicates
the temperature inside the PCR chamber on the glass sideteifiperature
differs only about 0.3C to the applied one. The main temperature drop ap-
pears through the glass. This experiment proves that byhgadfoil heater
on the silicon side of the PCR chip, without any thermal isofato the am-
bient room, the temperature distribution inside the PCRrd¥ex is within
+0.5°C. For the two other temperatures (72 and 58°C) the temperature
deviation is also in the same range, even a bhit smaller (dz#tshown).

The graph on the left-hand side of Figure 2.11 shows a terhperae-
quence of the first two temperature cycles including thedeneaturation
step of the chip generated with the PCR temperature cycétgpgsee 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 foilrheatshed:
temperature on top of the glass cover). Right top: Section of the lefturegraph,
showing the temperature values more in detail. Right bottom: Simulated re$ults
the same section using the equal thermal conditions as shown in graptodkim-

ilar thermal conditions for the experiment). The dotted line indicates the dietula
temperature inside the PCR chamber at the glass side.

ure 2.10). The control parameters of the system are set sadtavershoots
occur. This is especially significant at the temperaturessf® because if the
PCR mixture temperature is too high the DNA strands will bendged. The
speed of resistive heating is"€/sec and an active cooling rate of6/sec

is achieved. The cooling time is being shortened with fora&dusing a
cooling fan. The total power consumption amounts to about &@vnmer-
cial thermocyclers allow generally a heating and cooling cf about 0.1 to

1 °C/sec and their power consumption amounts to more than 800 W. Th
means that the heatifigooling time of each cycle can be accelerated up from
about 200 sec (bulky thermocycler) to approximately 15 &saricated PCR
chip including foil heater), which results in a possibleatdime reduction of
about 2 hours for a PCR run of 40 cycles.

The functionality of the PCR chip including the foil heatedethe Pt100
with the described control setup was tested using a starlel@ri program
(same as in Section 2.5.1). In the LabVIEW program the teatpess are set
to 95°C for denaturation, 58C for primer annealing and 7Z for extension.
Each temperature is maintained for 30 sec, and to achievghayield of
DNA amplification 40 cycles, were carried out. Figure 2.1dvghtwo cycles
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1kb

500

100 —

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 PGR The PCR

mastermix was manually injected into the PCR chamber withreeentional

pipette. During the PCR process the chip is positioned instoto-made

holder, where the access holes are sealed to prevent gexdymdration and
to avoid generating undesired air bubbles in the chamberdtition the

holder has the advantage, that the chip is in a defined positid a fan can be
placed beside the PCR chip. Simultaneously, a PCR was rucomentional

cycler (PTC-200 slide cycler, MJ research, USA) using threesanastermix
and equal temperature conditions for comparing the amatifin yield. The

yield of the DNA amplification with both systems was checkgdaarose
gel electrophoresis.

In Figure 2.12 the gel electrophoresis results of the twéediht PCR
runs with the 16 rRNA PCR product (479 bp) amplified fré&scherichia coli
DNA are depicted. Lane 1 indicates the 100 base pair laddeoritrol the
length of the amplified DNA. Lane 2 shows the DNA amplificatingide the
chip using the temperature cycling setup and Lane 3 indigdhgeresult in the
standard reaction tube using the conventional thermocyltiboth systems
the same PCR mixture of about 25 pl was used. The image shaivthth
yield of the on-chip PCR is almost as high as using the claksiethod and
the result is comparable to the PCR experiments shown inr&igi®. The
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on-chip PCR chamber including the external resistive mesith 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 deseribed.
The fabricated PCR chip with an externally mounted heatimig(foil heater
and Pt100) and the thermal cycling setup was shown to ampip. The
yield of the on-chip PCR is comparable to a classical PCRgugibhes. The
chamber volume of the compact PCR chip is 25 pl. The thernsadiliition
inside the PCR chamber was simulated to see if the specifiedei@ture
deviation of only+0.5°C was achievable. Due to the low thermal mass of
the device and the high thermal conductance of the siliced ufe heating
and cooling speed during temperature cycling is higher @egpto com-
mercially available thermocyclers. The on-chip PCR runsyé€les within
130 min, which is a time-reduction of about 2 hours. The safexfor con-
trolling the PCR cycles has been implemented in such a wdyetizh tem-
perature step and its holding time can be set individually.

However, this initial control temperature cycling setucibed, using
standard laboratory equipment and a personal computetillisidky. To
achieve the object of a compact PCR cycling system the teatyrercontrol
unit has to be miniturised. Therefore, a micro-controllasdxd (uC) 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 tehiapas used to
amplify a selected DNA sequence up to more than a billiondinTéis huge
amount of specific DNA strands should allow easier deteatibiis pres-
ence. In the following chapter, a sensing device is preddotehe detection
of specific DNA strands. The chapter starts with an overviéwlifferent
DNA detection methods. Subsequently, the principle of &liitee capaci-
tive DNA sensor is introduced. Next, a microfabricated devior label-free
DNA detection is presented, which comprises sub-micraerdigitated gold-
electrodes. The resulting capacitive sensor device waactegised, includ-
ing also sedimentation experiments with nano-particlesbs8quently, the
fabricated chip was functionalised with specific DNA seqesnto achieve a
DNA sensor. Finally, preliminary DNA sensing experimeras detecting a
selected DNA sequence are shown.

3.1 Introduction

The detection of specific DNA sequences are of tremendoesrels interest
in the field of life sciences and especially for its applioatin areas such as
clinical diagnostics and treatment of genetic diseasdasctien of infectious
agents, drug discovery, forensic analysis, rapid pathagéection and food
technology. Almost all DNA detection systems are based eraffinity prin-
ciple. Here, a single-stranded oligonucleotide (probehohilised on a trans-
ducer surface is sensitive to a specific, complimentary DidAebsequence
(target), that binds (hybridises) to the DNA probe. The DN#btidisation
results in a change on the DNA localised surface, which camé@sured in
a wide range of variety. Sensors using different physidalgysles have been
implemented ranging from optical detection (e.g. surfdasmpon resonance,

31
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chemoluminescence or fluorescent), mechanical motion ¢ugrtz crystal

microbalance, resonant cantilever or piezoelectric ttaoson modes), mag-
netic recognition (e.g. magnetic particles) to electrogical sensing (e.g.
voltammetry, amperometry or impedance spectroscopy),[3, 2, 5]. One

object of developing integrated DNA sensors is to replaeeviBll charac-

terised fluorescent-label based detection method whictelcas/ed the great-
est attention in the conventional settings. Despite of thh Hetection sensi-
tivity down to single molecules, the technique requiresemgive fluorescent
labelling of the DNA and the sophisticated integration o #mtire optical

system, requiring an expensive fabrication process [6, 7].

The current trend in DNA detection systems veers towardslbetro-
chemical-based sensing principle [8, 9]. This method istam the changes
of the electrochemical interfacial properties during DNybtidisation. The
attractions of this technique are that it allows the DNA &itg be determined
directly in a sample with no or even little sample preparatibfeatures the
possibility for integration and thus miniaturisation, ahe resulting electri-
cal signal can be processed immediately. In general, trectiet methods
of the electrochemical DNA sensor can be divided into twomtaitegories;
(i) labelled and (ii) label-free (direct) detection. In tfiest category a medi-
ator element (e.g. metal nano-particles, active enzynegexractive labels
or metal complexes) is used to make the sensor highly setefdr the tar-
get molecules, which generate the electrochemical sigitall1, 9, 12]. In
the latter one, the signal is induced directly without usimg external label
[13, 9]. If a target biomolecule hybridises to a DNA probe,iethis immo-
bilised on a surface, the electrical properties of the serfa.g. conductivity
or dielectric constant) changes solely because of the pcesef the target
molecule. Thus, a label-free affinity DNA sensor can be cocgtd, allow-
ing a selective DNA base sequence to be detected by measomieglance
changes. This method features the advantages that no orhavdly any
sample preparation is needed, resulting in a simple DNAisgmievice. Ad-
ditionally, online detection becomes possible, which givdormation about
the binding process over time compared to endpoint detectiche label-
free impedance sensing principle can be divided into arveaethd a pas-
sive technique. The active sensing principle works as &asthacer, e.g. a
field-effect transistor, which is sensitive to electrichatge variations occur-
ring at the surface-electrolyte interface due to hybritliseof the negatively
charged DNA [14, 15] and the passive sensing principle feata capaci-
tance made sensitive to the DNA hybridisation [16, 17]. Héne changes
of the dielectric properties at an electrode surface aexthr 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 capaatahanges at an
electrode-solution interface) or interdigitated eledés (measuring the ca-
pacitance changes between two metal conductors close hootiaer). Be-
side the advantages of detecting a specific DNA sequencetlglirgithout
any preparation time for sample labelling, allowing cdiceent measure-
ments and ease of miniaturisation, these sensing methduisiteone main
drawback; the label-free affinity sensors are not able tongdjgish between
specific and non-specific interaction, because there exgstifferentiation
between them. Therefore, it is very important to immobitise surface in a
way that it ensures higher specific than non-specific birlibyie to the lack
of intrinsic selectivity, the simplicity of the detectioneatihod and the pos-
sibility to integrate a reference system make the sensoe mtbractive than
others. In 1999, Berggreet al. presented a feasibility study of label-free
capacitive DNA sensing [16]. Later, Mgt al. reported about an impedance
increase of approximately 25 % based on double layer capaetvariations
due to DNA hybridisation [18] and, in 2008, Berdeitt al. achieved a re-
sistance change of about 13 % using interdigitated eleetr¢tld]. These
examples show the high potential of detecting selected D&¢fuences using
the passive label-free sensing method.

The above considerations led to select the last method as @#éc-
tion principle for the miniaturised diagnostic system fangtic testing in
biotechnology and medical diagnostics (see Chapter 4)reftre, a capac-
itive sensor including interdigitated electrodes was giesil, where the base
sequence of a specific target DNA can be detected duringdightion to the
immobilised DNA probes.

In Figure 3.1 a schematic of the capacitive detection ppiecis shown
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more in detail. Gold electrodes, which form capacitors,d@posited on an
insulation layer. At the surface of the gold electrodes;g@kected single-
stranded oligonucleotide sequences (probes), compsitige5’-end a thiol
group (SH-group) modification, are covalently bonded. bagrthe hybridi-
sation of the complementary DNA the quantity of biologicaterial near
the sensing electrodes increases and the biomoleculéosointluding wa-
ter and electrolyte molecules is replaced. Hence, thedi@econstant be-
tween the electrode pair changes and the whole capacitaureates [16].
If no hybridisation occurs the capacitance of the electstdgs unchanged.
For achieving high selectivity, i.e. that the DNA sensompmws solely to
the target analyte and not to existing background DNA, redatapacitance
measurements to a reference electrode pair need to be disioedp At this
electrode pair, single-stranded oligonucleotides are atrilised whose se-
quences do not appear in the biomolecule solution. Undeassamption
that almost the same amount of non-specific DNA bindings ioatwoth
electrode pairs, the relative capacitance changes bettheesensing elec-
trode pair (Geng and the reference electrode pairdresult solely from the
specific binding of DNA. Several sensing electrode pairshzfabricated in
one single device. By immobilising them with different DNAobes, parallel
and multiple detection of DNA can be accomplished.

3.2 Design and Fabrication

The microfabricated sensor to recognise specific DNA serpgeiis com-
prised of an interdigitated electrode array forming 16 petelent capaci-
tances for parallel DNA detection. Each electrode pair catintmobilised
with different DNA probes, whereas one pair acts as a refereapacitance.
Van Gerweret al. showed that almost the total current between the electrodes
is flowing in a layer above the sensor surface not higher thadine-space
dimension of the electrodes and a minimum of the layer heighte reached
at a half pitch design [20]. To achieve a high detection $@itgiat the sen-
sor surface and due to the fact that DNA binding occurs upuera¢ 100 nm
above the surface, the electrode widths and the spacingdirebn have to be
selected in the sub-micrometer range. Therefore, the vafithe electrode
fingers and the spacings in between were as small as 500 nnsefker area
of the interdigitated electrodes amounts to 200400 pn?, which is a prac-
tical spotting size for DNA immobilisation. Resulting frotilnese 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 ele
trodes (bottom right).

Figure 3.2 shows the layout of the DNA sensor. The 16 sensaisaare
placed at the centre of the device with a distance of 10 umifayiie elec-
trode array. Each electrode is linked to a bonding pad feegam interface
to the exterior. The chip dimensions 0f99 mn? were chosen to ensure an
appropriate distance between the sensing area and thengquatis, even for
measurements using liquid.

A silicon wafer with a diameter of 3 inches was employed asshaste-
rial, and included a 130 nm thick thermal oxide layer at ode sThe silicon
dioxide (SiQ) layer minimises the parasitic capacitance from the adelets
to the silicon underneath the oxide. Figure 3.3 illustratglsematically the
fabrication process of the interdigitated electrodes. eAfipinning a layer
of the resist PMMA (40 nm thick) at the wafer side with the axidhe ge-
ometry of the electrodes was directly written on the resish w&n electron
beam-pattern generator (a). As a next step, the resist wasoged, where
the exposed areas of the resist were removed (b). Subsgguesmat metal
layers were deposited. A thin titanium layer was evaporptechoting adhe-
sion of the gold layer to the oxide layer (c). The metal layeese patterned
using the lift-off technique. Here, the residual resistuding the metal lay-
ers were stripped. Only the metal remained, which was djresaporated
at the silicon dioxide layer (d). The resulting interdigéd electrodes consist
of a 20 nm thick titanium layer and a 80 nm thick gold layer. Sduently,
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(a) Resist electron (c)
SiO, layer beam
direct writing of resist layer deposition of titanium/gold

(b) (d)

development of resist stripping of resist

Figure 3.3: Schematic of the fabrication process for the interdigitated electrode array
on a silicon substrate.
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Figure 3.4: Scanning electron microscope images of an interdigitated electrode pair
with a total sensing area of 100100 unt (left) and a half pitch of 500 nm (right).

the wafer was diced with a conventional wafer saw to obtaisgedevices
with dimensions of 9x 9 mn?. Finally, the devices had been glued onto
a custom-made printed circuit board and electrically cotet using ball-
wedge bonding. For a more detailed description of the fakido process
see Appendix A.2.

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

The total chip with the fabricated electrode array is showRigure 3.5.



3.3 Sensor Model 37

Figure 3.5: Electrode chip bonded on a PCB: On the chip(® mn¥?) 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 eleetesthy had been
electrically connected on a printed circuit board usingdgaires. These
bonding wires were additionally protected with an epoxy.e TWwo embed-
ded images in Figure 3.5 illustrate photomicrographs dewj¢he fabricated
electrode array of the 16 interdigitated electrode paimd tre electrodes
structure more in detail.

3.3 Sensor Model

In general, the equivalent circuit model, which descritmdanar metal elec-
trodes on a dielectric immersed in ionic solution, can beasgnted as shown
in Figure 3.6 (a). Here, a DNA sensing cell is illustrated)uding all electri-
cal circuit elements. The upper half-plane depicts thetgwmiwvith its resis-
tance and capacitances. The resistaRgg represents the ohmic resistance
of the solution arising from the finite conductance of thesiam the bulky
solution, the capacitana@s, stands for the capacitance through the water-
based solution and the two capacitancgs are the double layer capaci-
tances, which appear between the electrode surface andjthe $olution
when the electrodes are polarised. The bottom half-plamesents the ca-
pacitanceC o« through the dielectric layer on top of the silicon wafer ahe t
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sio, +C\—”_JC +C
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Figure 3.6: lllustration of the DNA sensing cell in an aqueous medium including all
electrical circuit elements (a). Corresponding equivalent circuiteh(iy).

capacitanceé’ to the silicon substrate.

In Figure 3.6 (b) a corresponding simplified circuit modetlté coplanar
interdigitated electrodes is shown. The equivalent circomsists of the sum
of the double layer capacitanc€%,_ at each electrode surface and the resis-
tance of the solutioris,, and in parallel there is a capacitance path with the
cell capacitanc€'ce;, which represents the parasitic capacitance through the
water-based solution and the substréig.( = Cso + Cox + C). These three
components characterise the impedance spectra of the Didisever the
frequency range till several MHz. The influence of these comepts on the
impedance spectra is discussed in more detail in Chaptdr. 3.5

In Van Gerwenet al. a theoretical model is derived, which allows the
value of the parametédtso andC ¢ to be calculated analytically [20]. For in-
terdigitated electrodes, with the same line-space distahe resistanc&s
can be calculated by

Rsol = Qﬁa (3-1)
nl

wheren stands for the number aridhe length of the fingers of the inter-
digitated electrodes andis the resistivity of the solution in the vicinity of
the electrodes. For instance, the resistiyitgf de-ionised water amounts to
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18 MQ2cm, and withn = 100 and = 100 um the calculated solution resistance
Rsol is about 36 M).
The expression for the cell capacitancgds given by

1
Cce" == 5808[‘”17 (32)

wheregg is the permittivity of vacuum ang; the relative dielectric constant
of the material. Silicone dioxide has the value of 4.5dgand for watee; is
about 80. The relatively high value from water results fréw flarge electric
polarisability of the water molecule. Hence, the cell cataace is dominated
by the water. The theoretical value of th&e amounts to approximately
3.6 pF.

