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Abstract

The aim of this work was to bio-functionalize the SiO, gate of ion-sensitive field-effect
transistor (ISFET) to covalent bind DNA sequences via a series of chemical reactions. On
the modified surface, the detection of the DNA hybridization and in particular single
nucleotide polymorphism (SNP) detection was achieved. Furthermore, to explore the
working principle of the field-effect detection, polyelectrolyte multilayers (PEMs) buildup
and recognition reaction of biotin and streptavidin were also analyzed with the ISFET

biosensors.

Up to now, labeling detection systems dominated the DNA detection bioassays. Here either
the probe or the catcher DNA are labeled with fluorescence-, radioactive- or
enzymatic-labels. In recent years, many new approaches for signal generation that avoid
labeling have been reported. Based on the demand of a fast, cheap, highly sensitive,

label-free and direct electronic readout, ISFET biosensor are ideally suited.

In my work, I started with bio-functionalization of SiO, control substrates, leading to a
covalent binding of the probe biomolecules, i.e. single stranded DNA and biotin. In this
surface modification process, a step-by-step protocol was setup, firstly cleaning/activation
with MeOH/HCI for 30 mins generated the highest -OH bond density. Secondly,
silanization with 3-aminopropyltriethoxysilane (APTES) in gas phase left a thinner, more
homogeneous silane layer. Crosslinking with succinic anhydride solution for 2 hours
controlled the following DNA immobilization. The DNA position-specific microarrays for
hybridization detection were fabricated by a custom-made aligned microspotter system.
The DNA-DNA hybridization has higher efficiency in higher ionic strength solution (SSC
buffer solution) and higher selectivity for SNP detection in lower ionic strength TE buffer
solutions. All bioassay protocols were successfully transferred to the fully encapsulated

ISFET devices and were “mild” enough for the encapsulation material of the chips.

In the direct current (DC) readout, ISFETs as a potentiometric biosensors monitor the
change of the solid/liquid interface potential caused by the attachment of biomolecules. To
investigate the detection principle of the ISFETs in general, polyelectrolyte multilayers
(PEMs) were used as a model system. During the layer-by-layer buildup, the thickness of
the PEMs and the outer charge of the layer system are changing, which can be recorded by
the ISFETs. The recorded results confirmed the surface charge sensitivity of the ISFETs.



With increasing distance away from the surface, the charge detection of the ISFETs

decreased exponentially.

To reduce the long-term drift of the FET readout and exclude possible side effects from
temperature, pH changes, and buffer solutions etc., a reference chip or a reference channel
were used to perform differential readout detections. The DNA immobilization between
covalent binding and electrostatic adsorption caused a gate voltage change of 4mV. It
confirmed that the covalent binding of DNA immobilization introduced a higher surface
coverage compared to the electrostatic adsorption. The differential DNA hybridization
between a perfect matched (PM) and a fully mismatched (FMM) probe sequence also gave
a clear signal. However, the SNP is barely distinguishable in DC readout as potential

changes.

Therefore, ISFETs as impedimetric biosensors were developed to record the impedance
change at the gate input in an alternating current (AC) mode. In the optimized detection
solution, a reliable recording of ex-situ SNP was achieved and in-situ detection showed
DNA hybridization kinetically. In the first proof of principle experiment, the adding of
gold-nanoparticle (AuNPs) to the target DNA did not enhance the selectivity of the SNPs
detection, which confirmed the valid charge sensitive of ISFET in electrical double layer.
Furthermore, in-situ and ex-situ measurements of biotin/streptavidin binding revealed

distinct effects on the transfer function curves.

The recordings of the multilayer buildup in AC and DC readouts modes offered details for
the principle explanation of the signals and evidence about the main components in the
equivalent circuit simulations. The main parameters such as contact lane capacitance and
solution resistance were firstly identified and the influence of a biomembrane attached to

the ISFET gate was in a first approximation modeled.



Zusammenfassung

Das Ziel dieser Arbeit war die Biofunkionalisierung von SiO, Gates in ionensensitiven
Feldeffekttransistoren (ISFET), um DNA Sequenzen kovalent durch eine Reihe von
chemischen Reaktionen zu binden. Es gelang, DNA Hybridisierung und insbesondere
Einzel-Nukleotid- Polymorphismen auf der modifizierten Oberfliche nachzuweisen. Des
weiteren wurde, um das Prinzip der Feldeffektdetektion zu untersuchen, der Aufbau von
Polyelektrolyten sowie die Detektion von Biotin und Streptavidin Reaktionen mit den

ISFET Biosensoren analysiert.

Bis jetzt haben Systeme basierend auf dem Etikettierungsansatz den Markt der DNA
Bioassays dominiert. Bei diesem Verfahren wird entweder die Sonden oder Ziel-DNA mit
einer fluoreszierenden, radioaktiven oder enzymatischen Markierung versehen. In den
letzten Jahren sind viele alternative Verfahren vorgestellt worden, die das Markieren
umgehen. Basierend auf der Nachfrage nach schnellen, billigen, hochst empfindlichen und

markierungsfreien Systemen ist der ISFET Biosensor bestens geeignet.

In meiner Arbeit habe ich mit der Biofunktionalisierung von SiO, Kontrollsubstraten
begonnen. Dies funkionalisierung fiihrt zu einer kovalenten Bindung des Probenmolekiils
z.B. Einzelstrang DNA und Biotin. Fiir diese Oberflaichenfunktionalisierung wurde ein
Protokoll eintwickelt, das aus folgenden Schritten besteht: Zuerst wir die Probe mit
MeOH/HCL fiir 30 min gesdubert und aktiviert. Dies generiert die hochste Dichte an -OH
Bindungen. In einem zweiten Schritt hinterlisst die Silanisierung mit
3-aminopropyltriethoxysilane (APTES) aus der Gasphase eine diinne und homogene
Silanschicht. Eine Vernetzung mit succinic anhydride Losung fiir zwei Studen kontrollierte
die darauffolgende DNA Immobilisierung. Die DNA positionsspezifischen Matrizen fiir
die Hybridisierungsdetektion, wurden mittels eines Microspottersystems hergestellt. Die
DNA-DNA Hybridisierung hat eine hohere Effiktivitdt in Losungen mit einer hohen
Ionenstiarke (SSC Pufferlosung) und eine hohere Selektivitit fiir SNP Detektion in
Losungen mit einer geringen lonenstirke (TE Pufferlosungen). Alle bioassay Protokolle

wurden erfolgreich fiir verkapselte ISFETs adaptiert.