For the electrode-solvent interface, which is represebtethe double
layer capacitanc€'p, , it has been empirically recognised that the impedance
cannot be purely characterised as capacitive behavioasd®e for this ob-
servation are surface effects and inhomogeneous currstnibdiions [21].
The electrode-solvent interface can be better modelled y-ealled con-
stant phase element (CPE) [22]. The complex impedance @Rteis given
by

Z cpE = 1 3.3)

CPE= (Gwo)* B .

wherew is the angular frequency; features a typical value between 0.85
and 0.98 introducing a constant phase-shift @hd an analogous to a ca-
pacitance. The absolute value of the impedafigge is comparable to the
impedance of an ideal capacitor, whereas the phase andidtesdsover 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 capacitafige
the absolute impedance value of the CPE and an ideal capatequalised,
which is independent of the phase angle. Therefore the ddaipér capaci-
tance at a given frequendy is calculated by

(27Tfi)k
(27 fi)

CoL = B. (3.4)

3.4 Measurement Setup

To measure the impedance spectra of the interdigitatettetiss in different
solutions, the electrode chip, which is bonded on a PCB, wastty con-
nected to a high-precision impedance analyser (7600 Rredi€R 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 bysanzr
computer.

Quadtech, USA). Figure 3.7 shows the measurement setupimfjeglance
analyser was controlled by a personal computer, whichaliggd the instru-
ment, triggered the measurement sweeps and stored theodatabEequent
processing. Therefore, a program in the developer tool MM I(MATLAB
7.2, MathWorks, USA) was created. Impedimetric spectrawerformed in
the frequency range from 1 kHz to 2 MHz with a signal amplitofle0 mV.
The instrument was calibrated by open-circuit and shooud to eliminate
parallel parasitic capacitance due to instrumentationcaides.

Before a solution was put on the electrodes to measure thedimgtric
spectrum, a custom-moulded ring of PDMS has been clampédukearhip (in
Figure 3.7 the PDMS ring is shown schematically). This riegfprms sev-
eral tasks; (i) it forms a reservoir for placing the solutiora defined way to
the electrodes, (ii) it covers the electrical connectioaesveen the electrode
array and the pads to avoid that the solution running overctmnections
causing a measurement error, and (iii) during DNA hybridisameasure-
ments the reservoir resulting from the PDMS ring has beeereavwith a
cover to avoid evaporation. For these reasons the PDMS siag essential
part of the measurement setup to achieve stable measureomtition for
reliable and reproducible measurements. During the exypets a volume of
5 ul 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 carriedhoaitsalt solution
(10* M KCI) to characterise the impedance behaviour over theuteqy
range from 1 kHz to 2 MHz. The result is depicted in Figure 3vBere
the upper plot shows the absolute value of the impedancehanidwer one
the phase. The resulting data using the KCI solution areepted in circles.
The solid line represents the fitted curve, where the ecemtalircuit model
shown in Figure 3.6 (b) with the three componefits , Rso and Cce has
been taken into account. The components were extracted bif-avritten
program in MATLAB using the least square method. Each ofdlezsnpo-
nents dominates at a specific frequency range. At the lowéecy end of
the spectrum the double layer capacitaggg determines the signal. Here,
processes near the electrode surfaces are measured arddefthe capac-
itance. At the intermediate range (between 10 and 100 kHz)sitnal is
described by the solution resistance, which is signified plateau at the ab-
solute impedance curve and a phase shift at the phase amgée @t even
higher frequencies of the spectrum a capacitance can bgnisea again,
which is mainly corresponding to the dielectric behaviolithe solution and
can be seen as the cell capacitance.

The extracted value of the fitted cell capacitaftg amounts to approx-
imately 15 pF. Calculating the cell capacitance by the gizgnation (3.2)
with a relative dielectric constant of 80, the achieved result was 3.6 pF.
The resulting difference in capacitance appears to be dubetdact that
the measured capacitance includes extra parasitic capeeg originating
not only from the substrate but also from the relatively lagctrical in-
terconnections on the chip and the bonding pads, which wereompen-
sated. The calculated capacitance considers only the itapee through the
ionic solution. The fitted parameter of the solution resistaRs, amounts
to 85 K2. To compare that value with the theoretical model, the condu
tance of the 16 M KCI solution has to be measured. At room temperature
a value of about 24 y8m has been determined with the conductivity-meter
HI 9835 (HANNA instruments, USA). Inserting the data inte trariables of
the Equation (3.1), the calculated solution resistaRggis 83.5 K2. There-
fore, the fitted resistance parameter and the calculatee fi@m the theoreti-
cal model are in quantitative agreement. The last parartebsr determined,
is the double layer capacitan€g, . As explained in the previous section,
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Figure 3.8: Impedance spectra of the sensor in & M KCI solution (circles). The
solid line shows the fitting result of the equivalent circuit model depictedgare 3.6
(b) to the measurements.

this parameter can be best represented by the impedanceR# as€e Equa-
tion (3.3). The fitted value B amounts to 25 pF and the faétdo 0.91.
Therefore, the resulting double layer capacitafige amounts to 10 pF at a
frequency of 3 kHz calculated with Equation (3.4). In liter@ impedimetric
measurements with nanoscaled interdigitated electradsali solution fea-
turing different concentrations have been described [2B, I2can be stated
that by increasing the salt concentration the double lagpacitanc&’p, in-
creases and the solution resistarit:g| decreases. The region of resistance
(plateau in the impedimetric spectrum) shifts to higheqéiencies and at a
certain ionic amount in the solution it can not be resolvedifthe 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 chastictevhere only
the electrical double layer effects dominate the impedance

DNA is negatively charged and the amount of DNA molecules én d
ionised water also influences the impedimetric spectrurhefriterdigitated
electrodes. To figure out this behaviour different DNA camcations (us-
ing the DNA: 36mer oligonucleotides) solved in de-ionisemtay have been
measured on the electrodes. In Figure 3.9 the measurenmeesaf the re-
sulting absolute response of the impedance spectra areteigpirhe dotted
line shows the measured curve with a concentration of 1 phahe dashed
line with a concentration of 10 pmgll, and the solid line the data with a
concentration of 100 pmgll. The impedimetric spectrum with a concentra-
tion of 1 pmol/ul is comparable with that of the FOM KCI solution (see
Figure 3.8). By increasing the DNA concentration in the dieised water,
the double layer capacitanc¢g,, increases and the solution resistaritg
decreases, which is homologous to results of measureméhtgifferent salt
solutions [24]. At a high conductivity of the solution theafdau cannot be
resolved from the spectrum any more and the sensor repses@atpacitive
characteristic till 2 MHz, where electrical double layefeets dominate the
impedance.
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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 teetegtal dou-
ble layer effects dominate the impedance spectrum up to 2.Msza next
step, the change of the double layer capacitance on theadeesolution in-
terface is demonstrated. The capacitance change is cayseglacing the
solution near the electrode surfaces by a medium with ardifterelative di-
electric constant compared to the solution. This behavoexpected during
DNA hybridisation near the electrode surface. In first instg this capaci-
tance change is analysed without using any biological nehtétxperiments
were carried out, where instead of DNA bindings the sediatéri process
of suspended nano-particles in a solution has been meastinedused par-
ticles are from the company microparticles GmbH (Berlinyi@any). The
material of the particles consist of silicon-dioxide (g)@nd the diameter of
the particles amounts to 585 nm. With this size, the padickn sediment
between the 500 nm wide electrode gap. Silicon-dioxide Hagter density
than the solution which makes the suspended particles sadlito the sur-
face of the electrodes due to the force of gravity. AdditignaiO, is not
electrical conductive (no short-circuits of the electr@decur) and the value
of the relative dielectric constant is about twenty time less than the relative
dielectric constant of a watery solution. Thus, the Si@no-particles are
ideal for the sedimentation experiments. The double lagpacitancep.)
on the electrode-solution interface is expected to deerbgsncreasing the
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Figure 3.11: Sedimentation measurements with different concentration of suspended
nano-particles (diameter of 585 nm) in a®Bl KCI solution (carried out with the
experimental setup shown in Figure 3.7. The capacitance changeimeeresults

from the sedimentation of the particles to the electrode surface.

amount of particles at the electrodes. Figure 3.10 showstopticrograph
of the interdigitated electrodes with nano-particles andtrface.

During the experiments a 0M KCI solution has been used, which en-
sured that the double layer capacitaidtg dominates the frequency range
up to several MHz (data not shown). For the sensor model aaatnghase
element (CPE) was used to investigate the double layer tapee behaviour
between the interdigitated electrodes and the solutienGémpter 3.3). Look-
ing only at the absolute value of the impedance responseCHEte can be
seen as a capacitance. Hence, from the impedance meastséeheeoorre-
sponding capacitance of the sensor was calculated usirfgxéitefrequency
of 250 kHz. This frequency has been chosen because in atefethe mea-
surements of the particle sedimentation will be evaluatitd avcapacitance-
to-digital converter (Analog Devices Inc.) featuring aguency of 250 kHz
(see Chapter 4.2.1). Hence, the two experiments will betifatinely com-
parable.

In Figure 3.11 experimental results of nano-particle seditations over
a specific duration of time are depicted. First, a measuresenes with-
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out any particles (only with salt solution) was carried auttere the value of
56 pF was determined. This curve shows a stable measuresré.sFur-
ther measurements were accomplished with different partiencentrations
suspended in the salt solution. These measurement cureascstpacitance
drops. The capacitance change of the double layer capeeitigpends on
the amount of the sediment particles, which displace thetisol near the
electrodes. At a particle concentration of 1 %wva capacitance drop of
about 12 pF was achieved in about 200 min. That means thabthi#ellayer
capacitance(p.) changed by a value of about 20 %. This particle solution
concentration contains so many particles, that the whaerdigitated elec-
trode pair was totally covered with a few layers of particlé®r the other
measurements the suspended nano-particles (1/%cancentration) were
additionally mixed with the solution in different ratios.h& measurement
results show that the capacitance change is lower, if theréeas particles
in the solution. For the particle concentration with theaaf 1:7 (parti-
cle suspension to solution) a capacitance drop of nearly 7a%measured.
The capacitance changed till 100 min and afterwards thes\gthyed almost
constant. The reason for this behaviour is that all padielere already sed-
imented at that time. If the amount of particles in the solutis increased
a higher capacitance change is achieved. The measurenseitsref the
nano-particle sedimentations show the physical principkhe double layer
capacitance change that is to be expected during the hgatiiolh process.

3.5.3 DNA Measurement

To create a DNA sensor from the fabricated on-chip electarday, the in-
terdigitated electrode pairs have to be made sensitive peeifsc DNA se-
quence. Before the electrode pairs were functionaliseld tivid DNA probes,
preliminary DNA bonding tests were carried out on gold-paith a size of
100 x 100 unt on a glass substrate, which were fabricated under the same
conditions as the electrode array. The gold-pads were iimadtsed with
the 39-base long oligonucleotideo3probes (VBC Biotech, Austria). This
oligonucleotide was modified with a thiol group (-SH) at fiieend to get a
covalent bond with the gold electrodes. The gold-pads wesediganically
cleaned with an acidic piranha solution for about 60 min ahtéemperature
and afterwards functionalised with the modified DNA probesaispecific
buffer at room temperature for 60 min. A buffer solution uaihg DNA
probes was pipetted on the electrode array, which was inediar 60 min.
Subsequently, the gold-pads were cleaned with a wash biaffe30 min,
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Figure 3.12: Fluorescent scanned image of eight gold-pads on a glass substiate. T
fluorescent labelled DNA probeE¢o3 were covalently bonded on the gold.

rinsed with de-ionised water and blown dry. This cleanirgpstnsured that
the covalent bonded DNA remains only on the gold pads. Fotaildd de-
scription of the electrode functionalisation one mighergb Appendix B.2.

The DNA probes bonded to the gold-pads feature a fluoresabst ht
the 3’-end, which allows the optical verification of the presenteDblA.
Figure 3.12 illustrates a fluorescent scanned photomiapigof eight gold-
pads on the glass substrate. The light grey squares showthedtent DNA
probes bonded onto the gold-pads. This image illustratashardly any
DNA sticks at the substrate directly and the oligonuclezgtiddhere over the
whole gold area. Therefore, this process can be used toiduatise the
interdigitated gold-electrodes to make them sensitivetoglimentary DNA
strands.

As a next step, the electrode array of one chip was funciigedivith the
same DNA probes and the identical process. For the fundisatian of the
gold electrodes a volume of 5 pl of the buffer including thigahucleotides
was pipetted at the electrode array. The PDMS ring on the egpoires that
the interconnections are shielded from the liquid and onéyihterdigitated
electrodes were functionalised (see Figure 3.7). Addiligna PDMS cover
was put at the PDMS ring to seal the chamber and thus avoicestégmn.
After the functionalisation and the chip cleaning procdks@gold electrode
pairs were sensitive to the same complementary DNA seque&riieh can
be used for DNA target hybridisation measurements.

For the hybridisation experiments, the 39-base long comeigary DNA
sequence oligonucleotideco3targets (VBC Biotech, Austria) were used.
These DNA targets hybridise to the corresponding oligaentode probes,
which were covalently bound to the surface of the electroddse hybridi-
sation process at the DNA sensor was performed in a hybticisauffer
(DigEasy, Roche Diagnostics, USA). A volume of 5 pul of thefbufolu-
tion including the DNA was pipetted on top of the sensor afd#® 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 tadiczliable
measurements. The curve with the circles depicts a measurement wighecoamn-
tary DNA targets inside the hybridisation buffer. The DNA targets hybritlisthe
covalent bonded DNA probes on the gold electrodes. Hence, a capacithange of
about 10 % is detectable.

chamber was sealed with a PDMS cover to avoid evaporationceachieve
stable measurement conditions. The DNA hybridisation waasared with
the high-precision impedance analyser at room temperaging the setup
shown in Figure 3.7.

The saline hybridisation buffer features a conductivitglobut 23 m$cm
at room temperature (measured with the conductivity-mét&835, HANNA
instruments), which implicates that the double layer capace Cp_ dom-
inates the sensor response to the MHz frequency range (datshawn).
Therefore, the absolute values of the sensor capacitarceal@ulated form
the measured impedance response.

Figure 3.13 depicts the established capacitance valudsediytbridisa-
tion measurement (curve with circles), and a reference aneasnt without
any DNA inside the buffer (curve with squares). The measeremwere
carried out over the time duration of 80 min with a measurdnséep of
2 min. The frequency during the measurements was set to 250 khé ex-
periment, where only the hybridisation buffer was measusedws a stable
curve, which indicates that the measurement setup ensliglsle hybridis-



3.6 Conclusions and Outlook 49

ation measurements. The result of the hybridisation measemt shows that
in about 80 min the DNA binding process is complete and a d&pae drop
from 273 to 247 pF is recognised. Therefore, the relativacignce change
after DNA hybridisation amounts to approximately 10 %. Rarmore, this
measurement shows that almost 80 % of the target DNA hyleddigithin
the first 30 min. This measurement proves that the DNA serearlg de-
tects the binding of the complementgfgo3target to the DNA probes in a
hybridisation buffer by observing the decrease of the dtgrace. Addition-
ally, the sensing method allows to monitor the hybridigatiwocess online
and gives an information about the hybridisation time darat

3.6 Conclusions and Outlook

In this chapter a DNA sensor has been described and chasadéhat is
based on the label-free affinity principle. Here, the cdpacie changes at
the surface of interdigitated nano-scaled electrodes;dfhaplementary DNA
sequence hybridises to the surface-bound DNA probes. Eotrethemical-
based sensing principle allows to fabricate miniaturisadas and the detec-
tion method is much more cost effective compared to fluorgssased meth-
ods. Additionally, this technique is very attractive fopiand direct detec-
tion of DNA hybridisation owing to its inherent simplicityniniaturisation
and low power requirements. Measurements with the faleicaénsor have
been accomplished featuring different DNA concentratioa salty solution
to show the influence of DNA to the electrode impedance respomhe re-
sult shows that the higher the DNA concentration (amountio$ increases),
the more influence the double layer capacitafigg has over the spectrum.
To illustrate the physical effect of the capacitance chamepgr the electrode
surface by increasing the amount of DNA, sedimentation expnts with
nano-particles were carried out. The results show that dipaaitance drop
increases by increasing the particle concentration. EgrhDNA hybridisa-
tion experiment in a buffer solution, where the DNA targeatsltio the DNA
probes located at the electrode surfaces, was carried batrebult shows a
capacitance drop of about 10 % which proves that it is feasthtietect a spe-
cific sequence of DNA molecules without long DNA preparatm without
using any labels or indicators. In general, the label-fiig@acitive DNA de-
tection method features the advantage that the specific Digaracleotides
can be detected online in an aqueous solution that repeedenDNA in its
native properties. To ensure that only specific DNA bindiags measured,
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relative capacitance measurements to a reference eledandbe performed.
This DNA detection method is highly suitable to see whethgpecific DNA
sequence is present in the sample probe or not. The esthIBNA sensor
features 16 independent interdigitated gold-electrodés;h allows the use
of one electrode pair as a reference and the other 15 can tigoiuslied with
different DNA sequences. This design of multiple workingattode pairs on
the same chip is very promising for multiplexing detectidim monitor all
electrode pairs in parallel and to get more comfort in openadf the DNA
detection, a specific read-out system was designed andadatiescribed in
Chapter 4.2.1. Overall, this impedance biosensor enabies-pf-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 PCRahipNA ampli-
fication and of an on-chip DNA sensor for detecting specificé¢quences.
To combine both fabricated microdevices into one miniakadiDNA analysis
system, a control-measurement unit, and a setup to conatitthips fluidi-
cally are required. In this chapter first, a short overvievexibting on-chip
DNA analysis systems is given. Furthermore, the realipadibthe minia-
turised DNA diagnostic system is discussed, where the imeigation of an
instrument to operate the two chips and a fluidic system isrdesd more in
detail.

4.1 Introduction

In recent years, considerable progress has been made ievampment of
total analysis systems for on-chip biochemical detectempecially, for the
recognition of specific DNA sequences [1, 2]. Such micrdestdevices al-
low point-of-care tests that are less expensive and mudtéarfdsan analysis
using conventional laboratory benchtop equipment. Theosistems often
perform PCR for DNA amplification followed by a detection uto verify
specific DNA sequences. First miniaturised analysis systasiude optical
detection modules to recognise the amplified product [3,,4,%]. Such
instruments incorporate an external light source and agoledéctor, which
are still relatively bulky. To overcome these geometrigaitations different
research groups presented a system with integrated plietboles, whereas
the excitation sources are still located externally [8,®, 111]. The optical
detection systems are not suitable to create a compact ahdftioient DNA
analysis instrument. The electrochemical-based DNA sgngiinciple, as
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described in the previous chapter, features advantagesagar of miniaturi-
sation and for immediate integrated signal processing. ubeeof electrical
biosensors, especially label-free detection methodsl, $ighificant promise
for the development of instruments, where minimising sizé eost is cru-
cial. Therefore, integrated label-free DNA detection roefhfeature a great
deal of attention for miniaturised analysis systems. ldbal. presented an
integrated microelectronic device for label-free nuckei™ amplification and
detection, where the amplified DNA fragments within the PG8&dpct were
detected by their intrinsic charge using a silicon fielceeffsensor [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 miniaturisedif-contained
instrument is presented, which combines the DNA amplificeéind DNA de-
tection processing modules. The instrument incorporatesygact control-
measurement unit and a fluidic setup to connect both devidestotal minia-
turised analysis system allows low-coBt,vitro diagnostic application for
point-of-use testing, which ensures rapid DNA amplificatimd direct DNA
detection.

4.2 Realisation

The miniaturised system for DNA analysis consists of sdvara-units, in-
cluding the PCR chip with its heater and temperature setimBDNA sensor,
the fluidic system to combine the two devices and to trangperbiological
solution, and the control-measurement unit. This contieksurement unit
is a self-contained system, which steers the PCR run, derttie cycling
temperatures, measures the capacitances of the electodedpring DNA
hybridisation and evaluates the results. Additionallis tinit features a soft-
ware menu to program the PCR run and to set the measuremaeliticos.

4.2.1 Control-Measurement Unit

In a first step the realisation of the control-measuremeittisirpresented.
To fulfil all the different features this unit is divided ins@veral sub-systems
which are combined into one device. In Figure 4.1 a block miagof the
components and features are shown. The microcontrollerigifie central
part of the system, which is interfaced to several other comapts over the
I2C-bus (a standardised multi-master serial computer besjiag 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 uC is a ATmega32 from the AVR-familyr(@it USA).
This pC interacts with a LC display to visualise informatard with a rotary
push-button to exert influence on the menu and to set defirmadneders. In
the software menu the button allows to step through the soéwnenu and
by pushing the button to access sub-menus or to escape fesm ghddition-
ally, it is possible to increment or decrement the value wésd parameters
by scrolling the button and by pushing the button the parametiue will be
stored. For the PCR run, e.g. the temperature and durati@afdh cycle-step
and the cycle number can be set. For the detection of capaeihanges,
e.g. the time duration between each measurement run anotéheneasure-
ment time can be adapted. Further, the control-measurenméinteatures
four interfaces, which are connected to the uC. One interifafor the DNA
sensor, one for the PCR heating control system, one is a d&#face to al-
low the transmission of data to a personal computer, andifi@he is for the
power supply. An external 12 V DC source feeds the contraksueement
unit and the microcontroller is supplied over a step-downverter with 5 V.
The final two blocks shown in the Figure 4.1 present the teatpsz con-
trol and the capacitance readout. The two systems requiszadehardware
components and adequate software.

Figure 4.2 shows a photograph of the control-measuremettwinere
the lid was removed to see inside the cage. Here, a printedithoard
with all the components is integrated, including the LC &igmand the ro-
tary push-button. The connector directly beside the buattmws to program
the uC by flashing the self-created software, which has bested with the
developer tool AVR Studi® 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. Theedhse
image shows the right-hand side wall of the unit with a connector. Dimesision

3 x 8x 12cn.

power connector, the USB interface and two LEDs (one for paweand one
showing the data transfer of the USB interface) were inc@tea. The side
wall at the front features a 16-point connector for the exdeparts of two
temperature control systems, which consist of two fouediPt100, two foil
heaters and one cooling fan (two pins are not used). The ddearperature
control system was introduced to allow DNA hybridisatiohkigher temper-
atures than the ambient temperature. At the right-handveidlesee inserted
image) a 16-point connector for the DNA sensor is integrattete, the PCB
including the electrically bonded DNA sensor is plugged-in

In the following the construction of the temperature cordral the capac-
itance readout of the control-measurement unit are destrifore in detail.

Temperature Control

For the temperature control system the measured temperafihe Pt100
sensor has to be evaluated and the foil heater has to be fedhsiadequate
power to achieve the set temperature. Beside the implechaotéwvare for

the control cycle, the hardware including specific compémbad to be con-
structed. In the following the assembly of the hardware ssualsed.
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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 pCR{IL®

is evaluated with a reference resistor of X@@nd the analogue signals are converted
(ADC) to process the digital values with the pC.

Figure 4.3 shows a schematic of the circuit diagram for thepterature
control of the PCR chip. On the left-hand side the PCR chifuiting the
resistive foil heater and the Pt100 are schematically shgaore informa-
tion of the components can be found in Chapter 2.5.2). Thmeis in-
side the dashed rectangular area are integrated in the ¢abe oontrol-
measurement unit. The resistive foil heater is fed with a 18\Jrce and
the applied power to the heater is steered by a transistachvighcontrolled
with a pulse-width modulation (PWM) signal generated frora {tC. The
resulting signal is smoothed to achieve a DC signal at théehedo de-
termine the temperature of the PCR chip the resistance dltize Pt100
sensors has to be determined. The relation between tempertd resis-
tance is given by the Callendar-Van Dusen equation, whicatefined by
RpuodT) = Riom[l+ - AT] at a temperature range between 0 and kD0
The AT is the temperature difference and the constadinotes the linear
temperature coefficient and it amounts to the value of 385 K. To
determine the resistance of the Pt100 sensor, the voltageodthe Pt100 is
measured, where a constant DC current source is precamglitié-or the pre-
cise measurements the four-wire technique is used, whereith resistances
are eliminated [14]. Further, the voltage drop over the Q0fesistance is
measured, achieving all needed parameters to determitentiperature with
the already described Callendar-Van Dusen equation. Befw tempera-
ture of the Pt100 sensor is calculated by the uC, the two gonalmeasured
voltage drops have to be converted to digital values by alogna-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 dserad
temperature with the control unit and the dashed line illustrates the temgeohtam
additional Pt100.

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

The software menu of the control-measurement unit allovegtohe pre-
denaturation, denaturation, annealing, extension anbefit@nsion tempera-
tures to the desired values and each temperature duratiodividually ad-
justable. After setting all the parameters a PCR run candyéest with vari-
able cycle numbers. The self-contained control-measurenmt allows to
transfer the temperature curves via a USB interface to aapat€omputer,
where the data can be visualised.

Figure 4.4 shows a temperature sequence performed withaothteot
measurement unit, where the three temperature steps ae%&tC, 58°C
and 72°C. The data of the two illustrated temperature cycles artqudy
using a self-created MATLAB program. The dashed dotted dixtabits the
specified temperatures of the PCR chip. The other two lineso&t congru-
ent) depict the temperature curve from two different Ptl&yssr mounted on
the foil heater, which were measured by different instrutsiefihe solid line
shows the measured temperature curve recorded by the rapasursystem
of the control-measurement unit. This temperature is usedhie 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 ctenvgDC).

One electrode finger of the electrode pairs is supplied with a square vgaa. SThe
capacitances are determined by evaluating the time constant of the cheugire.

The resulting capacitances are converted to process the digital valugbevils.

mented control loop. The dashed line depicts the temperatunve of the

other Pt100 measured with a multimeter (Agilent 3410A, USRjis curve

is recorded once to see whether the control-measuremeanteaisures the
absolute temperatures of the Pt100 precisely. Both medsunees are in
very good agreement, which proves that the temperatureurerasnt sys-
tem of the control-measurement unit processes correatiyemmperature of
the Pt100.

The software parameters of the control loop in the contreasurement
unit are adjusted that way that no overshoots occur for §pddempera-
tures higher that 99C. To enhance the cooling process of the chip an active
system is implemented considering of a simple switchabte fehe result-
ing temperature curve and the resulting cycling speed tigpia Figure 4.4
are comparable to the temperature sequence shown in Figurésze Chap-
ter 2.5.2), where the temperature of the PCR chip is cortidlly a personal
computer. The heating rate and cooling rate show equal salue

Capacitive Readout

The control-measurement unit comprises a readout cirouithtie fabricated
DNA sensor discussed in Chapter 3. Four electrode pairsecdeéhsor array
have been electrically connected to the printed circuirthod photograph
of the bonded chip is shown in Figure 3.5. These four eleetipairs still
feature the possibility to measure three different DNA semes relative to
one reference electrode pair. The readout circuit of thérobmeasurement
unit is designed to measure the capacitances of these feirade pairs.
Figure 4.5 depicts the schematic of the circuit diagram tasuee the ca-
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pacitances of the interdigitated electrodes at the DNA®@erisvo electrode
pairs are illustrated in the figure; one demonstrates ttexeate capacitance
(C'ef), where DNA strands are immobilised not matching to the Didyets
and the other presents the sensing capacitariggd with DNA probes com-
plimentary to the DNA targets. The elements inside the dhsbetangular
area are integrated in the cage of the control-measuremént u

The capacitance measurements are carried out by applyimgegmated
circuit (IC) device AD7143 (Analog Devices Inc., USA) stedrby the pC.
This AD7143 device is a capacitance-to-digital conver@DC) featuring
eight input channels, which are guided through a switch imatr a 16-
bit, 250 kHz sigma-delta capacitance-to-digital conwerehe CDC has an
IC interface, which is used to communicate with the pC. The BigAsor,
bonded on a printed circuit board, is directly linked over #16-pin connector
of the control-measurement unit to the capacitance-taadigonverter. For
the capacitance measurements one electrode of each dieptai is fed with
a rectangle signal generated from an internal excitatiomcsoof the CDC.
The rectangle signal features a frequerfcpf 250 kHz and an adjustable
peak-to-peak voltag¥,, from 2.7 to 3.6 V (specified range) depending on
the applied voltage for the IC. Four input channels of the &ick are di-
rectly connected with the counter electrode of all four &tmte pairs. From
these counter electrodes the discharge curémteasured by the CDC (the
remaining input channels are not used). The relation betwe=determined
current/ and the capacitaneg of the electrode pair is given by

1
C Uoof 4.1)

The capacitance-to-digital converter is designed to measapacitances
from the range of 1 to 40 pF (internal register adjustmentesded) by a
resolution better than 1 fF. With regard to the hybridisatioeasurements in
buffer solution (see Figure 3.13) the capacitance reachke®s higher than
270 pF. Therefore, the actual measurement range of the C© small for
the detection of the capacitance change during DNA hylaiitis in buffer
solution. The Equation 4.1 shows that the capacitance isrdimt on the
applied peak-to-peak voltagé,p, the used frequency and the resulting dis-
charge currenf. By reducing the applied peak-to-peak voltage the measur-
able capacitance range can be increased to higher valuesefdie, the IC
device is supplied by a DC voltage of 2.7 V and additionallgsistive volt-
age divider were implemented. The two resistances wererdiineed in a
way that capacitances up to 600 pF are measurable, whiclidpsoa suffi-



4.2 Realisation 61

cient range to measure capacitances during DNA hybridisati buffer so-
lution. Therefore, the electrode is fed with a peak-to-pedtage of 140 mV.
This measurement adjustment of the CDC has the effect thattes trans-
ferred to the uC do not match with the effective capacitaralaevand the
resolution is decreased (e.g., a detected value of 40 pElat@s to a sensor
capacitance of 600 pF). Additionally, a non-linear relatiesults between the
determined current and the effective capacitanc¢é All these issues do not
result in disadvantages for the readout circuit, becausathrest is to detect
capacitance changes and not absolute values during the Dhiddisation.
On the contrary, the reduced voltage at the electrodes famassential bene-
fit, because the resulting electrical field between the eddetfingers exhibits
a value, which does not damage the electrodes and the bicat®layer on
them.

As a next step, experimental measurements were taken fg thexifunc-
tionality of the readout system and to show that capacitahemges can be
detected by the control-measurement unit. Thereforepsaatation experi-
ments with nano-particles suspended in & M KCI solution were carried
out over a specific duration of time. The experiments and gex hano-
particles were the same as shown in Figure 3.11 (see Chapt&),3vhere
the measurements were accomplished with the impedancgsanatere, the
sedimentation of the suspended nano-particles in theigolig detected by
the control-measurement unit, where one electrode palreofdtal electrode
array was measured. All measured values over a specific timaidn were
referred to the first measured capacitance value. This sltbe evaluation
of the relative change of the capacitance over time. Theréataded during
the particle sedimentation were also transferred via thB U$erface to a
personal computer, which allows the visualisation of thmrded data in an
adequate diagram.

Figure 4.6 shows the results of the measured sedimentatfiriments.
The nano-particles are suspended in a concentration of 1/ 9swhich was
further diluted with a 1 M KCI solution in different proportions. The result
produced with a particle concentration with the ratio of 4l@ws a relative
capacitance change of 18 % after a time duration of 250 mirthEuexperi-
ments with different particle concentrations show thatéiative capacitance
change decreases by using less amount of particles in théosol Addition-
ally, the sedimentation time of the particle is decreasifgr example, at a
particle concentration with the ratio of 1:10 a capacitadig®p of approxi-
mately 3.5 % is detected. This change is achieved after adumation of
almost 70 min. By continuing the measurements the capacitealue stays
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Figure 4.6: Sedimentation measurements with different concentrations of sugpende
nano-particles (diameter of 585 nm) in aZM KCI solution (carried out with the
control-measurement unit shown in Figure 4.2). The capacitanagehaver time
results from the sedimentation of the particles to the electrode surface.

almost unchanged. The results of the sedimentation expatgshows that
the readout circuit of the control-measurement unit isadilét to detect ca-
pacitance changes on the surface of the electrode pairbatithé sensitivity
of the detection unit is satisfactory.