Bei der Gleichstrommessung, arbeiten die ISFETs als ein potientiometrischer Biosensor,
welcher die Verdanderung des Potentials der fest/fliissig Grenzschicht detektiert. Dieses
Potential wird durch ein andockendes Biomolekiil verdndert. Um das generelle

Detektionsprinzip zu untersuchen wurden Polyelektrolyte als Modellsystem verwendet.



Wihrend das lagenweisen Aufbaus, verdndern sich die Dicke und Ladung des PEM
systems. Dies kann mit ISFET detektiert werden. Die Aufnahmen bestitigten die
Oberflichenladungsempfindlichkeit des ISFETs. Mit zunehmenden Abstand von der

Oberfldche, nahm die Ladungsdetektion exponentiell ab.

Um die Langzeitdrift des FETS zu reduzieren und um mogliche unerwiinschte Einfliisse
von Temperatur, pH Wert, Pufferlosung etc. zu verhindern wurde ein Referenzchip oder
Referenzkanal fiir eine differentielle Messung benutzt. Die DNA Immobilisierung
zwischen kovalenter Bindung und elektrostatischer Absorption resultierte in einer
Anderung der Gatespannung um 4mV. Dies bestitigte, dass die kovalente Bindung der
DNA Immobilisierung eine bessere Flidchenabdeckung herbeifiihrte, als eine
elektrostatische Absorption. Die differentielle DNA Hybridisierung zwischen einer perfekt
ibereinstimmenden Probe (PM) und einer vollkommen fehl angepassten Probe (FMM) gab
auch ein klares Signal. Allerdings ein Einzel-Nukleotid-Polymorphismus nur schwer im

Gleichstrommodus zu erkennen.

Darum wurden impedimetrische ISFETs entwickelt, mittels denen die Verdnderung der
Impedanz im Wechselstrombereich am Gate gemessen werden konnte. In der optimierten
Detektionslosung  wurde eine  verldssliche Methode gefunden um  ex-situ
Einzel-Nukleotid-Polymorphismen nachzuweisen. In-Situ Messungen zeigten die Kinetik
der DNA Hybridisierung. In einem ersten “Proof of principle” Experiment wurde die
Selektivitdt fiir die Detektion von Einzel-Nukleotid Polymorphismen durch Zugabe von
gold Nanopartikeln nicht verbessert. Dies bestdtigte die korrekte Ladungsempfindlichkeit
im ISFET “double layer”. Des weiteren wurde in in-situ und exsitu Messungen von

Biotin/Streptavidin Bindungen eine klare Verdnderung der Transferkennlinie beobachtet.

Die Aufnahmen des Multilagenaufbaus im Gleichstrom- und Wechselstrombereich ergaben
Hinweise auf das Funktionsprinzip der Detektion sowie erste Groflen flir die Komponenten
im elektrischen Ersatzschaltbild. Die Hauptparameter wie Leiterbahnkapazitit und
Widerstand der Losung wurden identifiziert und der Einfluss einer angehefteten

Biomembrane auf dem ISFET wurde in erster Ndherung simuliert.
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Chapter I Introduction

The last two decades witness an extraordinary growth in research on sensors especially
chemical and biochemical sensors. In its classical definition, a biosensor is an analytical
device containing an immobilized biological sensitive material (enzyme, antibody, antigen,
organelles, DNA, cells, tissues or organic molecules) integrated within a transducer. It
ultimately converts the biological information into a quantitatively measurable signal
usually in the form of optical, acoustic, electrical or magnetic responses. The biosensor
technology involves the disciplines of physics, chemistry, biochemistry and electronics.
Highly multidisciplinary research work is needed for the development of up-to-date
biosensors. This includes the life science side such as pharmacology, protein chemistry,
immunology, genetic engineering and biochemistry, and the physical science side, such as
material science, nanotechnology, electronics, surface chemistry or more succinctly,

physics (Collings et al. 1997).




Chapter I Introduction

Biosensors, especially DNA-biosensors are utilized to study the DNA-related phenomena.
Since the discovery of the double-helix structure of Deoxyribose Nucleic Acid (DNA) by
Waston and Crick (Watson et al. 1953), the research on DNA sensors has grown drastically.
DNA as the basis of life can be transcribed to RNA, which is further translated to the
protein structure. In nature, the proteins are involved in many functions from enzymatic
catalysts, storage molecules, to mechanical support. For DNA biosensors, most detections
employ the concept of DNA hybridization. Here single stranded DNA (ssDNA) molecules
of known sequence (probe DNA) are immobilized on a surface in a microarray. The
analyte ssDNA molecules (target DNA) perform a hybridization reaction based on the
highly specific molecular recognition of the bases A and T (adenine/thymine), G and C
(guanine/cytosine) via multiple hydrogen bonds. The hybridization plays an important role
in transferring genetic information inside living systems. The hybridization reaction occurs
perfectly if all bases along two ssDNA molecules are fully matching. The affinity of the
two-ssDNA molecules is strongly decreasing when single nucleotide polymorphisms (SNP)

or more base pairs along a DNA molecule are not matching.

DNA hybridization and detection of SNPs are important in genetic diseases, forensic
investigation, medical diagnostics, clinical research, gene expression, and for the post-gene
study. Conventional DNA detections are based on labelling methods (e.g. fluorescence-,
radioactive- or enzymatic-labels) for either the probe or the target DNA such as the
dominant commercial products from Affymetrix Inc., USA. The DNA hybridization results
in the form of fluorescent microarray images are scanned and quantified with the Confocal

Laser Scanning Microscopy technique.

In recent years, many new approaches for detection systems without any labelling have
been reported. Optical biosensors such as surface plasmon resonance spectroscopy (SPR)
(Flanagan et al. 1984) and Ellipometry (Defeijter et al. 1978) measure refractive index
changes close to the interface caused by the interaction between the biomolecules and the
biosensor surface. Microgravimetric sensors such as Quartz Crystal Microbalances (QCM)
(Roederer et al. 1983) and cantilever based biosensors (Manalis et al. 2000) relate the mass

change to the surface reaction.

An efficient DNA detection would be based on a fast, cheap, highly sensitive, label-free
and ideally direct electronic readout. Various electroanalytical methods are sorted into

potentiometry (Krull et al. 1986), amperometry (Loffler et al. 1991), voltammetry (Ford et
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al. 1982) and impedimetric biosensors (Katz et al. 2003) to perform quantitative and

qualitative bioanalysis.