For the depicted measurements in Figure 4.6 the softwarbeofi€ is
set in a way that the first value of the measured capacitanswiied and
the further measured values are subtracted from the stapatitance. This
evaluation method displays the relative capacitance ahangpared to the
start value of the measurement series of all four electradts p

The control-measurement unit also features the posgibilineasure the
capacitance changes relative to a reference electrodeHzae, the measured
capacitances of the other three electrode pairs are stdafrirom the actual
measured value of the reference electrode pair. This measmt method
is used for the hybridisation experiments to detect speDN& sequences
on the three electrode pairs, which can be immobilised wiffierént DNA
probes. The capacitance measurements of the three eleqiadd are re-
ferred to the reference electrode pair. Therefore, thed&akrinsic selectiv-
ity using this label-free DNA sensing method is compensdtedause non-
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specific interactions appear at all four electrode pairs.

The hybridisation process of specific DNA sequences oftenmio tem-
perature range from 50 to 6. Therefore, the control-measurement unit ad-
ditionally allows to set the hybridisation temperature jethis controlled by
the puC. The implemented principle for the chip heating isséime as that one
used for the PCR chip. The polyimide Thermofoil™ heater HE&810.0
(Minco, USA), with a resistance of 1Q and a size of 6.4 6.4 mn? was
fixed at the backside of the silicon-based DNA sensor. A halg eut through
the PCB underneath the sensor to achieve a direct and gowdaheonnec-
tion between the heater and the chip. Additionally, a Pt1@8 wounted
on the foil heater. The heater and the Pt100 were connecttgk tcontrol-
measurement unit via the 16-pin connector. The set temperfdr the DNA
sensor is controlled by the pC.

The readout circuit used for the control-measurement snibapable of
detecting capacitive changes of the microsensor. The measat results of
the sedimentation process detected with the readout tiigeg Figure 4.6)
and the impedance analyser (see Figure 3.11) are quamiyati good agree-
ment. Therefore, the readout circuit will be suitable toedetcapacitance
changes at the surface of immobilised electrode pairs dupiNA hybridis-
ation, as already shown in Figure 3.13, where the measutsrhane been
recorded using the impedance analyser.

4.2.2 Fluid Connection System

In the previous sections the control-measurement unit bas described in
detail. However, to achieve a miniaturised instrumentffierfabricated DNA
analysis a system has to be designed, which combines the RigRra the
DNA sensor fluidically. In general, the fluid connection gystreplaces not
only the pipetting process for filling and extracting the P€Rmber and the
reservoir at the electrode pairs, but it also allows thesgpart of the biologi-
cal solution from the PCR chip to the capacitive DNA sensdri/evkeeping
the two devices in a defined position, which is a relevantfaftr running
stable and reliable processes. In addition, the fluidicesyalefines a reser-
voir around the sensing electrode pairs and features trs#jildy to seal this
reservoir and the PCR chamber to avoid evaporation.

In Figure 4.7 a photograph of the fluid connection system pgated in-
cluding the PCR chip with the foil heater and the Pt100, aingdhn and the
DNA sensor bonded on the PCB. For this fluidic system the petypoly-
oxymethylene (POM) is used as material, which exhibits kswephysical
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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 shovetidiee from
the backside, which includes O-rings. Depending on the position of the siitdher
solution can be transported through the devices or the reservoirsaed.se

and processing properties. The fluid connector is congduntta basic plate,
where the PCR chip, the fan and the DNA sensor are positioiiée. fan
is screwed to the plate and each device is fixed by a sepaat®clBoth
clamps are combined over two Teflon tubes, which are insdxyddterfer-
ence fittings. The clamp for the PCR chip is constructed agerdbr manual
operation (movement of the slider is indicated by a doubtevdy. In Fig-
ure 4.7 at the bottom-right corner the embedded image shHwnsatckside of
the slider, which includes six O-rings. The upper row of theiigs are just
inserted at the surface of the slider, whereas at the lowereaxh inserted
O-ring surrounds a Teflon tube. Therefore, for the slideitjpps where the
O-rings without tubes surrounds the access holes of the R@Rilger, the
chamber is closed tightly and by moving the slider to the ofgusition, a
sealed connection between the tubes and the access holesafamber is
accomplished. At this slider position the PCR chamber cdiillbd with the
biological solution. After moving the slider back to theginal position the
chamber is sealed hermetically to avoid evaporation duhied?CR run. As
a next step, the solution including the amplified DNA seqesran be trans-
ported to the DNA sensor. The clamp for the DNA sensor feataot only
two inserted tubes for the liquid transportation but it agbibits 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 consiste afotttrol-
measurement unit and the fluid connection system including the DNA sanddhe
PCR chip with the heater, the Pt100 and the cooling fan. The control-nezasnt

unit is the operation instrument for running the amplification and detectiocegs.

The fluid connection system allows to combine the PCR chip with the DNA sensor

which contains approximately the volume of the PCR chamiberachieve
a hermetical sealing between the DNA sensor and the res@fvtie clamp
the custom-made PDMS ring is inserted. The tube, which allive sample
to be extracted from the reservoir, is connected again telitier. Therefore,
the reservoir can also be hermetically sealed during the Dridisation
process. This is important, because if the hybridisati@mtess takes place
at temperatures higher than the ambient temperature. TRechip and the
PCB with the bonded DNA sensor can be exchanged easily, beche de-
vices are simply clamped over springs.

The performance of the fluid connection system was testgubceslly,
chamber and reservaoir filling, the liquid transportatiod #me integrity of the
chamber and reservoir after sealing. It can be concludedhbdluidic sys-
tem for combining the PCR chip with the DNA sensor satisfiemahtioned
issues, respectively. The chamber and reservoir can be fillgnout any air
bubbles and the sample in the reservoir reaches the elegbaids. In addi-
tion, the liquid transportation is free from leakage and &R 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 systernathponents, which
where described in this chapter have to be combined. Thexefte control-
measurement unit and the fluid connection system includieg®CR chip
with the foil heater and the Pt100 and the DNA sensor bondetherPCB
have been put together. A photograph of the total miniatdramnalysis sys-
tem is depicted in Figure 4.8. The fluid connection systemdsqul on the
right-hand side of the control-measurement unit. At thdé she connector
for the capacitance readout is located, which allows the Ri@iBthe bonded
DNA sensor to be plugged in. The cooling fan, the two foil kesa{one for
the PCR chip and the other for the heating of the DNA sensat)tlaa two
corresponding Pt100 sensors are merged to one connectioh isttlipped
at the front side wall of the control-measurement unit. Taedportation of
the prepared sample can be performed with a syringe man(zelghown
in the figure). The control-measurement unit is suppliechwit12 V DC
source. The mean electric power consumption of the systeouais to ap-
proximately 0.8 W and during the heating steps of the PCR henpower
consumption achieves a maximum value of 8 W.

After setting the parameters and sealing the filled chantberPCR run
can be started. During the PCR run the set temperature, thel é&empera-
ture, and the residual cycle number are visualised on theigiilay. After the
DNA amplification process the sample can be directly trartspddo the area
of the immobilised electrode pairs and the DNA detectiorcpss with the
control-measurement unit can be started. During this potiee temperature
of the sensor can be set and the reservoir can be sealeg.tightd detected
capacitive changes of each electrode pair relative to tfezenece electrode
are directly visualised at the LC display.

This analysis system for amplifying and detecting specifitADstrands
is a stand-alone and compact instrument, which is designeeérform fast
and semi-automated DNA analysis. Only a small amount of gampterial
and reagents are needed to carry out direct detection of DivAidisation
in parallel. This system represents a cost efficient anddrppint-of-care
solution compared to conventional laboratory benchtoppegent.

4.3 Conclusions and Outlook

In this chapter, a miniaturised analysis system for amipigiyand detecting
specific DNA sequences is described. The modular system risgspnot
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only the PCR chip and the DNA sensor, which were describeodptevious
two chapters, but it also contains the control-measuremngihiand the fluid
connection system. The control-measurement unit is a |gesténstrument,
which is designed to control the different temperature stiyring the PCR
process and to measure the capacitance changes during Didtilibgtion.

The fluid connection system allows the transport of the sardjpectly from

the PCR chamber onto the electrode pairs of the DNA sensawotéh the

analysis system is very attractive for rapid and direct DNedtion owing
to its simplicity, miniaturisation and low power requiremi® The modu-
lar configuration for the DNA amplification and the DNA defeatensures
cheap chip fabrication and it results in high productioridsién addition, the
use of commercially available components (e.g., foil heatel IC for the
readout) for the miniaturised analysis system allows tloelpetion of a cost
effective instrument. The possibility to carry out DNA aysit outside of the
laboratory directly by the user enables to achieve measntnesults in a
rapid way. The system is designed for relevant point-oéearalysis in the
field of biomedical diagnostics to help to identify subjesfsnterest. Other
applications can be found in the field of environmental naig, forensics
and bacterial pathogen detections.

Up till now, the miniaturised analysis system has been peduand
tested for its general function. The system allows tempegaturves for the
PCR chip to be run, which have already shown successful DNglifioation
results using laboratory equipments, in order to ensureDh& amplifica-
tion will be possible with the analysis system. Also, theegtibn principle is
demonstrated with sedimentation experiments using naniicjes. The mea-
surement results are in good agreement with the sedimemtatiperiments
performed with a laboratory instrument. Therefore, therafien principle
of the described miniaturised analysis system has beenmgrated and it
can be concluded that the system is suitable to amplify atettibacterial-
species specific DNA sequences. Furthermore, the systdardedhe pos-
sibility to detect several DNA sequences on their presen@absence in the
sample during one experiment.
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Chapter 5
Hydrodynamic Focusing

In the previous chapter a system for sample transportates imtroduced,
where two individual microdevices, a PCR chip and a DNA sersave been
fluidically combined. The trend in the field of uTAS is to intatg several
(sub-)systems (e.g. for sample transportation, manipulamixing, charac-
terisation or sorting) into one single device which makeeeitessary to deal
with the topic of microfluidics. One attractive techniguectmtrol the pas-
sage of samples or particles through microfluidic chanrgels/drodynamic
focusing, where a sample flow is squeezed by neighbourirgtistiews. In
the following sections two microfluidic devices are presérfeaturing three-
dimensional hydrodynamic focusing for full control of thengple stream.
One device allows to create a non-coaxial sheath flow whdether one can
form a coaxial sheath flow. The chapter starts with an intctidn and basic
aspects of microfluidics, followed by the description of thep fabrication
and the measurement setup. Subsequently, experimentharatterisation
of the two different devices are presented including lasansing confocal
microscope measurements and dye intensity analysis.

5.1 Introduction

Microfluidic systems have been utilised for analysis of cteatror biological
assays in the fields of biochemistry, biophysics, medicame] life sciences
[1, 2, 3]. The analytes are transported through microcharbeachieve in-
formation of their characteristics or to manipulate therhe Guidance of the
sample inside the microchannel plays an essential aspeenfuring reli-
able experimental results. Therefore, it is attractivegplysample focusing
techniques.

Different focusing approaches have been presented intdratlire, pro-
viding the possibility of controlling the passage of the gtam or chemical
reagents through the microchannels. The electro-kindliafd the dielec-
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trophoretic (DEP) [5, 6] techniques are able to manipulatis or particles by

applying a force field directly to them, which premises dertgpes of cells

or particles; electro-kinetic focusing requires chargeetges and DEP focus-
ing relies on the polarisation of the particles in the fluidtHe hydrodynamic
focusing technique a sample liquid containing the mattdveanalysed is
squeezed by a neighbouring sheath liquid [7, 8, 9]. Advastalf the sam-
ple focusing are that any undesired sample adsorption atidwenel surface
can be reduced, and in the case of particle analysis, chalugging can be

avoided. Additionally, a small volume of analytes can bectied precisely
to a defined region in a larger channel.

The first published hydrodynamic focusing devices exhibdesample
flow that was squeezed vertically or horizontally by one av teeighbouring
sheath flows. Examples of such applications can be found nd [10]. In
particle analysis applications, this so-called two-disienal (2D) hydrody-
namic focusing technique exhibits the drawback that it dagrovide the
possibility of single particle analysis even though theuted stream width
is of the same order of magnitude as the particle diametes.péiticles can
be distributed over the total height in the microchannet (Sigure 5.1, left).
Further publications show devices allowing sample foayusmvertical and
horizontal directions. This three-dimensional (3D) hytinsamic focusing
technique allows narrowing down the sample stream dian@tée required
size of the particles, thus allowing single particle analysee Figure 5.1,
right). The sample stream can be either hydrodynamicaltyded on three
sides, while at the fourth side the stream moves along thengtdottom
(non-coaxial sheath flow), or it can be squeezed on all falessiwhere the
sample stream flows at the centre of the microchannel (closixéath flow).
In both cases, the diameter of the sample stream can be bedtand posi-
tioned inside the channel by varying the flow rate ratio betwthe sample
liquid and the sheath liquid, as shown in [8].

The hydrodynamic focusing technique finds application ia field of
microflow cytometry to count and sort cells or particles [Mhich includes
Coulter counting [12] and fluorescence activated cell sgrtiFACS) [13, 14].
A Coulter counter is an instrument to determine the sizeiligion of parti-
cles or cells in a conductive liquid by measuring the impegashanges with
electrodes. The liquid suspending the particles or celistbde in contact
with the measuring electrodes at one channel side, whicHog@a non-
coaxial sheath flow in 3D hydrodynamic focusing [15, 16].&leptical near
field detection systems require a non-coaxial sheath flowlsscthe sample
stream has to be close to the detection area [17, 18]. Arakbalauses such
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Figure 5.1: Schematic of the microchannel cross-section showing four diffédnent
drodynamic focusing types; 2D focusing: one or two sheath flowsesgsethe sam-
ple stream, 3D focusing: at three (non-coaxial sheath flow) or atl(fmaxial sheath
flow) sides the sample is focused.

a flow-cell for particle sorting [19]. In contrary a FACS faes typically a
coaxial sheath flow, where a 3D hydrodynamic focusing tegpmis imple-
mented [6, 13]. Here, a passing patrticle or cell through aaaltannel is
illuminated by a laser beam and the fluorescent or scatteybti$ detected
giving information about the physical and chemical struetaf each indi-
vidual probe. In addition, the focusing approach has beetieapto a num-
ber of different microfluidic applications, including cglatterning [20, 21],
molecule handling [22, 23], DNA stretching [24], micro-fl@witching [25],

adjustable optofluidic microlens [26], rapid mixing or dian [7, 22, 27],

bubbles and droplet generation [28, 29], fabrication of otispersed parti-
cles or liposomes [30, 31] and electrospinning of nanofifgak

In recent years, microfluidic devices have been introduakdwing hy-
drodynamic focusing by completely surrounding the sampieam with a
coaxial sheath flow. In 2001 Shat al. fabricated one of the first coaxial
sheath flow microdevices using microsystem technology. [38]realise the
vertical sheath flows, a two step introduction of carrier Bamas considered
and for lateral sheathing the sample inlet was designed at affihe channel
width. Nieuwenhuit al. presented flow-cells allowing to adjust the sheath
flows for adaptable non-coaxial and coaxial sample stre&mn3aNolff et al.
fabricated a ‘chimney-like’ structure in a microchannel éoaxial sheathing
[13]. Sundararajaet al. fabricated a chip with several PDMS layers using
a sandwich technique to achieve a coaxial carrier flow [34tet, Yanget
al. have shown a device using 3D photolithography in SU-8, tcegse a
microchannel allowing 3D sample focusing [25]. Chaeial. presented a
PDMS fabricated scheme, whereby the sample stream is lifyean addi-
tional inlet forming a coaxial sheath flow [35], and Mabal. introduced the
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“microfluidic drifting” technique to focus the sample stne§36]. Here, the
sample flow drifts to the centre of the microchannel inducgthle centrifu-
gal effect in the curve of a microfluidics channel. Saetal. reported another
way to form passively a coaxial sample flow inside the micewatel [37].
The group utilised symmetrically slanted microgrooveshat ticrochannel
walls to generate local directional streams, which lifestion-coaxial sample
flow to the centre region of the microchannel. Recently, €sail. presented
a focusing technigue where the non-coaxial focused sann@ans passes a
micro-weir structure for lifting the species [9]. All thesgcrofluidic devices
are able to focus the chemical or biological reagents to ¢éiméral region of
the microchannel. Additionally, the channel dimensionthefdevices are in
the range of 100 um or even more.

In the following chapter the realisation of two different BRdrodynamic
focusing devices (non-coaxial sheath flow and coaxial $héaw) is de-
scribed. The flow-cells allow the creation of sample streamedsions in the
range of a few microns in diameter. The chips exhibit a nunaberthog-
onal control mechanisms for adjusting the sample streanemions and to
navigate it to any position inside the microchannel. Addidlly, the chip
dimensions are much smaller compared to previously predesiteath flow
devices. The significance of producing smaller flow-focgsievices is that
the amount of chips on one wafer is considerably increashithwesults in
an important cost reduction, also when integrated sensitirsenncluded.