Field-effect transistor (FET) devices (Bergveld 1996) are a promising approach for
potentiometric or impedimetric biosensors to detect all kinds of biomolecules. The
ion-selective FET (ISFET) structure is derived from the design of the
metal-oxide-semiconductor FET (MOSFET). Various research groups are utilizing the
ISFET biosensor with a potentiometric readout to perform the DNA detection. Different
gate materials such as SiO,, SizNs (Sakata et al. 2004; Sakata et al. 2005a; Sakata et al.
2005b), Au (Kim et al. 2004a; Kim et al. 2004b; Shin et al. 2004), Ta,Os (Ohtake et al.
2004a; Uno et al. 2004) are used.

As potentiometric biosensors, ISFETs monitor the change of the solid/liquid interface
potential caused by the DNA hybridization process. During the DNA hybridization process,
charges accumulate at the FET gates, because the DNA molecule is intrinsically negative
charged. This charge accumulation shifts the flatband voltage of the transistors and hence
the drain-source current, which can be recorded by a direct current (DC) readout. On the
other hand, ISFETs can be utilized as impedimetric biosensors, which measure the
impedance change at the gate input caused by the biomolecules. These impedance changes
can be recorded in an alternating current (AC) mode, usually in the form of transfer
function curves. In this work, ISFET biosensors with custom-made amplifiers,
encapsulated chips, and a fully electronic readout system operated by a PC were developed,
bio-functionalized and exploited as biomolecular sensors. Especially for the SNP detection
during DNA hybridization, 8- or 16-channel ISFET arrays were fabricated with different
gate sizes and pitches to optimize the sensitivity and selectivity. The system is capable of a

synchronical and differential readout of all the channels.

The works in this thesis were divided into four parts. For the ISFETs used in this thesis,

exclusively SiO, was used as gate material.

Firstly, a series of surface modification processes were applied to the fully encapsulated
sensors leading to a covalent binding of the probe molecules. The surface modification
includes cleaning/activation, silanization, crosslinking and covalent immobilization of the
probes to the microarray chips. This step-by-step protocol was optimized and characterized

with a variety of analysis methods including Contact Angle measurements (CA), Atomic
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Force Microscopy (AFM), Fourier Transform Infrared Spectroscopy (FT-IR), Imaging
Ellipsometry (IE), and X-ray Photoelectron Spectroscopy (XPS).

Secondly, based on this surface modification process, the DNA hybridization and SNP
detection were performed in two different modes. In the DC mode, the surface potential
changes related to the changes in surface charge were monitored. The hybridization
process was detected as a function of the gate voltage. Multiple detections on eight
channels were carried out simultaneously to distinguish between different probe sequences.
The hybridization reaction at the modified sensor surfaces was optimized with
fluorescently labeled target DNA. This protocol was adapted to the label-free assays with
the ISFET chips.

Thirdly, to investigate the detection principle of the ISFETs, polyelectrolyte multilayers
(PEMs) were used as a model system. During the layer-by-layer builtup, the thickness of
the PEMs and the outer charge of the layer system are changing, which can be recorded by
the ISFETs. Signal simulation with an equivalent electronic circuit model was done to

interpreter the recordings.

At the end of this thesis, the binding reaction of biotin and streptavidin was also measured.
For a correct interpretation of the signals, these systems are more complicated than PEMs
or DNA. Biotin and streptavidin are more variable with pH, ionic strength, and temperature
of the buffer solution. A more detailed study of these protein systems is needed to establish

the fully electronic, label-free readout principle also for these bioassays.




Chapter II Bioelectronic sensor principles

Firstly invented by Bergveld et al (1970), the ion-sensitive field-effect transistor is derived

from the metal-oxide-semiconductor field-effect transistor structure.
2.1 ISFET structure and field-effect principle

To understand the device characteristics of the ISFET biosensors, which were used in this

work, a basic knowledge of the energy band diagram of solids is necessary.
2.1.1 Fermi level

Following the Pauli Exclusion Principle, electrons in solids are only present in energy
bands. The difference between conductor, insulator and semiconductor materials can be
explained with different energy band diagrams. Crucial for the conduction process of any

material is whether there are electrons present in the conduction band. Seen from Fig 2.1,
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in insulators, the electrons in the valence band are separated by a large energy gap from the
conduction band and the conduction band is empty. In conductors like metals, the valence
band overlaps the conduction band. In semiconductors, the energy gap between the valence
and the conduction band is small enough to allow electrons by thermal or other excitations

to enter the conduction band.

An important parameter in the band theory is the Fermi level, which is the highest
occupied electron energy level at absolute zero degree Kelvin. The position of the Fermi
level is located between the valence and conduction bands. Its position relative to the
conduction band is a crucial factor in determining the electrical properties of a material.
The Fermi distribution W(E) describes the occupation of the energy levels:

W(E) = 1)

exp(— ) +1
xp( T )

E is the energy level, which is occupied by electrons in thermal equilibrium at the

temperature 7. Er is the Fermi level energy.

In semiconductors, the band gap
The large energy gap is small enough that thermal
between the valence and| |energy can bridge the gap for a
A FOIldUCUO!l bands in an small fraction of the electrons to
) mSl_llaIOl‘ says that at| |reach the conduction band. In
Energy of electrons [ordinary temperatures,| |conductors, there is no band gap
no electrons can reach| |since the valence band overlaps
Conduction band the conduction band.| |the conduction band.
A A
Fermi level in gap Conduction band | | Fermi lcvel| Conduction band
..................... Overlapp————
Valence band | Valence band
Valence band |

a. Insulator b. Semiconductor ¢. Conductor

Fig 2.1 Schematic energy band distribution of electrons in three kinds of materials. The

figure was adapted from (Sproull et al. 1990)

For the semiconductor materials, the Fermi energy can be modified by the doping
concentration and other conditions. Doping of silicon can be realized by introducing a
small percentage of impurity atoms into the silicon lattice. The introduction of atoms with
five valence electrons (As, P) acts as electron donor and leads to n-type silicon. Materials

with three valence electrons (B) are acting as electron vacancies and the silicon becomes
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p-doped. Band diagrams for n- and p-doped semiconductors are shown in Fig 2.2.

Extra hole
energy levels

o Conduction Conduction
level @ 0@ 00 ® @0

Fermi
level

Extra electron
energy levels

Valence Valence

N-Type P-Type

Fig 2.2 Fermi level and energy band diagram for n- and p-doped semiconductors. The figure

was adapted from (Sproull et al. 1990)

In an n-type semiconductor, the highest occupied energy levels are near the top of the band
gap. Therefore, electrons can easily be excited into the conduction band. In p-type
semiconductors, extra energy levels in the band gap allow excitation of valence band

electrons, leaving mobile holes in the valence band.
2.1.2 The metal-semiconductor structure

Based on the special properties of semiconductors, a FET with silicon was firstly designed
as an amplifier by JE Lilienfeld (1930) and O. Heil (1939). The first application of a
MOSFET was developed in 1950 (Shockley 1950).

In Fig 2.3 the schematics of a MOS structure is shown. In the MOS structure, the gate is
comprised of a thin oxide layer and a top metal. An Ohmic contact is formed between the
semiconductor and back contact allowing the application of bias voltage Vgp to the

structure.
P-type Metal-Oxide-Semiconductor

=HNANGN

V@ N-doped substrate

IVB\

Back Contact

Fig 2.3 Cross section of a metal-oxide-semiconductor (MOS) structure

The metal-to-semiconductor contacts (MS junctions) are one of the most important

components of a MOSFET. If the metal and the semiconductor are not in contact, the metal

7
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workfunction @y, is equivalent to the energy difference between the vacuum energy and the

Fermi level energy. The silicon workfunction @; is variable depending on the doping of the

silicon material. In contrast to this, the electron affinity is derived from the difference

between the conduction band energy and vacuum energy, because the semiconductor

conduction band energy is constant. The terms in Fig 2.4 are explained in Table 2.1.

Eo

®, - Ec
l ¥ EI".Hi
E:
ErMm
Ee

Ev

metal silicon dioxide silicon

Fig 2.4 Flatband Energy diagram at thermal equilibrium for the ideal metal, the silicon
dioxide and the silicon (Muller et al. 2003)

Table 2.1 Names and explanation of the terms in Fig 2.4

Eo Vacuum energy Ec Conduction band energy

Erm | Fermi energy of metal Ei Intrinsic energy

Dy Metal workfunction Ersi | Fermi energy of semiconductor
Ds Semiconductor workfunction | Ey Valence band energy

Eq gap energy X Electron affinity

Upon contact, the semiconductor and the metal act as plates of a capacitor. The electrons

shift between the two materials to keep the Fermi levels at the same energy level. In reality,

the flatband voltage of real structures is further affected by the fixed charge in the oxide

Qox and at the oxide-semiconductor interface Qss.

The semiconductor workfunction is
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E, E,
®S:Z+£+¢B’ EZEV_EC (2)

The flatband voltage of the MOS structure is:

Qox + QSS
C|

_ Qox + QSS

VFB:(DMS_ CI

E
=®M—(z+2—g+¢s) 3)
q

with C, being the interface capacitance. By convention, the silicon is held at ground
potential.

Upon variation of the external voltage at the gate contact (Vg), the distribution of charge in
the MOS capacitor shows the different situations of accumulation, depletion and inversion.
Changing the voltage at the gate causes the voltage to reach the flatband voltage (Ves), the
threshold (V7), and finally beyond the threshold voltage. The threshold voltage is reached,
when the number of minority carriers exceeds the number of majority carriers
(accumulation). Fig 2.5 displays the energy band diagram and charge situations for the
three regimes of n-doped silicon.

a) accumulation (V_<V,,)  b) thermal equilibrium depletion ¢) inversion (V,<V,)
(Vea<Vo<V;)

Energy band diagram

Ev
Charge diagram ceEEsees FEEE
Back contact Back contact Back contact
Space-charge configuration i lonized ; ’Q Holes at interface
o i Donors i By :
Pl | - ? i NN lonized
+Q \:‘ N i \ . Donors
i ! H
i Ny '\\: i 3 i
N - Mobile N} i N
Electrons | i Mobile
i ! Electtrons *

Fig 2.5 Band diagram of a MOS structure in the three different possible regimes (a) shows
the accumulation case of positive gate voltage, where (b) shows the depletion for
small negative gate voltages and (c) the inversion for higher negative gate voltages

and their charge diagrams (Neamen 2003)
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When the gate voltage is smaller than the flatband voltage (Vc<Vgs), the positive charge
on the gate attracts the electrons from the substrate to the oxide-semiconductor interface.
To a certain extent a band bending is needed to build up the accumulation charge so that
almost all the potential variation occur within the oxide. Under this condition, a MOS

structure acts still as a parallel plate capacitor structure (Fig 2.5a accumulation).

The voltage separating the accumulation and depletion regime is referred to as the flatband
voltage Ves (Eq. 3). When the bias voltage (Vg) is increased till the threshold voltage
(Vee<V<Vr), depletion occurs. The semiconductor is depleted of electrons at the interface,
and a positive space charge region is induced. The interface region becomes resistive

however electrons are still the majority carrier (Fig 2.5b depletion).

Finally, when the voltage exceeds the threshold voltage (Ve>V71), more holes (minority
carriers) are attracted to the surface, and the bands at the semiconductor bend more
strongly. An inversion layer of holes forms when the voltage reaches the threshold voltage,
(Fig 2.5c inversion). The threshold voltage (V) is reached, when the depletion region has
reached the maximum thickness xqmax and the inversion starts. It is given by the flatband
voltage subtracted by the build-in potential ¢ and the voltage across the oxide depending

on the depletion layer charge:

Qd ,max

Vi =Veg =24 - C

(4)

(04
in capacitance-voltage (CV) characterization measurements, the energy band and charged
situations diagrams show the different regimes of accumulation, depletion and inversion.

At the same time, the capacitances of in these three stages also change accordingly (Fig
2.6).

_____ ~ Pl
J I low fi :

h ! low frequency . .

capacitance Fig 2.6 The capacitance of an

o simple model ‘* '.
127 ' nMOS capacitor changes with applied
§ exact solution x high frequency gate voltage. The exact solution (solid
=] e tane
a. Sl gERICe line) and the simple model (dotted
o 1
3 /E lines) are reflecting the low and high
deep depletion un frequency capacitance (2006a)
' capacitance
-8 -6 -4 -2 Vrg 0 V1 2 4 6
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In the accumulation stage, there is no depletion layer present. The total capacitance of the

MOS structure is then equal to the oxide capacitance

c=C (5)

ox

In depletion, the capacitance of the MOS structure per unit area is determined by the series

connection of oxide capacitance and the capacitance of the depletion layer,

C=——— 6)

x4 being the thickness of the variable depletion layer, and & dielectric constant of the
semiconductor. In the inversion stage, the total capacitance is dependent on the frequency.
In the low frequency region, it equals the capacitance in the accumulation stage. In the
high frequency regime, the capacitance is reduced. The capacitance is given by following

Egs., where the thickness of the variable depletion layer reaches the maximum x, ;uqx-

CLF = Cax (7)

Cpp = ®)

2.1.3 MOSFET structure and field-effect

The structure of an enhancement p-channel MOSFET is shown in Fig 2.7. In the
pMOSFET structure, there are three terminals: gate (G), source (S) and drain (D). Two
separated, p-doped regions form drain (D) and source (S). A channel of regular n-doped
silicon is defined by diffusion between source and drain. The channel is covered by a thin
metal layer, and the channel width (W) and length (L) are referred to width and length of
the metal layer. When the inversion occurs, the charge carriers accumulate in a sufficient
concentration under the gate oxide. The type of charge carriers responsible for the
conduction of the channel is opposite to the substrate. The n-type substrate inverts into
p-type and an inversion layer is formed. If a negative voltage is applied to the drain, a

voltage drop occurs between drain and source, and current flows through the p-channel.