5.2 Basic Aspects

The description of the fluid behaviour in macroscopic systésnbased on
the continuum assumption, where the volume of the fluid éostas much
molecules that all physical parameters, like e.g. presantevelocity are
well-defined and vary continuously in the defined volume. yéguand Were-
ley described in [38] that this assumption can also be asgd@s®alid in the
microscopic scale for fluids, because there are still enanglecules avail-
able. Therefore fluids, especially liquids, flowing througktcrochannels, are
examined as a continuum and the established approachesdigsiag flow

in macroscopic systems can be used. The governing contirflwighme-

chanics equations are developed from the primary consenviaws (mass,
momentum, and energy), considering that the flow is incosgiinée, Newto-
nian (shear stress is linearly proportional to the velogigdient), isotropic,
and isothermal. The so-called Navier-Stokes equatioms fopartial differ-
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ential system of equations, which is used to model fluid dyingroblems.
The system of equations is generally solved using humegigallations. For
a more detailed treatment of the subject one might refer.¢o,[89] or [40].

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

Re = %vL (5.2)

estimates the laminar-turbulent transition, wheie the density of the fluid,
7 is the dynamic viscosity of the fluid, is the average fluid velocity, and
is a characteristic length, which represents in a microcébits diameter. In
a rectangular channél is defined as

A

L=4 B (5.2)
where A is the cross-sectional area afdis the perimeter. In literature the
transition threshold from laminar to turbulent flow is deeldin the order
of 1000 to 2000 [38, 41]. In microchannels having, e.g. a @imof 50 pm
and water-based liquid flowing at 1/sec (which is considered as a very high
speed) the Reynolds number is about 50. According to thésliqid flows
inside the microchannel are laminar.

Mass transportation taking place in fluidic systems is dieedrthrough
diffusion — the random thermal motion of individual partislin the fluid —
and by convection, in which matter is transported by the Ipadition of the
fluid. Due to the continuum assumption the PDE of convectiiffusion is
derived and used for solving mass transportation probl&msmore detailed
information one might refer to, e.g. [41]. Thé&et number is a character-
istic for dispersion effects under the action of convectiod diffusion. It is
described by

Pe= — (5.3)

where D is the diffusion coefficient (the other variables have belegady
declared). The diffusion coefficient is determined expentally and be-
longs in water-based systems in the range of°18?s* or even smaller [41].
Hence, the Eclet number is at least of the order of 5000. At this range con
vection dominates the transfer process and diffusion haattles place. The
laminar flow behaviour in microchannels and the limitedratéion between
the sheath liquid and the sample liquid make microsystemssugtable for
applying the hydrodynamic focusing technique.
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5.3 Numerical Simulations

Numerical simulations have been conducted firstly to find @eqaate de-
sign including the geometrical dimensions of the microfluidevices and
secondly to verify the fluidic behaviour of the sample stréaside the mi-
crochannel. For the computational fluid dynamic (CFD) satiohs the soft-
ware tool COMSOL Multiphysics™ (COMSOL 3.3a, Sweden) waedis
The steady-state flow in the microchannel was governed bintteenpress-
ible Navier-Stokes equation, and to visualise the sampéast, the coupled
convection-diffusion equation with flux was solved. Afteodelling the ge-
ometry of the flow-cell, the physical properties of the subdins were de-
fined. As inlet boundary conditions different flow rates wepgplied and at
the sample inlet a dye concentration was added. The outletdzoy con-
dition was set as neutral with a convective flux. The diffasemefficient
of the diluted fluorescent dye acridine orange in de-ionisater has the
value of 3.6<101° m?s?® [42]. In order to get a suitable balance between
computational solving time and achieving a satisfactosohation of the
numerical result, a mesh of about 100000 tetrahedral el=nfen solving
the Navier-Stokes equation was generated and approxiymz86000 tetra-
hedral elements for the convection-diffusion equationc®thne flow fields
had been established, the velocity field was substitutecie species of the
convection-diffusion equation to calculate the dye coivegion field.

5.4 Fabrication

Before manufacturing the designed microfluidic devicesasiten about the
used materials and its fabrication methods had to be made t®tine desire
to apply microchannels with dimensions in the range of 50 pohsmaller,
microsystem technology with clean room conditions was Geed. Here,
proven fabrication technologies, e.g. lithography, capfiom the semicon-
ductor industry, has been used to treat hard materialssiliken wafers. Ad-
ditionally, in the last decades the photolithography téghea has been further
developed allowing channel structures to be defined prgdis@hotoresist.
One might refer to [43] for a detailed description of micrst®m processing.
The fabricated flow-cells consist of a planar microfabedagilicon-glass
sandwich with an intermediate layer of the polymer SU-8. $iieon was
used as the basis, where the access holes for the fluiditaiceerere etched.
SU-8-50, a photoresist, was used to define the geometry ahituenels 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 PYREX7740 glass was utilised ensuring optical
access. The binding between the SU-8 and the glass was alsioaopby a
irreversible low temperature wafer bonding process.

In Figure 5.2 the process flow for the device fabrication tsesoatically
illustrated. On the left-hand side the treatment of the 260thick glass
wafer is shown. First a few atom layers of titanium were evatsal onto the
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wafer surface (glass still transparent) to improve the eslie between the
silicon wafer and the SU-8 which was deposited afterwardsgiy-coating.
The thickness of the SU-8 layer defining the channel heighbeecontrolled
by the spin rate and the viscosity of the resist. For diffefendic devices
different resist layer thicknesses were generated. Subsdly, after a soft-
bake at 90°C for 4 hours, the negative photoresist was exposed through a
lithographically written mask near UV light transferriniget pattern of the
mask (a). A post exposure bake (PEB) followed at@@or 15 min (b). Here,
the long molecular chains of the resist at the exposed aressavoss-linked
and solidification of the material occurred. Afterwards,.2 @m sacrificial
copper layer was deposited by thermal evaporation on topeoStJ-8 layer.
The copper layer was patterned by wet etching (for more inédion see
the next paragraph for §, layer patterning) (c). The remaining copper
layer protects the unexposed SU-8 parts between the ex@as&d In a next
step, the SU-8 was developed and the copper layer was rengdyed he
exposed SU-8 builds the channel walls, whereas the rengaimiexposed
SU-8 in-between is needed for the adhesive wafer bonding mhterial is
still thermoplastic and at temperatures of about 400 will cross-link, even
without UV exposure.

On the right-hand side of Figure 5.2, the silicon wafer et is de-
picted. A 360 um thick double-side mirror polished waferhitin layers of
SisN4 and SiQ at both sides was used. First, access holes through thasilic
wafer were anisotropically wet etched to achieve a fluidteriiace. There-
fore, one of the outer g\, layer was covered with a positive photoresist. The
resist was exposed through a photomask using near UV lighatsfer the
mask pattern (e), followed by resist developing to remoeeakposed areas
(f). The structured resist was used as a mask to etch ghi &hd SiQ layers
with plasma. After removing the remaining resist (g) caatwere anisotrop-
ically wet etched into the silicon wafer using a KOH watensian (h). The
SisN4 and SiQ layers at the other side of the silicon wafer are still urterda
For the adhesive wafer bonding, the bonding side of theosiligafer has to be
treated with a (mirrored) SU-8 structure existing on thesghlaafer. Here, the
thickness of the resist amounts to only a few micrometerstamdum of the
thickness of SU-8 layer at the glass wafer and the silicornadmprises the
microchannel height. The same procedure as for the glasgsteat had been
used. First, at the untreated side of the silicon wafer atttanium layer was
evaporated followed by a SU-8 coating. Next, the resist wassed at the
defined areas, post baked and developed (i). No unexposetirSidained
at the wafer. Subsequently, the wafer was rinsed usingmisdd water with
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megasonic to break thegBl, and SiQ layers at the cavities obtaining access
holes through the wafer. To achieve a microfluidic devicegthss wafer was
thermally irreversibly bonded at a force of 700 N to the sifiavafer. First, at

a temperature of approximately 100 the unexposed SU-8 becomes viscose
and rinse to the silicon wafer used as the adhesive mateSighsequently,
the SU-8 structure on both wafers was hard baked at a tempe@t180°C

())- Finally, the bonded wafers were diced using a conveutiavafer saw.
For a more detailed description of the whole fabricationcpss one might
refer to Appendix A.3. Photographs of the fabricated flowscare shown in
Figure 5.6 and in Figure 5.18.

5.5 Measurement Setup

For the hydrodynamic focusing experiments, a fluidic cotinacfrom the
environment to the chip is needed. The main requirementsase of use,
reliability and the possibility to allow optical accessahgh the glass cover
inside the microchannel. Therefore, a custom-made dewltkehwas fabri-
cated using the engineering plastic POM which includes mefibes allow-
ing syringes to be connected. To combine the chip with thddrpthe chip
was aligned and glued on an adapted printed circuit boar@)PThis PCB
was subsequently mounted on the plastic holder, while @oushoulded sili-
cone gasket (0.8 mm thick) was placed between the holdeharftlitdic chip
to achieve atight connection. A self-made gasket for tighting was needed
because the access holes on the chip are very close to eachroétking the
application of O-rings difficult. In Figure 5.3 (bottom rigla cross-section
sketch shows the principle. This fluidic connection systasthe benefit that
the oil immersion objective of the microscope can be usesl dttjective has
to be placed directly at the glass surface of the chip). Eidu8 illustrates
details of the fluidic connection and shows the chip (dimamsi 6x 9 mn¥)
from the back side with six access ports (coax sheath flow, cgip Chap-
ter 5.7). During the experiments the self-made gasket fdrankeakage-free
connection even at high flow rates (up to 100rin for the cumulated sheath
flows) and accompanying pressures.

In order to obtain information on the cross-section profdéshe sam-
ple stream inside the microchannel, the confocal lasernéegrmmicroscope
technique (Confocal C1 TE-2000, Nikon, USA) was used. Dytire exper-
iments the chip with its fluidic connections was positionedtiee scanning
area of the confocal laser scanning microscope. Figure épicts the ex-
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Connection area
~ with integreated tubes

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 oiCtie P
and the silicone gasket is placed between the holder and the chip. At thebigta

a cross-section sketch shows the principle.

perimental setup for the fluidic measurements. The commatatrolled mi-
croscope focuses onto a specific focal plane in the microwand a laser
scans this area on their fluorescent intensities point bytpdhe wavelength
of the laser amounts to 488 nm and the maximum emission waytleof
the fluorescent dye is 525 nm. The pinhole ensures that oainbdérom the
specified focal plane reach the light detector. By repedtiegscanning pro-
cess on several neighbouring channel planes through @lectannel height,
the measured data were rendered and a 3D image was genefdtede-
sulting pictures give information on the sample streamssEction (profile)
and its position inside the microchannel. More details atvonfocal laser
scanning microscopes can be found, e.g. in [44].

For the measurements of the fluidic behaviour inside the cof@annel
the liquids were driven through the device by different vokiric flow rates
which were controlled with syringe pumps (kdScientific mio2@0 series,
USA). The fluorescent dye acridine orange diluted with desied water
(concentration: 0.15 mygnl) was used as sample liquid to visualise this flow
and the sheath liquid consisted of de-ionised water. Dubddaw dye con-
centration, the density and the viscosity for both liquide be assumed as
identical, which results in a single phase system.

The microscope used for the experiments not only allows théle of
the sample flow inside the channel to be measured confodallyjt 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. Silicose dudd
mounted on the holder for fluidic connections to syringes. Between thehartdl the
fluidic chip a silicone gasket with holes is put to achieve a tight connection. théth
computer controlled microscope confocal and intensity images are.taken

permits vertical images of the flows to be captured with a teigligital

SLR camera (D100, Nikon, USA) for quantitative dye inteysibalysis. The
diluted fluorescent dye was excited by the laser of the miznos and the
filtered fluorescence light was recorded using the digitalera. For this the
pinhole was removed. These two analysis techniques allow,ceamparing
the confocally measured sample height inside the channéletealculated
sample height over its fluorescence intensity (see Sect®@)5 Therefore,
vertically captured images of the sample flow features ddeqbssibility to
derive three-dimensional information (determining saawaidth 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 Safufing a non-
coaxial sheath flow. Figure 5.5 shows the functioning of theérbdynamic
focusing, where the sample flow is squeezed between thre¢hstews. At
the fourth side the sample flow is moving along the channebbat Through
the sample inlet the sample is orthogonally injected, wizesheath liquid
from the back is already flowing. The flow rate ratio betweenghmple flow
and the sheath flow defines the sample height inside the rhignoel. By in-
creasing the flow rate of the sample flow relative to the baelahflow rate,
the sample liquid laterally penetrates further into theasihdiquid. Lower-
ing the flow rate of the sample liquid, the penetration of tamgle stream
is reduced. In a next step, the channel width is transvgrsalinpressed in
a ratio of one to sixteen through the use of a taper (chanmehgey). The
application of such a focusing section allows to fabricatielyf large chan-
nel inlets for less critical alignment. Due to the low Reydohumber in the
microchannels laminar flow occurs and the sample flow is fedgeomet-
rically at this section. For dynamic control of the samplevfldimension in
horizontal direction two side sheath ports are designepepeticular to the
sample flow. The sheath flows from the sides additionally $ate sample
flow. By controlling the flow rates of the side sheath inletsitigely to the
sample flow rate the sample profile and its size can be variedachieve
high versatility to create different sample flow profiles leabeath flow can
be steered separately. Liquid can be removed at one of ta@eits, whereas
liquid is added at the other port to control the sample flowhia lhorizontal
plane.

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

Figure 5.6 shows a photomicrograph of the fabricated chifis flealised
microfluidic device allows multiple sheath flows, where eslihath flow can
be separately steered. The chip has three sheath inlets<«(330 unt), one
sample inlet (80x 80 unt) and one outlet (33& 330 pun?). The total chip
dimensions are & 9 mn? and the channel dimensions at the channel cross
are 50 um in square.
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Back sheath

Sample inlet

Outlet

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 isdgirea
flowing. After a first focusing step the sample flow is squeezed betweesitle

sheath flows.

Figure 5.6: Photomicrograph of the non-coaxial sheath flow device (shown chip
dimensions: 4x 7 mmz); back sheath inlet, side sheath inlets, and outlet:
330 x 330 unt; sample inlet: 80x 80 pnt; channel dimensions after the focusing

section: 50x 50 pnt (heightx width).
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5.6.2 Experimental Results

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

Focusing Limitation

For determining the focusing limitation of the flow-cell thvdth of the sam-
ple flow at the focusing region was analysed. A top-viewedgienaas cap-
tured with the digital camera and the colour intensity of ¢hatted fluores-
cent dye was evaluated. The width of the sample flow was defiseitie
width of the sample at 50 % of the maximum dye intensity whgh useful
definition for different applications, e.g. particle orldehndling, where the
particles or cells have diameters of the same scale as th@esflow diame-
ters. During the experiment the flow rates at the inlets wergrolled with
the syringe pumps. The experimental optimum of sample fogusas been
found using the flow rates of 2 {thin (back sheath inlet), 0.1 (thin (sample
inlet), and 30 yi/min (side sheath ports). In Figure 5.7 the captured focusing
limitation of this device is depicted. The picture presehé&simage of the flu-
orescent dye. The already focused sample flow due to theitapaditionally
squeezed by the liquids coming from the side ports. The medgacusing
limitation of the non-coaxial sheath flow-cell using the rienmed definition
is a 2.5 um wide sample flow at a channel width of 50 um. The reémo
the focusing limitation is the low velocity of the pressurasen flow near the
channel bottom (parabolic flow profile as shown in [45]).

Confocal images have been obtained showing a cross-sewtiarof the
channel using the same setup conditions as for the Figurd=fgjidre 5.8 on
the left-hand side depicts a confocal image of the chanmasesection di-
rectly after the side sheath ports and at the right-handtk@leorresponding
numerical simulation is highlighted. These two results iargood agree-
ment and they feature a triangle-like shape of the sample fflmfile. The
evaluated sample width of 2.5 pm describes the width at ket of the
sample stream profile. The measured sample flow width of thieelat the
channel bottom amounts to 5 um. The height of the sample fleidenthe
microchannel amounts to 12 um.
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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 referendb@adrows
indicate the flow direction). The smallest width of the sample flow amount&tara.