11
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gateelectrode

_sourceelectrode S

» drainelectrode

fieldoxide

mversion channel

/
depletion zone B | Ve

bulkelectrode

Fig 2.7 Schematical view of the structure and electrical contacts of the p-channel FET. The
metal gate is isolated from the channel by a thin silicon dioxide layer (Ingebrandt
2001)

The MOSFET output signal, the drain current (/p) is dependent on both the drain voltage
(Vp) and the gate voltage (V). The operation of a MOSFET is characterized with -V
curves (output characteristics) (Fig 2.8). One of the most important parameter is the
threshold voltage (V7), which is the minimum gate voltage required to open the channel.

When the gate voltage is more negative than V7, positive charge is induced in the channel.

i _
, V =3.0V

)

20 _ triode /

saturation

2.0V

-1.5V

Drain current (mA)

-1.0V
0.5V

T T

-1.5 -2I.0 I -2.5 -3.0
Drain voltage (V)

Fig 2.8 Ip-Vp characteristics of a pMOSFET. The dotted line separates the triode region of

operation on the left from the saturation region on the right (2006a)
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In the Ip-Vp curve (Fig 2.8), two regions of operation are formed, the triode region and the
saturation region at each fixed gate voltage. When Vps<Vps s, the device is in the triode
region of operation. The drain current increases linearly with increasing Vps. A slight
change of the drain voltage causes a significant variation of the drain current. In the
saturation region, Vps>Vps ., the current is less dependent on Vpg, but is still dependent on

Vs, since the inversion layer density increases with Vs.

Therefore, the Eqgs. for Ipg are different in two regions:

In the linear region: I, = 4 CL"XW (Vs =V )WV ps _%Vgs] (®)
In the saturation region: I, = Y (Zj‘zW Vs — VT)2 ©

Where v is the carrier mobility, W/L the width/length of the channel. The transconductance

(gm) shows the relationship between I and Vs, which is given by:

In the linear region: g, = %v C, Vs (10)
. . w
In the saturation region: g, = ZV C, Ve =V7) (11)

2.1.4 Ton-sensitive field-effect transistor (ISFET)

Since its introduction 30 years ago, there are about 700 papers devoted to ISFETs and 150
dealing with related devices, such as EnzymeFETs (ENFETs), ImmunoFETs (IMFET),
Insulated gate FETs (IGFETs), Chemical-sensitive FETs (ChemFETs) (Inczedy et al.
1998).

The ISFET concept originates from the MOSFET structure, but differs in many aspects. In
the ISFET structure, the metal gate is replaced by a reference electrode, which is exposed
to aqueous electrolyte electronically contacted via a reference electrode. The readout signal
of the ISFET is a relative potential difference at the gate input and the magnitude of this
potential varies with the ion concentration against a corresponding reference electrode

according to the Nernst equation.

13
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1: reference electrode

2: gate oxide

3: insulating resin b)
4: channel

S: source

D: drain Vb *
B: bulk oS

MOSFET ISFET

Fig 2.9 Schematic figure of a field-effect transistor MOFET (a) and an ISFET (b)
(Wroblewski et al. 1996)

The equation for the flatband voltage of an ISFET is derived from that of a MOSFET (Eq.
3). For the ISFET, two additional interfaces of electrolyte/reference electrode and
electrolyte/gate oxide influence the flatband voltage. The metal workfunction is replaced
with the relative potential of the reference electrode to vacuum level E,.;, which is the main
determining parameter of the interface between the electrolyte and the reference electrode.
The electrolyte/gate oxide interface is determined by the surface dipole potential of the
electrolyte x,,, which is constant, and the variable surface potential ¥,. Therefore, the
flatband voltage for an ISFET is given by (Bergveld 2003):
Vig = En;/' =WYoo+ X — CDqSi - QSSC+ Lo

ox

(12)

The reference electrode potential E,.r is taken relative to the vacuum level, which can be
calculated using the electrode potential relative to the normal hydrogen electrode (NHE)
plus the value of the Fermi level relative to the vacuum state (Bousse et al. 1983). However,
the absolute value of the surface potential ¥, cannot be directly measured, but relative
changes can be recorded in the ISFET bioassays. The surface potential is responsible for

the pH sensitivity of ISFETs and controls the dissociation of the oxide surface groups.

Although the equations for the flatband voltage differ for ISFET and MOSFET, the
equations of the /-V curves (Eqgs. 8-11) for a MOSFET are also suitable for an ISFET in a

first approximation.
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Fig 2.10 Ip-Vgs transfer characteristics of pISFET (a) and electrical characterization of the
gate transconductance (b). Real measurement data from an ISFET used in this work

are shown.

Besides the output characteristics (Fig 2.8), transfer characteristics (Fig 2.10) is important
for the practical use of an ISFET. The reference voltage (V) is applied by means of an
Ag/AgCl reference electrode acting as gate voltage (V). The typical operation point of an
ISFET is in the saturation region (Vp>Vp sur, Vb sa=Vre-Vyer), where the inversion channel
becomes shorter than the channel length. With increasing reference voltage, the drain
current increases correspondingly. In this thesis, each ISFET biosensor was electronically
characterized before each experiment. A working point was set, which was defined by
applying a constant drain-source voltage (Vps) and a constant gate-source voltage (Vgs).
The highest sensitivity regime of the ISFET biosensors was extracted for the electronic

detection measurements at the maximum transconductance g,:

— aIDS (13)

m Vps=const
oV s

The pH sensitivity of the ISFET devices used in this work was 34+2mV/pH compared to
the literature value of 30-40 mV/pH (Bataillard et al. 1987; Bergveld et al. 1997; Fung et al.
1986). The pH sensitivity as well as the sensitivity to potassium and sodium concentration
changes was intensively studied in related works of our group (Borstlap 2006; Sakkari

2005).
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Fig 2.11 Schematic drawing for the label-free DNA detection using a FET

The ISFET setup used in this work for the detection of biological reactions is shown in Fig
2.11. The (bio)molecular layers at the gate structure influence the surface potential, which
can be monitored by the shift of the gate voltage in a potentiometric way. The ISFET as a
potentiometric biosensor records the reactions by a direct current (DC) readout system. The
biomolecular layer might also form additional impedance on top of the gate structure,
which can be monitored by an alternating current (AC) readout of the transistor transfer
function. The ISFET detection principles in both modes and the amplifier equivalent circuit

will be discussed in paragraph 3.3.
2.2 Si0,/electrolyte interface

The chemical sensitivity and selectivity of an ISFET completely depend on the properties
of the electrolyte/insulator interface. When silanols come into contact with an electrolyte
solution, pH-dependent electrochemical equilibrium is established. The hydroxyl groups at
the gate oxide surface can be protonated and deprotonated and thus, when the gate oxide
contacts an aqueous solution, a change of pH will change the SiO, surface potential. The
point of zero charge is 2-2.5 for the SiO, surface (Bousse 1982), at which pH value the
surface is neutral. In lower pH, the net surface charge is positive, for higher pH negative.
Theoretically, the site-binding model (Yates et al. 1974) applies to thermal oxidized silicon
as shown in Egs. 14-15.

= SiO” + H' <= SiOH (14)

= SiOH + H* <= SiOH; (15)
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In reality, different kinds of silanols exist, some silanol groups are hydrogen bonded to
neighboring silanols, while other silanols are only hydrogen bonded to water molecules.
Different schemes of hydrogen bonding are believed to have a considerable impact on the
reactivity of these groups. However, the total number of surface functional groups, the

distribution of different types of groups and the reactivity of different groups are still not

clear.
H H H
¢ $9 ? or
& & HO_  OH Ho. L/
J I \0/2\0/ ™~ i |
o o - d o 0
«— =3 38—
single (isolated) silanols silanediol (germinal) silanetriol
H-.. /H-\ /H OH H. H- H
g ¢ HO o o 0
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vicinals silanediol vicinal terminal

Fig 2.12 Different types of silanol groups (Bergna 1990)

Since only the free hydrogen can respond to the surface potential change, silanols in three
configurations: single silanols, silanediol, and silanetriol are affected. In the site-binding
model, the signal transduction is describd as a function of the state of ionization of the

surface SIOH groups.
2.2.1 Electrical double layer at the solid-liquid interface

At the SiO,/electrolyte interface, the surface charge oy is balanced by an equal but opposite
charge, o4 in the electrolyte to neutralize the surface. The charge density o, defines the
so-called double layer and the two opposite charges, 6y and o4, parallel to each other form

the integral double-layer capacitance Cg;. The charges are not uniformly distributed

17
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throughout the liquid phase, however concentrated near the charged surface. Thus, a small

but finite volume of the liquid phase is different from the extended bulk solution.

There are three theoretical treatments of the double layer on the interface, Helmholtz Plane

Theory, Gouy-Chapman Theory and Gouy-Chapman Stern Models.

Even
charge
distribution
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Fig 2.13 Theory models of the solid/liquid interface, Helmholz double layer (left) and
Gouy-Chapman Models (right)

The Helmholtz Double Layer theory (1879) is a simple approximation in which the surface
charge is neutralized by counterions of opposite sign. The surface potential is linearly
dissipated from the surface, and counter charged, opposite polarity ions resides at the
surface by a distance of their radius. The charge in the solution is essentially 2-dimensional
and located at the outer Helmholtz Plane (OHP). The surface is treated as parallel plate

capacitor following C=¢,6,4/d , (g9 dielectric constant of the vacuum, ¢, relative dielectric

constant of the medium between the plates, 4 denotes the surface area of the plates, and d
is the distance of the plates). However, the Helmholtz model does not adequately explain
all the features, since it hypothesizes rigid layers of opposite charges. This does not occur

in nature.

The Gouy-Chapman double layer (diffuse double layer) theory (1910-1913) introduces an
additional diffuse double layer to the Helmholtz Model in which counter ions are not
rigidly held, but tend to diffuse into the liquid phase until a counter potential restricts this
tendency. The diffuse charges in the Gouy-Chapman Model are assumed neither a layer of

hydrated ions stuck at the OHP nor a linear voltage drop across the dielectric layer. The ion
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distribution in the charged surface region is determined by temperature and the energy to
bring the ion away to an infinite distance. The ion concentration distribution in the

diffusion layer is given by a Boltzmann equation:

n, = n’ exp(——25) (16)
kT

With n! the number of ions of type i per unit volume of bulk solution and z valence of

ion i. The term zey; in the numerator of the exponent is the energy to bring an ion from an
infinite distance to a point where the potential is y;, and kz Boltzmann constant and 7 the
absolute temperature. Combining the Boltzmann distribution with the Poisson equation and
integrating with appropriate limits, the description of the electric potential as a function of

distance from the surface is given:

&.& KT
A, = / 0 r 17
dl 2n(1)22q2 ( )

The Debye length is the reciprocal of the Debye-Hiickel parameter. The thickness of the

double layer decreases with increasing valence and concentration of ions. The electric
potential is a function of the distance from the surface. The thickness of the diffuse double
layer decreases with increasing ion valence and concentration of the buffer electrolyte. The

charge in the diffuse layer is given by the Grahame equation:

O, =+/8¢,6,kTn, sinh( Zze:]lf j (18)

Therefore, the diffusion capacitance is derived from

do zey
C,, =—%L =8¢, kT h 0 19
Wy &&, 1ln, Co8 ( kT j (19)

0

Experimentally, the double layer thickness is generally found to be somewhat larger than
calculated, owing to the assumption that activity equals molar concentration when using
the desired form of the Boltzman distribution. In fact, not only the oppositely charged ions
diffuse into the bulk solution, the same sign as the surface charge will also be found within

the double layer.