Experimental image Numerical image

cross section cross section

Height of channel: 50 ym

Width of channel: 50 pm Width of channel: 50 ym

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 flotheirmi-
crochannel were compared with the sample flow heights ckedlfrom the
fluorescence intensity of the sample captured with top vikineages. For
these experiments, the flow rates at the back sheath inlgharglde sheath
inlets were kept constant, while the flow rate of the sampkast was varied
to achieve different sample heights inside the microchlarites flow rate at
the back sheath inlet was set to 1gmin and at the side sheath ports there
was no flow. In Figure 5.9 (top) confocal profiles of the sanfijoby measured
over the whole channel cross-section are depicted fegtdifferent sample
flow rates. The images were performed at 0.5 pmzpsectioning step over
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cross section cross section

Height of channel: 50 ym

Width of channel: 50 um Width of channel: 50 pm
-

Figure 5.9: Top: confocal images of the sample flow profile inside the channel; bot-
tom: photos of the fluorescence intensity of the corresponding samplepflafile
(top). At stable sheath flow the sample flow rate is varied: 0.0%njd (left) and

2 pl/min (right).

the 50 um channel height. Figure 5.9 (bottom) shows the sporeding flu-
orescence images taken with the digital camera of the a¢rction of the
whole channel. In Figure 5.9, for the two left images the danfipw rate
was kept at 0.05 imin and at the right images at 2/phin. The confocal
images show a sample height of 8 um (left image) and a sampiéthef
35 pm (right image). The corresponding fluorescence imdyas different
fluorescence intensities which indicate the possibilitgarhple height calcu-
lation using the measured fluorescence intensities. Ttghhef the sample
stream in the microchannel can be determined by comparefiLtbrescence
intensity of the sample flow with the fluorescence intensitg eample flow
reaching the channel ceiling. This assumption is valid beeahe colour
intensity of the digital camera is not in saturation and thsaaption of the
light in water can be neglected due to the wavelength andrtal shannel
height. Different flow rate ratios between the sheath flow sewhple flow
are constituted. Only the flow rate of the sample flow is var@@5 pj/min,
0.1 pl/min, 0.5 p/min, 1 pl/min, and 2 py/min.

Figure 5.10 shows the fluorescence intensities of the diffesample
flows over the channel width. To obtain a reliable result titerisity of the
dye was averaged over 100 adjacent image lines. The curlehethighest
fluorescence intensity is the reference curve, where theoofiannel is com-
pletely filled with the fluorescent dye. The sample flow reade channel
ceiling. The other curves indicate that the fluorescenaensity decreases
due to a decreasing sample flow rate. The fluorescence ityteekitively 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 plediow
which reaches the channel ceiling. Sample flow rates according to &irgetne
fluorescence intensity: 0.05/thin, 0.1 pf/min, 0.5 pymin, 1 pl/min, and 2 yfmin.
The flow rate at the sheath inlet is stable at 10mih and at the side sheath inlets
there is no flow.

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

Figure 5.11 compares the sample height measured by thecadmiicro-
scope and the calculated sample height found from thewel#tiorescence
intensity. The results are in good agreement. It shows tlitiowt using
the more extensive and higher priced confocal laser scgmrmiasurement
equipment the sample height can be estimated by taking tped fluores-
cence photos of the sample stream inside the microchanntdouygh, this
image intensity analysis method does not give informatiothe sample pro-
file and it also requires an situ calibration as described above.

Influence of the Hydrodynamic Focusing on the Sample Flow Priile

Another interesting effect to analyse is the influence oflidngd flow at the
side sheath ports to a sample flow whose height exceeds thealhzentre.
For this experiment the flow rate ratio of the back sheath flod/the sample
flow was kept constant to achieve a stable sample height iohthenel. 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 fsram the
intensity measurements. Flow rates: 1@min (back sheath inlet), 0 jinin (side
sheath inlets).

flow rates were held at 10 frhin (back sheath inlet), and at 2/phin (sample
inlet). The generated sample profile without using the shiEath inlets is
given in Figure 5.9 (top right). By applying a flow rate of 3Q/miin at both
side sheath ports the sample flow is squeezed. In Figure ®padft) the
sample flow profile is shown directly after the side sheatludory. In the
middle of the channel the focusing of the sample flow has admigifect
than near the bottom and top of the channel. The sample widtieimiddle
amounts to 2 um and at the bottom to 8 um. The reason of thisteffe
the parabolic flow profile in the channel, where the highest flate occurs
in the channel centre. The phenomenon of this bow shapedepi®falso
described in [46]. Comparing this sample profile to the ortbevit using the
side sheath inlets (Figure 5.9, top right) the sample alsases in height.

The uniformity of the sample flow inside the microchanneffiparticular
interest, because the sample stream containing the matberanalysed, has
to flow through a certain sensing region. A uniform sample #mhances the
reproducibility of the measurements. To analyse the saffgMeuniformity
inside the channel a confocal image of the sample profilesattiesrochannel
end has to be constituted. In Figure 5.12 (top right) the $arihpw profile
is depicted as it is formed not directly after the side shéathsing area, but
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Height of channel: 50 ym
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Figure 5.12: Top: confocal images of the sample flow profile inside the channel
(left: directly after side sheath focusing; right: 600 um after side shemthsing);
bottom: photos of the fluorescence intensity of the corresponding sangfile (top);

left: images taken directly after side sheath focusing; right: images taB@nué
downstream after the side sheath focusing.

600 um downstream (see Figure 5.6). The sample flow profiledanos a lit-
tle. In the middle of the microchannel the sample width antetm4 um and
at the bottom to 10 um. It also reaches almost the origingtidcompare
with Figure 5.9, top right). For this flow conditions théd®et number is in the
range of 10000, which indicates that diffusion hardly oscamd the convec-
tion dominates the transfer process. Therefore, the digiadening of the
sample stream in the downstream channel is not only affdeyediffusion
but also by fluidic effects.

At the bottom of Figure 5.12 the two images show a top-viewkd-p
tomicrograph of the whole channel which correspond to trevalepicted
confocal images. Here, the sample width is determined blyiatiag the flu-
orescence intensity of the sample flow. The sample widthefdft bottom
image is 5 um (measured directly after side sheath focusing)f the right
bottom image 7 um (measured 600 um after side sheath fogusiihg re-
sulting sample widths evaluated with the fluorescence sitgare between
the measured sample widths of the two sample profiles in tidellmiand at
the bottom of the channel.

Sample Flow Uniformity Analysis by Dye Intensity Measuremers

Further investigations of the sample flow uniformity alonfjuédic channel
over a distance of 1.7 mm are constituted using a non-cosixédth flow de-
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Figure 5.13: Experiments on hydrodynamic focusing: optical measurements
were carried out at the black squares 1 and 2 (distance 1.7 mm) Sangite
160 x 160 pnt; channel width at the inlets and the outlet: 625 um; channel width
after focusing section: 160 um; channel height: 70 pm.

vice with channel dimensions of 160 um in width and 70 um irgheafter

the side sheath ports. The chip design is the same as thaéeadzbd in Fig-
ure 5.5. The device was also realised using the fabricatiocgss explained
in Section 5.4. In Figure 5.13 a photomicrograph at the fimgusection of

the fabricated chip is shown. Optical measurements werégdaout at the
beginning of the focusing channel (region 1) and the endiegidn 2).

For all experiments presented here the flow rates of the Haedtls inlet
and the sample inlet were kept constantly at 10nih and 1 pfmin, respec-
tively. During the measurements the flow rate of the side tbhgarts were
increased in defined steps from O to 4@min to evaluate the uniformity of
the sample flow at different focusing rates and to analyselaages of the
sample flow profile. Also, the limitations of hydrodynamicising were
experimentally verified.

In Figure 5.14 (bottom) fluorescence photomicrographs efdhannel
at the region 1 and 2 are depicted. The images present thesityt@f the
emitted colour of the diluted fluorescent dye, which wereduseanalyse
the width and height of the stable sample flow in the channgjurg 5.14
(top) depicts the fluorescent intensity of the correspandimages. The solid
line represents the sample profile at region 1 and the dasteethtlicates the
profile of region 2. To reduce the noise of the sample flow grafie intensity
of the dye was averaged over the fluorescence image (10Catljates). At
the left-hand side of the Figure 5.14 the flow rate of the sidath 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 shdvig-

ure 5.13). Left: The flow rate at the inlets are held at 1amih (back sheath inlet),

1 pl/min (sample inlet) and 5 inin (side sheath inlets). Right: The flow rate at the
side sheath inlets are increased to 40mih. Bottom: adequate fluorescence images.

kept at 5 yfmin and at the right-hand side at 4¢/'plin. The measurements
show the uniformity of the hydrodynamic focused sample flser@ distance

of 1.7 mm. It is noticeable that the width of the sample flowespls and the

intensity (related to sample hight) is lower due to diffursédfects [47].

As a next step, the width of the sample flow is obtained by diffie side
sheath flow rates. Figure 5.15 depicts the width of the sarfiple (50 %
of the maximum dye intensity) depending on the flow rate ofside sheath
ports. The light grey bars illustrate the sample width aimed and the darker
ones at region 2. The measurements show a focusing in the fiaomg 56 pm
to 11 um at region 1 and from 63 um to 13 um at region 2 at a chavidéi
of 160 um by varying the flow rate of the control ports from 0 @pd/min.
At a high flow rate of the side sheath ports the width reachésia | The
side sheath flow have hardly any influence in further redutiegwidth of
the sample flow at higher flow rates than 4@min. The focusing limit of the
sample flow in this device amounts to 10 um. At region 2 the hviftthe
sample flow becomes always wider than in region 1.

In Figure 5.16 the influence of the height of the sample flowedelng
on the flow rate of the control ports is depicted. To deterntiveeheight 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 (baekhsfiew rate:
10 pl/min; sample flow rate: 1 gmin).

the sample flow inside the microchannel its measured irtiewsis compared
to the intensity of an image where the channel was fully filAeth dye. The
measurements show that the height is reduced from about 82 fom at
region 1 and from about 42 to 32 um at region 2 at a channel hefgt® um
by varying the flow rate of the side ports from 0 to 4@min. At higher flow
rates than 40 {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 shm&ttshows an
influence to the height of the focused sample. At region 2 #igtt of the
sample flow is always lower than at region 1. This results beeshe sample
flow at region 2 becomes always wider that in region 1 and thesample
hight decreases.

5.7 Coaxial Sheath Flow-Cell
5.7.1 Design

Beside the non-coaxial sheath flow-cell discussed in theigue section,
also a design allowing coaxial sheath flow has been coretituthe coax-
ial sheath flow device has been fabricated in the same fdioricaun as the
non-coaxial sheath flow devices described in Section 5.4alrwore 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 (baekhsfiew rate:
10 pl/min; sample flow rate: 1 ghmin).

description of the fabrication process one might refer tpéqmix A.3.

In Figure 5.17 the schematic of the coaxial sheath flow ddsidepicted.
The design of the flow-cell is mainly based on the non-coastigath flow
one (see Section 5.6.1), but it exhibits an additionahliftinlet between the
geometrical focusing section (taper) and the side sheath.pit that region
the entire sample liquid is lifted by adding sheath liquidotigh the inlet
and a coaxial sheath flow is formed. The vertical control efsample flow
dimension and its position inside the microchannel is sély varying the
flow rate ratio of the back sheath flow and lifting sheath flowite sample
flow and the additional sheath liquid at the side ports caligade the sample
liquid in horizontal direction.

The resulting hydrodynamic focusing device allowing cehgheath flow
features multiple sheath flows. Each sheath flow has its owesacport
and can be steered individually. A photomicrograph of thwi€ated de-
vice is shown in Figure 5.18. The chip has four sheath inl#iege are
330 x 330 unt large and the lifting sheath inlet measures 2%0 unt.
To compensate the tolerances of alignment during chip geieg, the size
of the lifting sheath inlet in the silicon wafer was desigreedittle larger
(50 x 50 unt) and after processing the microchannel, the inlet achiaves
size of 25x 50 pnt. The dimensions of the sample inlet are 235 punt
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Sample inlet

Lifting sheath inlet Outlet

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 alreadng.
After a first geometrical focusing step (taper section) the sample siekited and
then navigated from the side sheath ports.

and the outlet is 33 330 unt. At the inlet areas (except the lifting sheath
inlet) the channel dimensions amount to 400 pum in width andm0n height
and after the transversal compression the channel width jis12

This designed flow-cell features high versatility, becaighibits the
flexibility in creating different sample stream profiles @th and height) and
it allows to navigate the sample stream to every desiredipnsinside the
microchannel (vertical and horizontal). The chosen chihdimeensions of
the flow-cell allows creating sample stream dimensionsérémge of a few
microns. Additionally, the dimensions of the chip are snf@lk 9 p mn¥).
The major limiting factor for the chip size is that the inlateed an appropriate
distance between each other to avoid fluidic short-cirdsiée the backside
of the chip in Figure 5.3).

5.7.2 Simulation Results

Numerical studies were carried out to analyse the varietiysof§ample stream
profiles and their navigation possibilities inside the méatrannel of the coax-
ial sheath flow-cell. For more details of the simulation Hssone might refer
to Section 5.3. Due to the fact that each sheath flow has itsiolet) the

chip allows high flexibility in controlling the sample straa The inlets can
either be not used (zero flow rates) or they exhibit flow ratgsch can also
be changed in direction (adding or removing sheath liquit): the desired
sample flow profiles, the corresponding flow rates have to pkeapat the in-
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Figure 5.18: Photomicrograph of the coaxial sheath flow device; Back sheath inlet,
side sheath ports and outlet: 330330 unt; sample inlet: 25< 25 unt and lifting
sheath inlet: 25< 50 pnt; channel dimensions at the channel cross:»x280 pnt
(width x height).

lets. Figure 5.19 depicts CFD simulation results direcltgrahe side sheath
focusing area showing the possibilities of 2D hydrodynasaiaple focusing
with the microfluidic chip. The images depict the dye concagiun field in
the channel cross-section; black represents the minimuroecdration and
white the maximum one. In image | the sample flow is squeezedaside,
where only the left side sheath port is used. Image Il showiztatal sam-
ple focusing with two neighbouring side sheath flows (unédjoa rates)
and image Il highlights vertical sample focusing. To agkithe 2D vertical
focusing, liquid has to be removed at the side sheath partanibe seen that
the confinement of the sample flow in image Il is much stronigantn im-
age lll. That is not only because of the defined flow rates aitleés but also
of the chip geometry. Due to the focusing step at the taperKsgure 5.17)
the back sheath flow does not have the same hydrodynamicitfigcpswer
in vertical direction as the side sheath flows in horizontalking direction.
The sample stream profiles shown in image Il and Il can alsshiiged in-
side the microchannel by adapting the flow rates of the sidathls, back
sheath or lifting sheath ports, respectively.

Figure 5.20 depicts CFD simulation results showing exampfevaried
sample profiles at different positions inside the microctgusing the 3D
hydrodynamic focusing technique. These images reprekergituation re-
sult directly after the side sheath ports in the downstreaection. Image
IV shows a non-coaxial focusing of the sample stream, whidhifted a bit
to the left-hand side (at the left side sheath port liquickimoved and at the



96 5 Hydrodynamic Focusing

5um 5um 5 um
— — —

Figure 5.19: Simulated 2D hydrodynamic focusing inside the microfluidic device;
numerical images of the channel cross-section (directly after the lsegisfocusing
area) with different sample stream profiles. The sample can be fbeuite one or
two neighbouring sheath flows either horizontally (I and I1) or vertically).(Flow
rates (W/min): back sheath inlet: 1 (1), 1 (1) and 15 (ll1); sample inlet: 5 (1)(19
and 0.5 (l1l); lifting sheath inlet: O (1), O (1) and 12 (lll); left sidédeath inlet: 10 (1),
10 (I1) and—10 (l11); right side sheath inlet: O (1), 2 (1) and 10 (ll1).

right side sheath port liquid is added). The middle image ®bsha lifted

sample stream (coaxial sheath flow) and image VI depictsaimpke stream
positioned at the top right corner. These images show ttsatity in sample
stream control of the fluidic chip.

5.7.3 Experimental Results

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

Confocal Microscope Measurements of the Sample Stream

Figure 5.21 shows a three-dimensional confocal image o$dineple stream
at the channel region where the sample stream is liftedallyitand focused
afterwards from the sides. The scanning area of the micpesiset to a
square of 220« 220 pnt, which is covered by 512 512 pixels and the ver-
tical step size amounts to 0.5 pum. This image presents théeelfight of the

fluorescent dye. For orientation of the sample stream, tharedl geometry
is outlined. It can be seen that the sample stream insidehtenel 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 Isegisfocusing
area) with different sample flow profiles. The sample stream can hesédceither

to one channel wall (IV) or dynamically controlled inside the channel djystable
sample diameter (V and VI). Flow rates (pdin): back sheath inlet: 15 (IV), 20 (V)
and 10 (VI); sample inlet: 0.05 (1V), 0.1 (V) and 0.5 (VI); lifting shikanlet: 0 (1V),

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 thatprinciple of
the coaxial sheathing at all four sides is operating.

Subsequently, the fluidic dynamics of the sample streamtarfiddusing
behaviour was analysed. In Figure 5.22, top and side vievitheobample
stream at the lifting and side ports area are shown. The flo@s rat the
inlet ports were 15 limin (back sheath inlet), 0.5 fthin (sample inlet),
12.5 yl/min (lifting sheath inlet) and 40 pinin (side sheath inlets). The
sample stream is centred to the middle of the channel andi@utlly hori-
zontally focused. The top view shows that the sample streaadens a bit
after the lifting inlet. This broadening comes from theiti§ liquid, pushing
the sample up to the channel centre. At the channel crossttaeesample
stream accumulates a little before it is squeezed. This lsarba seen at the
side view, where the dye intensity rises. The reason forsisple accumu-
lation is that the flow rates at the side sheath inlets @0 pl/min) are fairly
high compared to the flow coming from the main channel, whieeestream
has a flow rate of approximately 28/phin.

The confocal technology also allows cross-section viewsclvshow the
sample flow profile. Figure 5.23 depicts three channel csestions at the re-
gion before sample lifting (A), after sample lifting (B) aatter side focusing
(C). The regions are also depicted in Figure 5.22 (top viéiwgure 5.23 (A)
shows a non-coaxial sample profile, where the sample mouag &he chan-
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Figure 5.21: Measurement result with the confocal laser scanning microscope. Th
sample stream is initially lifted and then squeezed by the flows at the side [plorts.
rates: 15 yimin (back sheath inlet), 0.5 fthin (sample inlet), 12.5 gmin (lifting
sheath inlet), and 40 pinin (side sheath ports). The edges of the channels are out-
lined, whereas at the front left corner some lines are left out for bagbility of the
sample stream and the arrow indicates the flow direction.

nel bottom. The height of the sample flow reaches approxigatee-third
of the channel height. After lifting the sample flow the p®fijets somewhat
broader in width and its height decreases; see Figure 5.23T{iBs phe-
nomenon comes from the lifting liquid which pushes the sansdeam up.
The size of the sample stream amounts to about one fifth of itrmamannel
dimensions. These dimensions of the sample stream allousiiog single
particles of about 5 um in diameter. In order to test the fogubmit in the
horizontal direction the sample stream is additionallyesped (40 imin
at each side port). Figure 5.23 (C) illustrates the resyltirofile; the sam-
ple stream is further focused in width, whereas the heigth@profile stays
almost the same. The smallest possible width measured asiouapproxi-
mately 1.5 um.

Figure 5.24 depicts the CFD simulation results of the sarfile profile
at the regions A, B and C in Figure 5.22 (top view). Here, theesflow rates
at the channel inlets are applied as in the presented exgetint can be seen
that the simulation results for all three profiles (A, B anda@ in very good
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Top view:

Figure 5.22: Measurement results with the confocal laser scanning microscope. To
top view of the section with lifting inlet and side ports. (The edges of the adann
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 micaociel.
The flow rates at the inlet ports are held at 15mpih (back sheath inlet), 0.5 frhin
(sample inlet), 12.5 {min (liting sheath inlet), and 40 yimin (side sheath inlets).

agreement with the measurements.

Dye Intensity Analysis of the Focused Sample Stream

A series of measurements were performed in which the védiozensions
of the sample stream were controlled. First, the penetraifathe sample
flow into the microchannel was analysed in relation to the flate ratio be-
tween the back sheath flow and the sample flow. During the erpat, the
flow rate of the back sheath flow was kept constant at i, while the
sample liquid was injected at different flow rates from 0.608 ful/min. The
measurements were carried out at region A (Figure 5.22, tapbhe top of
Figure 5.25, images of the dye intensity (sample flow) areateg, showing
the intensity change caused by increasing the sample flayv fidtese top-
viewed images were captured with the digital camera cougdtie 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 Grég22 top

view).
A B C
5um 5um 5um
— | |

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 reveatdhks-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 15nih. The images are a part
of the total channel width and the shown channel region is at position AiEg 22,
top view); Bottom: The different dye intensities of the sample stream in relatithe
sample flow rates. The reference line depicts the maximum dye intensigyewine
channel is fully filled with dye.

scope. In Figure 5.25 (bottom) the graph shows the diffedgatintensities
of the sample streams at the middle of the channel width. Taiola reli-
able result the intensity of the dye was averaged over 1Gadj lines. The
reference line was achieved by filling the microchannellliptaith dye. As
shown in Section 5.6.2, the sample height inside the chaamdbe calculated
from these intensity images. Figure 5.26 shows the restittseocalculated
sample heights obtained from the intensity images as showagure 5.25,
compared with the results of CFD simulations. They show algoatch and
the sample height inside the channel can be steered betypeoxanately
10 and 40 pm.

As a next step, the height of the sample lifting inside theragbannel
was determined. During this experiment, the back sheathdtmhthe 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 measanegle height
(dark grey bars) resulting from the dye intensity (Figure 5.25). Tlok Bheath flow

is kept stable at 15 pin.

flow were kept constant (15 fthin at the back sheath inlet and 0.5miin at

the sample inlet). At this flow conditions the sample flow in¢ig about one
third of the total channel height. The lifting sheath floweratas varied from

1 to 16 pY/min (see Figure 5.27). In order to measure the height of sampl
liting, the dye was not injected at the sample inlet, buthet sheath lift-
ing inlet. Dye intensity analyses were carried out the same as discussed
in the previous paragraph. The images were taken at regidrigsire 5.22
(top)). The height of the lifting flow (equivalent to the samfifting height)
was calculated from the resulting intensity images of tfilm§ sheath flow.
Figure 5.27 (bottom) shows the results of the experimentlamdorrespond-
ing CFD simulations, which are in good agreement. At a shigitig flow
rate of 1 yfmin, the sample stream is lifted to about 4 pm from the chan-
nel bottom. By increasing the sheath lifting flow rate, thepke stream is
lifted further to the channel centre. For sheath lifting flates higher than
12 pl/min, the sample lifting does not change much anymore withdtilew
conditions. If the sample stream has to be shifted furthéneacchannel ceil-
ing the flow rate of the back sheath inlet has to be reducedHigeee 5.20,
VI). Figure 5.27 (top) depicts CFD simulation images of thenple stream
profile (cross-view), which correspond to the lifting shefiow 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 simulatechéalifting
height (light grey bars) inside the microchannel at region B (Figu2&,50op view)

and the calculated sample lifting height (dark grey bars) resulting froenmtensity
analysis (data not shown). The back sheath flow is held stable ay/&rBruand the
sample flow at 0.5 lmin.

also in Figure 5.27. The image series shows that if the floevaéthe lifting

sheath inlet is increased, the sample stream will not onlifted to the centre
of the microchannel, but it will also be squeezed in the gattilirection. For
achieving the desired sample stream height at a defined ediftiplg place

inside the microchannel, all three flow rates form the baaathinlet, the
sample inlet and the lifting sheath inlet have to be takem &tcount.

Beside the experiments for the vertical control of the safiplv, a series
of additional measurements were carried out to analysedtiedmtal control
of the sample stream. The width of the sample flow and the safiguV shift-
ing caused by the side sheath ports were analysed. Duringxiheriment,
the flow rates at the back sheath inlet, sample inlet andftireglisheath inlet
were kept constant at 15 fthin, 0.5 p/min, and 12.5 yglmin, respectively.
For these flow conditions the sample stream is surroundeatbgdal 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 resultngifs dye
intensity (data not shown). Other flow rates: 15min (back sheath flow), 0.5 finin
(sample flow) and 12.5 yiimin (lifting sheath flow).

flow and the sample stream flows in the centre of the microatlarine sam-
ple stream exhibits a size of about 6 um in diameter, as showigure 5.23
(B). The flow rates at the side sheath ports were varied taalothte width
of the sample stream and its flow position in the horizontaation. At the
side sheath ports, liquid was either added or removed. ufdigs removed
we call the flow rate negative. For the experiments, images taken with
the digital camera of the area of the side sheath ports. Thardgnsity of
the sample stream was analysed at region C shown in Figl2gto;3).

In a first step, the width of the sample stream was controliégsre the
same flow rate at both side sheath ports were applied andivartbe range
from —10 to +40 pl/min. Figure 5.28 shows the determined sample width
over the different flow rates of the side sheath ports, whashlze controlled
over a wide range. At a flow rate ef10 pl/min at both side ports the sample
stream is enlarged to the channel width of 25 um. This flow ist@lso
the limit where still no sample liquid is flowing into the sig@rts, which
will occur if more liquid is removed from the side ports. Bydagg sheath
liquid through the side ports the sample stream is squeezezbhtally. At
the flow rate of 40 yimin at both side ports, the sample width amounts to
approximately 1.5 um. The resulting sample profile is shawRigure 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 edgaslare with a
dashed line. The arrows indicate the flow direction); Right: Correspgraiinulated
results after the side ports in flow direction. Other flow rates: Y8 (back sheath
flow), 0.5 pl/min (sample flow) and 12.5 pinin (lifting sheath flow).

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

Finally, the horizontal sample flow positioning in relatitmthe applied
flow rates at the side ports was analysed. The flow rates footther inlets
(back sheath, sample and lifting sheath) were kept conatdiné values men-
tioned before, where the sample stream exhibits the prdfighawn in Fig-
ure 5.23 (B). To shift the sample stream inside the microobhkrihe sheath
liquid flow at the side sheath ports were applied in the ofipaliiection. Fig-
ure 5.29 shows images at the side ports area with differgaiiteapflow rates
at the side ports. On the left-hand side, some illustratipeviewed images
of the experimental results are depicted and at the righttisade, the cor-
responding CFD simulations in a cross-section perspeati@eshown. 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 r€gion
(Figure 5.22, top view). At one side sheath port liquid is added, wleatthe other
liquid is removed with the same flow rate. The sample stream moves to the right-
hand side. Flow rates: 15 frhin (back sheath flow), 0.5 finin (sample flow) and
12.5 pl/min (lifting sheath flow).

simulated images show the sample profile directly after itie gorts in the
flow direction, and they illustrate where the sample streawdlinside the
microchannel. The horizontal control of the sample flow digien shows a
good match between experimental results and the CFD siimngat By in-
creasing the flow rates at both side ports, the sample streahifted to one
channel side wall, whereas the sample stream diameteradtagst the same.
At flow rates of+10 pl/min, the sample stream flows along the channel wall.
If the flow rates are even further increased, the samplerststarts to split
up and a part of the flow runs through one side sheath port. #trtides of
+12 pl/min, the sample stream completely flows through one sidergdan
as shown in Figure 5.29 (bottom). The flow rates can be fuitieeeased so
that the sample stream does not even touch any channel wall.

Figure 5.30 shows the quantitative results of the horidzasdeple flow
shifting. The dye intensity stays the same and the width@stimple hardly
changes. It becomes only a little bit broader when the sastpgam is shifted
to the channel wall side. If the flow rates at the side sheaits gxhibit dif-
ferent flow rates in addition, the width of the horizontalfsd sample stream
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can be also varied (focused or expanded). All the investigain this section
emphasise the versatility of the flow-cell for sample streajustment inside
the microchannel.

5.8 Conclusions and Outlook

In this chapter two microfabricated 3D hydrodynamic foagsilevices have
been described featuring high versatility in sample streantrol. Due to the
fact that each of all the sheath flow sides can be individuségred the flow-
cells cannot only adjust the sample stream profile and it®d#ions, but it
can also position the sample stream inside the microcharditionally,
the chip size of both devices amounts to«@® mn?, which is significantly
smaller than microfluidic devices found in literature.

First a non-coaxial sheath flow device with a channel cressien at the
focusing area of 5« 50 punt was induced. Here, the experimentally deter-
mined focusing limitation of the sample flow was highlighted it amounts
to 2.5 pm in width (sample flow border was 50 % of dye intensityhder
these conditions the sample flow is running along the chabo#bm and
its profile features a triangle-like shape with a height ofydt@. The pro-
file of the sample stream inside the microchannel was cotetitwith con-
focal laser scanning microscope measurements. Diffemribcal-measured
heights of the sample profile were compared with the sampletfghts cal-
culated from the fluorescence intensity of the sample. Telteare in good
agreement. It shows that without using the more extensidenagher priced
confocal laser scanning measurement equipment the saeigle lsan be es-
timated by taking top-viewed fluorescence photomicrogeaptf the sample
stream inside the microchannel. Disadvantages are thahtdpe of the sam-
ple flow cannot be determined with this method andresitu calibration for
each channel height is required. Additionally, the influeatthe side sheaths
focusing of the sample flow was investigated. Due to the fdi@kelocity
field this focusing technique shows higher effect at the obhnentre than
near the channel walls. A bow shaped sample profile will béezeld, if the
sample flow is penetrated deeper inside the channel tharathefithe chan-
nel hight. Finally, the change of the sample profile afterstadice of 600 pm
(and 1.7 mm for a device with a channel cross-section ok7060 pnt)
downstream of the side sheath inlets was shown; the samyfitefsroadens
a little and the height is decreased.

The second microfluidic device features a coaxial sheathddlywhere
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the channel cross-section at the focusing area amounts to4&bunt. The
sample stream was surrounded with a sheath flow at all foessilere, a
very small sample stream flowing in the centre of the microceawith a
width of approximately 1.5 um has been achieved. The resuhieight of
the sample stream features 8 um. These dimensions are agaoder of
magnitude smaller than those in conventional 3D flow foaysievices. Ad-
ditionally, the versatility in sample stream control waswh. The flow-cell
allows hydrodynamic focusing of the sample stream eithéwor in three
dimensions. It can also generate non-coaxial and coaxaatkHlows in dif-
ferent parts of the microchannel. Experiments have beeredasut using a
confocal laser scanning microscope, where the sample flofilgs generated
were characterised. Subsequently, intensity analyséseafample stream in
relation to the applied flow rates at all inlets were made tal#ish the re-
sulting sample stream size and its position inside the rmo@nnel. These
results were compared with the numerical CFD simulatidrergby confirm-
ing the flexible sample stream control and showing that tmepticated flow
behaviour of the flow-cell can be accurately modelled.

In combination with (integrated) sensors the two threeetigional sheath
flow devices are suitable for single particle or cell anays$ior example the
non-coaxial sheath flow design enables the possibility fioorachip Coulter
counter, where electrodes are integrated at the channiehi{it2], near-field
optical particle shape detection [18], or cell analysislgipg a DVD pickup
head near the microfluidic device [17]. In coaxial sheath filmwvices optical
fibres can be integrated, which allows single particles 8s ¢te be detected
or counted [48]. Furthermore, the latter design allows iapfibns in the
non-coaxial and coaxial parts to be combined, forming a detapntegrated
analysis system. Another possibility would be to use the -tell in cell
sorting applications. The two hydrodynamic focusing desidescribed here
allow very small sample stream dimensions featuring a coafpa size of
e.g. bacteria and platelets.
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Appendix A
Fabrication

The micromachined devices described in Chapter 2, Chapasrd3Chapter 5
were manufactured with planar microfabrication processesically involv-
ing (i) optical photolithography, (ii) etching, (iii) thifilm deposition, (iv)
wafer bonding, (v) wire bonding, and (vi) wafer sawing. le fiollowing, a
detailed description of the process scheme of the diffetewites is given.

A.1 PCR Chip

The used materials of the PCR chip were a silicon wafer anéssghafer,
both with a diameter of 100 mm. The silicon wafer is 525 pmkhictype,
(100) oriented, and mirror polished at one side. For thesgga800 um thick
PYREX® 7740 wafer was used.