19




2.2 SiOy/electrolyte interface

o€

.. Ion AN

&5 Y
+ @Det:iydrated Ion Wt - : SRS \
Solid 4f - i Solution : :

6o op IHP “OHP o I[HP OHP X\ — =

(a) (b)

O N
7 Hydrated L N S
©

+ 4+ + + +

Fig 2.14 Gouy-Chapman Stern Theory of the solid/liquid interface

The Stern Mode of the diffuse double layer has been developed, combining the Helmholtz
and the Gouy-Chapman Model. It assumes a “plane of closest approach”, which is based
on the fact that ions have finite size, so they cannot approach the surface closer than a few
nm. Besides the diffusion layer in the Gouy-Chapman Model, a Stern layer is formed and
subdivided into two regions of inner and outer Helmholtz plane (IHP and OHP). The IHP
is defined by the plane of the center of the dehydrated ions. The excess ions are adsorbed
to form the OHP. This layer is located at the distance Xy, at the center of the hydrated ions
in the solution. The diffuse layer, starting from X, contains the same amount of charge (of
opposite sign) as the oxide surface charge. The potential between the electrolyte and the
surface consists of two parts, a potential drop across the diffuse layer and across the
charge-free layer (Stern Layer). The difference between the potential in the diffusion layer
and the surface potential is the potential difference across the Stern capacitance.
Consequently, the double layer capacitance consists of a series network of a
Helmholtz-layer capacitance (the Stern capacitance) and a diffuse-layer capacitance.
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2.2.2 pH sensitivity of ISFETs

When the SiOs/electrolyte interface is protonated or deprotonated, the equilibrium is

established (Eq. 14, 15), and the dimensionless intrinsic dissociation constants (K,, K}) are
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a a,.
=K, and ——=K, (21)

with C the concentration for the ions. H donates the activity of the protons in the vicinity

of the oxide surface. a,, is the activity of protons at the surface.
N

On the oxide surface, there is a fixed number of surface sites per unit area present, N;:

Ny =Cypy +C,, +C (22)

SiOH3
Depending on the chemical equilibrium of the surface sites, a surface charge density oy

[C/m?] exists:
O = q(CSiOH; —Coor )=-4B (23)

Where B is the number of negatively charged groups minus the number of positively
charged groups in moles per unit area. So, the relation between the activity of the protons

at the oxide surfacea,, and the surface charge density o, in terms of the total number of

N

available sites N, and the intrinsic dissociation constants K, and K, is given by:

a,. —K,K,
o, =qN; - > 24)
KK, +K,a, +a,.

The effect of the surface protons activity a, . on the surface charge density 6, can be found
N

from Eq. 24:
oo OB
—=—q ==qP (25)
OpH g OpH

The change in a,, is expressed by its corresponding surface pH value (pHs). The change

N

of pH results in the change of oy and a change in the net number B of the basic groups. By

definition, OB/0pH represents the buffer capacity fin of the oxide surface. Combining

with the Eq. 19, the effect of a small change in the surface pH (pH;) on the change in the

surface potential y is described by:
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oy, Oy, 00, —qP, (26)

OpH, 0o, .apHS - Cuy

Expressed with the Boltzmann equation:
aH;:aH;'eXp(_QV/O/kT) or (pHs_pHB)ZQWO/kT (27)

results in the general expression for the pH sensitivity of an ISFET:

Vo _ 53K with gL (28)
apHB q 23kTCd;j 1
qzlgint

The parameter a is a dimensionless sensitivity parameter that varies between 0 and 1,
which depends on the oxide surface intrinsic buffer capacity fin and the differential
double-layer capacitance Cyy. If a=1, the ISFET has a so-called Nernstian sensitivity of

59.2mV/pH at 298K, which is also the maximum achievable pH sensitivity.

It appears that the usual SiO; from the MOSFET process does not fulfill the requirements
of a high value of fi,. The pH sensitivity is only about 30mV/dec depending also on the
electrolyte concentration via Cgy and on the cleaning status of the SiO, surface. A freshly
cleaned SiO; surface can have a higher & value, which is reduced when contaminations are
present at the surface. Other layers have been introduced to ISFET fabrication such as
Si3Ny4, Al,O3 and Ta,Os with increased values of ;. The intrinsic buffer capacity of Ta,Os
is even so high that the value of C,;r becomes less important, which is independent of the
electrolyte concentration, while a pH sensitivity of 58mV/dec can be achieved over a pH

range from 1 to 12 (Bergveld 2003).

2.2.3 Attachment of biomolecules to the gate surface of ISFETs

When biomolecules attach the SiO,/electrolyte interface, an ion-permable layer is formed
between the surface and the electrolyte. The accumulation of the DNA negative charges at
the gate oxide surface can generate a change of the surface potential according to the
Grahame equation (Eq. 18) (Israelachvili et al. 1999). The maximum surface charge
density oy of silicon oxide is 0.8 C/m* (Dong et al. 1998). The gate potential can be derived
by:
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Oy +O0pn4 Oy

2kT
AY,,, =——| arsinh —arsinh| ————2——11(29)
ze { (\/Sgelect+DNAgOan0+DNA ] {\/ 88 ciEokTny ]J

It is has been reported that the surface potential change caused by immobilization of 20
bases ssDNA (4x10'°/m?) in a low ionic strength electrolyte (eg. 6mM) results in potential
changes of about 3 mV (Fritz et al. 2002; Han et al. 2006c; Han et al. 2006b; Uslu et al.
2004).

Concerning the detection of the attachment of DNA onto the gate surface, two basic effects
are usually considered, the capacitance effect and the charge effect (Landheer et al. 2005;
Poghossian et al. 2005). The capacitance and related impedance effect will be discussed in
the next paragraph. Firstly, the charge effect is described. Three parameters influence the
surface potential, when biomolecules attach the solid/liquid interfaces: a distribution in the
double layer, conformation related dipole moment of the biomolecules and the Donnan

potential.

When the DNA molecules attach the gate surface by non-covalent binding, they lie flatly
on the surface. In this case, higher DNA-DNA hybridization signal compared to the
covalent immobilization assay is expected (Chapter IV). The charge density change within
the order of the Debye length can be detected, which increases with decreasing valence and
concentration of ions in the electrolyte (Eq. 17). Therefore, a low ionic strength buffer

electrolyte is a prerequisite to enable the detections (Poghossian et al. 2005).

With the change of biomolecule conformation, a ionic redistribution effect near the ISFET
sensor surface can be occurring. The DNA molecules are modelled as an ion-permeable
circular cylinder with a diameter of 1.5-2 nm. The space between the cylinder-like
biomolecules is full of small counter ions. When the hybridization reaction occurs on the
sensor surface, the intermolecular spaces are reduced, which results in a depletion of

counterions at the solid/liquid interface.