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

Step Process Equipment and Parameters
1 Photoresist Hamatech resist coater
coating Siiss MicroTec Delta 150 BM hot plate

Leybold UT 5042 EK air-circulating oven

@D Spin coating of positive photoresist AZ6624 at
4000 rpm (resist thickness of 2.4 um) for 40 seconds

(@ Hotplate pre-bake at 107 for 5 minutes

(® Air-circulating oven pre-bake at 100 for 10 minutes

2 Photoresist EVG AL 6 mask aligner using hard-contact mode
exposure @ Alignment of the photomask
(@ Exposure for 10 seconds

115
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Step Process

Equipment and Parameters

3

10

Photoresist
develop-
ment

Cavity
etching

Photoresit
removing

Wafer
oxidation

Resist coat-
ing at the
wafer front
side

Oxide
stripping at
the wafer
back side

Photoresist
removing

Wafer
cleaning

Hamatech spray developer
@ Development using AZ 826 MIF for 30 seconds
® Rinsing with DI water and spin drying

Alcatel AMS 100 “I-Speeder” ICP etcher

@ DRIE with time-multiplexed etching using gas chop-
ping of sulfur hexafluoride SF(etching) and octaflu-
orcyclobutane ¢Fg (deposition) for a depth of 180 pm

EVG 301 single wafer megasonic cleaner

@ US pre-cleaning for 5 minutes in acetone bath Il
@ US pre-cleaning for 3 minutes in acetone bath IlI
® US pre-cleaning for 3 minutes in isopropanol bath
@ DI water megasonic cleaning and spin drying

ATV PEO 601 furnace
@ Wet thermal oxidation at 900C for 6 minutes to
achieve a 40 nm thick SO

Hamatech resist coater

Siiss MicroTec Delta 150 BM hot plate

@ Spin coating of positive photoresist AZ6624 at
4000 rpm (resist thickness of 2.4 um) for 40 seconds

(@ Hotplate pre-bake at 10°C for 5 minutes

Reactive ion etcher STS 320-PC
@ RIE using fluoroform and oxygen CHFO, for 10 min-
utes

EVG 301 single wafer megasonic cleaner

@ US pre-cleaning for 5 minutes in acetone bath Il
@ US pre-cleaning for 3 minutes in acetone bath IlI
® US pre-cleaning for 3 minutes in isopropanol bath
@ DI water megasonic cleaning and spin drying

Reactive ion etcher STS 320-PC
@ Oxide-plasma cleaning at the wafer front side
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The silicon wafer treatment has been completed. As a nextepsostep,
through holes were drilled in the glass wafer. Here, the wafas first
coated with a resist to protect the glass wafer from the@asgtiarising during

drilling.

Step Process

Equipment and Parameters

1 Resist
coating

2 Holes
drilling

3 Resist
removing

4 Wafer
cleaning

Hamatech resist coater

Siiss MicroTec Delta 150 BM hot plate

(@ Spin coating of AZ 1512 at 4000 rpm for 40 seconds
(@ Hotplate pre-bake at 10TC for 2 minutes

Adapted drilling machine
@ Drilling of 1 mm holes at 20000 rpm with a diamant
hollow drill

EVG 301 single wafer megasonic cleaner

@ US pre-cleaning for 5 minutes in acetone bath Il
(® US pre-cleaning for 3 minutes in acetone bath IlI
(® US pre-cleaning for 3 minutes in isopropanol bath
(@ DI water megasonic cleaning and spin drying

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

Subsequently, the two wafers were anodically bonded.

Step Process

Equipment and Parameters

1 Wafer
alignment

2 Wafer
bonding

@ Wafer alignment manually
(@ Wafer clamping with bond tool

EVG 501 wafer bonder
@ Anodic bonding at 428C 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 irdlinéil PCR chips.
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Step Process Equipment and Parameters

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

As base material a 350 pum thick, (100) orientated, and desiied mirror
polished 3 inch silicon wafer was used, which was coated w&b nm of
thermally grown silicon oxide at one side. Interdigitatedcgelectrodes were
fabricated at the silicon oxide layer.

Step Process

Equipment and Parameters

1

Resist
coating

Resist
exposure

Resist

Hamatech resist coater

Siiss MicroTec Delta 150 BM hot plate

@ Spin coating of resist 5 % 950K PMMA (polymethyl-
methacrylate) in anisole at 1000 rpm (resist thickness of
400 nm) for 40 seconds

(@ Hotplate pre-bake at 180C for 2 minutes

E-beam pattern generator
@ Direct writing on the resist

development (D Development using §H1,0:CsHsO (1:3) for 60 sec-

Post bake

Titanium-
gold
evaporation

Lift-off

onds
(@ Rinsing with isopropyl alcohol €HsO
(® Dry under a nitrogen flow

Leybold UT 5042 EK air-circulating oven
@ Post bake at 95C for 30 minutes

Balzers BAK 550

@ E-beam evaporation of 200of titanium at a deposition
rate of 3A /s and a pressure of around1tbar

@ Thermal evaporation of 808 of gold at a deposition
rate of 54 /s and a pressure of around ifbar

@ Lift-off in acetone bath |
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Step Process

Equipment and Parameters

7 Cleaning

EVG 301 single wafer megasonic cleaner
@ US pre-cleaning for 5 minutes in acetone bath Il
@ US pre-cleaning for 3 minutes in acetone bath IlI
® US pre-cleaning for 3 minutes in isopropanol bath
@ DI water megasonic cleaning and spin drying

Finally, the wafer was cut in order to achieve individual smnchips. For
measurements, the devices were glued onto printed cireaitls and electri-
cally connected by wire bonding. To ensure proper eledtisalation and
mechanical robustness, the bond wire areas were seal@parsgpoxy resin.

Step Process

Equipment and Parameters

1 Wafer
sawing

2 Chip
mounting

3 Wire
bonding

4 Wire
sealing

Automatic Dicing Saw DISCO DAD 3220
@ Wafer cutting

@ Gluing the chips onto PCB’s using the instant adhesive
Uhu plus 300

Unitek 8-150-03 Thermocompression wire bonder
@ Bonding using a gold wire with a diameter of 13 um

Leybold UT 5042 EK air-circulating oven

@ Sealing of the bond wire areas using the two-component
adhesive Uhu plus 300

(® Air-circulating oven curing at 70C for 45 minutes
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A.3 Flow-Cells

The hydrodynamic focusing devices consist of a silicon wafed a glass
wafer with a sandwiched photosensitive polymer in betwédre used sili-
con wafer was 100 mm in diameter and 350 um thick. It was n;ty}J@0)
oriented, double-sided mirror polished and coated with 250of thermally
grown silicon oxide and 70 nm of LPCVD silicon nitride on bgafides. For
the glass a 200 um thick PYREXglass wafer with the same diameter as the
silicon wafer was used and the polymer was a commercialabailSU-8-50,
based on the EPON™ epoxy resin.

In a first process, the SU-8 layer on the glass wafer was steddefin-
ing the microchannels (geometry and height). For the ladbesive wafer
bonding unexposed SU-8 was remained on defined areas ushmndig
material.

Step Process Equipment and Parameters

1 Titanium Balzers BAK 550
evaporation (@ E-beam evaporation of Wat a deposition rate ofA /s
and a pressure of around iénbar

2 SU-8 Hamatech resist coater
coating LHG Type PZ28-2 hot plate
@ Spin coating of negative photoresist SU-8 50 at
2500 rpm (resist thickness of 43 um) and 3500 rpm (re-
sist thickness of 35 um) for 40 seconds
(@ Hotplate pre-bake at 90C for 4 hours

3 SU-8 Siiss MA 150 M mask aligner using hard-contact mode
exposure @ Exposure for 60 seconds

4 PEB LHG Type PZ28-2 hot plate
@ Post exposure bake at 9C for 15 minutes

5 Copper Balzers BAK 550
evaporation (@ Thermal evaporation of 12000 at a deposition rate of
5A/s and a pressure of around1tbar
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Step Process Equipment and Parameters
6 Photoresist Hamatech resist coater
coating LHG Type PZ28-2 hot plate

@ Spin coating of positive photoresist AZ 1512 HS at
4000 rpm (resist thickness of 1.2 um) for 40 seconds
® Hotplate pre-bake at 60C for 5 minutes

7 Photoresist  Siiss MA 150 M mask aligner using hard-contact mode
exposure @ Alignment of the photo mask
(® Exposure for 5 seconds

8 Photoresist Hamatech spray developer
develop- @ Development using AZ 826 MIF for 20 seconds
ment @ Rinsing with DI water and spin drying

9 Wet etching —
of copper @ Etching using aqueous 20% (WT) solution of 18205
for 2 minutes

10 Photoresist —
removing @ Cleaning using undiluted developer AZ 400 K for
2 minutes

11 SuU-8 Glass cuvette
development O Development using PGMEA for 4 minutes
@ Rinsing with isopropanol and spin drying

12 Wet etching —
of residual (@ Etching using aqueous 20% (WT) solution of J$80g
copper for 2 minutes

The glass wafer has been prepared for the wafer bonding. &gtgprmocess
sequence, rectangular apertures were created in the lckting of the
silicon wafer, followed by an anisotropic wet etching pres¢éhrough the sil-
icon. The coating at the front side still remains and seva@hbranes were
created. In a later step, the membranes were penetratesvenchithrough

holes.
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Step Process

Equipment and Parameters

1

Front side
protection

Cleaning

Back side
photoresist
coating

Photoresist
exposure

Photoresist
develop-
ment

Plasma
etching

Cleaning

Hamatech resist coater
Siiss MicroTec Delta 150 BM hot plate

@ Spin coating of positive photoresist AZ 6624 at
4000 rpm (resist thickness of 2.4 um) for 40 seconds
(® Hotplate pre-bake at 10%C for 5 minutes

EVG 301 single wafer megasonic cleaner
@ DI water megasonic cleaning and spin drying of the
wafer back side

Hamatech resist coater

Siiss MicroTec Delta 150 BM hot plate

Leybold UT 5042 EK air-circulating oven

@ Spin coating of positive photoresist AZ 6624 at
4000 rpm (resist thickness of 2.4 um) for 40 seconds

(@ Hotplate pre-bake at 108C for 5 minutes

(® Air-circulating oven post-bake at 10G for 10 minutes

EVG AL 6 mask aligner using vacuum-contact mode
@ Alignment of the photo mask
(® Exposure for 10 seconds

Hamatech spray developer
(@ Development using AZ 826 MIF for 25 seconds
(@ Rinsing with DI water and spin drying

Reactive ion etcher STS 320-PC

@ RIE using carbon tetrafluoride and oxygen4Z®. for
5 minutes

@ RIE using fluoroform and oxygen CHFO, for 5 min-
utes

EVG 301 single wafer megasonic cleaner
@ US pre-cleaning for 5 minutes in acetone bath Il
(® US pre-cleaning for 3 minutes in acetone bath IlI
(® US pre-cleaning for 3 minutes in isopropanol bath
@ 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

9 Back side
wet etching

10 Protective
coating
removal
and clean-

ing

Hamatech resist coater
Siiss MicroTec Delta 150 BM hot plate

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

@ Hotplate pre-bake at 10TC for 3 minutes

® Spin coating of PROTEK etch protective coating
(Brewer Science) at 4000 rpm for 30 seconds

® Hotplate pre-bake at 120C for 2 minutes, followed by
130°C for 2 minutes, and 150C for 2 minutes

KVA Anisotropic etcher
@ KOH etching for 7 hours using a 30 weight percent wa-
ter solution at 75 C yielding an etch rate of 50 yfh

EVG 301 single wafer megasonic cleaner

@ Dip-cleaning for about 60 minutes in acetone bath I

@ Dip-cleaning for about 30 minutes in acetone bath IlI

® Dip-cleaning for about 30 minutes in isopropanol bath

® Rinsing of the wafer front side using DI water and spin
drying

The front side of the silicon wafer has been prepared for thesive wafer
bonding achieve an irreversible SU-8 to SU-8 bond. Theegf&U-8 was
structured defining the channel geometry (no unexposed $ds8applied).
Note, for masks featuring asymmetric structures, the SUr&he silicon
wafer had to be exposed in a mirrored way.

Step Process

Equipment and Parameters

1 Titanium
evaporation

Balzers BAK 550
@ E-beam evaporation of 1008 at a deposition rate of
5A /s and a pressure of around 1fbar
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Step Process Equipment and Parameters
2 SU-8 Hamatech resist coater
coating LHG Type PZ28-2 hot plate

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

(@ Hotplate pre-bake at 95C for 30 minutes

3 SU-8 EVG AL 6 mask aligner using hard-contact mode
exposure @ Back side alignment of the quartz mask
(@ Exposure for 25 seconds

4 PEB LHG Type PZ28-2 hot plate
@ post exposure bake at 9C for 30 minutes

5 SU-8 Glass cuvette
development (D Development using PGMEA for 4 minutes
(@ Rinsing with isopropanol and spin drying

Subsequently, the membranes consisting of 250 nm of thriguadwn sil-
icon oxide and 70 nm of LPCVD silicon nitride were penetradetiieving
through holes in the silicon wafer. The holes were the acpess to the

microchannels.

Step Process Equipment and Parameters

1 Membrane EVG 301 single wafer megasonic cleaner
removal @ Rinsing of the wafer back side using DI water with
and clean- megasonic at 1 MHz followed by spin drying
ing

Now, the wafers were prepared for the adhesive wafer bonding

Step Process Equipment and Parameters

1 Wafer EVG AL 6 mask aligner
alignment @ Wafer alignment
(@ Wafer clamping with bond tool




126 A Fabrication

Step Process Equipment and Parameters

2 Wafer EVG 501 wafer bonder

bonding @ Apply bonding force of 700 N, no evacuation
Heating up to 100C at a heating ramp of 3C/minutes
Hold heat at 100 C for 60 minutes
Heating up to 180C at a heating ramp of 3C/minutes
Hold heat at 180 C for 60 minutes
Cooling down to room temperature at a cooling ramp of
1°C/minutes

@OOOO

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

Step Process Equipment and Parameters

1 Wafer saw- Automatic Dicing Saw DISCO DAD 3220
ing @ Wafer cutting

2 Chip -

mounting @ Gluing the chips onto PCB’s using the instant adhesive
Loctite 401




Appendix B
Protocols

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

B.1 PCR

The PCR runs were accomplished with the 16S rRNA target geme the
bacteriaEscherichia coli The selected DNA template is a component of the
small subunit (30S) of prokaryotic ribosomes. The used erinflank the
16S fragment between the position 934 to 1413. Therefor&9abp long
DNA sequences will be amplified. In Table B.1 the compositibthe PCR
mixture is shown.

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

To yield of the DNA amplification were determined using tharstard
process of agarose gel electrophoresis.
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Table B.1: Composition of the PCR mixture.
Reagent PCR mixture [pul] Concentration in PCR mixture
Glycerol 3 -
Betaine 1.5 10 %
BSA 0.6 5 mgml
Water 11.34 -
Forward primer 1.2 25 pmgpl
Reverse primer 1.2 25 pmyll
10x PCR Buffer 3 -
MgCl, 1.2 25mM
dNTP with dUTP 0.6 -
Taqpolymerase 0.36 5 1l
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 A3’

Sequence of the reverse primer:

5'-d[TGG TGT GAC GGG CGG TGT GTA CAAPR’

Table B.2: Temperature cycling conditions.

TemperatureC]

Time [s]

Pre-denaturation
Denaturation
Annealing
Extension

Final extension

95
95
58
72

72

600
30
30
30

600
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B.2 Functionalisation of the Gold Electrodes

Next, a detailed description of the functionalisation @®xis given.

The interdigitated gold electrodes were functionalisethuhie 39 base
long oligonucleotideEco3 probes (VBC Biotech, Austria), which were ob-
tained from the 16S rRNA of the bacterigscherichia coli The probes
were modified at the’-end with the fluorescent dye Cy3 (550 nm excita-
tion, 565 nm emission) and at tt%-end with a thiol group (also referred
as a sulfhydryl group). The thiol group is composed of a sudtom and a
hydrogen atom (-SH) and it binds covalently on the gold ebefes.

Step Process Equipment and Parameters
1 Organic -
cleaning @ Rinsing the electrodes with DI water
(@ Drying under a nitrogen flow
(® Incubation of the electrodes in 5 pl acidic piranha solu-

tion (30 % HO, : 96 % H:SOy, 1:1) for 60 minutes at
room temperature

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

©®

2 Functional-
isation @ Incubation of the electrodes in 5 pl of the thiol modi-
fied oligonucleotidesEco3probes) in functionalisation
buffer for 60 minutes at room temperature
(50 pmo)/ul probe in & PBS/ 0.35 M MgCh / 0.1 %
Tween 20)

3 Chip
washing Rinsing the electrodes with DI water

Drying under a nitrogen flow

Incubate the electrodes with1IPBS/ 0.2% Tween 20

for 30 minutes at room temperature

@ Rinsing the electrodes with DI water

® Drying under a nitrogen flow

CICICR

Sequence of the modifidgco3probe:
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 aresiive 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 themplementary
DNA targets on the functionalised gold electrodes is given.

The ssDNA probes bonded on the gold electrodes were hybeddisth
the complimentary 39 base long oligonucleotitt3targets (VBC Biotech,
Austria), which were obtained from the 16S rRNA of the bdetEscherichia
coli. The DNA targets hybridise to the corresponding oligonotitke probes.

Step Process Equipment and Parameters

1 Hybridisation —
@ Incubation of the functionalised electrodes in 5 pl of
the hybridisation puffer DigEasy (Roche Diagnostics,
USA) with the oligonucleotidesHco3targets) for sev-
eral hours at room temperature (50 prfidghrgets 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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