Apart from the surface potential, the Donnan potential originates from fixed charges inside
a molecular layer, the Donnan potential is the potential in the bulk of a sufficiently thick
membrane, where charge neutrality prevails (Landheer et al. 2005; Ohshima et al. 1988). A
charge in an attached molecular layer might vary the Donnan potential, which add finally

to the recorded surface potential charge.
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potential drop between the centres of the closest hydrated ions in the membrane and the

insulator, according to (Landheer et al. 2005):

X

Y(x)
?lern . membrane | electrolyte
ayer ‘: :
Y, E
TI“
0
lde
P, e
Pop mwéMN. ;
0 X W

Fig 2.15 Details for the potential distribution from the insulator surface through the Stern
layer and the biomembrane into the electrolyte. The figure was adapted from

(Landheer et al. 2005)

Yo, Y, ¥a V. ¥pp are potentials for surface, membrane, double layer, electrolyte and
Donnan potential, respectively. The X-axis is the perpendicular distance away from the
surface, and X=0 and X=W are located at the OHP and the membrane. In the range of X>W,
the potential gradient and charge in an electrolyte can be described with Eq. 18. When

0<X<W, the Donnan potential must be considered for the total surface potential.
2.3 Transistor transfer function

Most ISFETs use a direct current (DC) readout system. They are potentiometric biosensors
detecting biomolecular reactions through their ion-selective solid-liquid interface or an
artificial molecular membrane, which is attached to the gate of an ISFET device. The
label-free detection of DNA is based on its intrinsic charge causing potential change at the
solid-liquid interface (Barbaro et al. 2006; Kim et al. 2004c; Pouthas et al. 2004a; Pouthas
et al. 2004b; Sakata et al. 2005b; Souteyrand et al. 1997; Tsuruta et al. 1994). Generally,

effects like drift, temperature, electrolyte composition, pH of the buffer solution and the
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type of the reference electrode influence the measurements. During this thesis, the ISFET
detection in AC mode for the attachment of PEMs and DNA on the optimized surfaces was
established in our group. The attachment of biomolecules to the gate surface alters the
capacitance and resistance properties of the interface. Impedance measurements can detect
these changes. ISFETs as impedimetric biosensors with AC readout allow the sensing of
the biomolecular attachment and membrane properties change at a very small lateral
resolution (Antonisse et al. 2000; Bataillard et al. 1987; Demoz et al. 1995; Diot et al. 1985;
Katz et al. 2003; Kharitonov et al. 2000; Kharitonov et al. 2001; Kruise et al. 1992; Lahav
et al. 2001; Lugtenberg et al. 1998; Pogorelova et al. 2002; Pogorelova et al. 2004;
Sallacan et al. 2002; Souteyrand et al. 1994; Souteyrand et al. 1997; Zayats et al. 2002b).

A first electrical and mathematical description of the ISFET transfer function was provided
(Bergveld et al. 1989; Schasfoort et al. 1989). In general, the ISFETs AC readout systems
are described by an electrical equivalent circuit. Usually an electrical equivalent circuit
consists of three types of basic elements resistor, inductor and capacitor of which all are a
function of the frequency. Table 2.2 shows the basic equations for resistor, capacitor and

inductor as the function of voltage and current as well as their impedance.

Table 2.2 Common electrical elements in the AC equivalent circuit of an impedimetric

biosensor
Components Current vs. Voltage Impedance
Resistor V=IR Z=R
Capacitor [=CdV/dt Z=1/joC
Inductor V=Ldl/dt Z=joL

For the impedance measurements with ISFET in this thesis, the inductor can be neglected

because in the frequency range of 1Hz-100 kHz, the inductance (L) of our system is too
low to contribute to the impedance. The resistor follows Ohm’s law (R :%, V voltage, |

current) at all current and voltage levels, and it is independent of frequency. The complete

AC equivalent circuit of an ISFET with attached biomembrane is shown in Fig 2.16.
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Fig 2.16 Complete equivalent circuit of a membrane-gate modified ISFET (Armstrong et al.
1990). The figure was adapted from (Kharitonov et al. 2001).

When biomembrane attaches the gate surface, the complete equivalent circuit is composed
of three parts, FET input, membrane element and resistor of the solution (R,,;), which is

connected in series.

The FET input consists of the silicon-electrode resistance (Ry), the space-charge
capacitance (Cy.) and the oxide-insulator capacitance (C,,). The membrane element has
two major parts, a membrane and a double layer. The membrane can be described by its
bulk capacitance (Cy.enm), in parallel with its bulk resistance (R,..n). The double layer part of
the membrane element includes the double-layer capacitance at the membrane interface
(Car), the charge-transfer resistance at the membrane interface (R.), and the input of the
Warburg impedance Z,, originating from the diffusion of ions to the membrane interface

(Katz et al. 2003).

For the ISFETs used in this work, an additional component needed to be considered. When
there are no biomolecules attach to the FET surface, the two dominant components in the
equivalent circuit are the contact lane capacitance (C¢;) and the solution resistance (Ry,;)
because of the large contact lane areas of our ISFET. The impedance of the reference
electrode can be neglected in most cases, as it is smaller than the solution resistance in our

experiment. The overall time constant (7) of the systems is then:
T=]/f= CCL “Rior (30)

Typical values for the recordings presented in this work were 1nF for C¢; for the 8-channel
chips, 100 pF for the 16-channle chips and 50-400 kQ for R,,. Therefore, the typical
cut-off frequencies of our ISFET devices were in the range of 2.5-20 kHz for the 8-channel

chips and 20-200 kHz for the 16-channel chips, respectively.
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The equivalent gate input circuit can be characterized by the transfer function. The transfer
function is the mathematical representation of the relation between the input and the output
signals of a frequency-dependent system. A superimposed sine wave voltage of variable
frequency 0Vs is leading to a drain current variation 6/,. Therefore, the transconductance
gnm 18 frequency-dependent g,, =01,/0Vss (Bergveld et al. 1989). The voltage related to 7,
Vs and g, is given by:

Vout = _R‘Id = _RngGS (3 1)

R is the electrical feedback resistance of the first amplifier stage. The voltage applied to the
gate partly drops over the oxide and partly over the membrane layers, thus the effective
potential difference between gate and source is smaller than the applied voltage. Therefore,

the transfer function H(jw) is introduced as a multiplication factor of Vs.

1+ jaR  C

H 'w- — mem mem 32
(] ) 1 + .j meer (Cmeme + C()x) ( )
So, g, =t (33)
RH(j ZU)VgS

gn becomes frequency dependent. A theoretical plot of the transfer function versus the
frequency is shown in Fig 2.17. Two time constants 7;, 7, can be graphically determined
out of the graph. They are given as the intersection of the linear segments in the high and

low frequency ranges (Kharitonov et al. 2001; Zayats et al. 2002b).

\

\ low cut-off frequency
= _‘\«{__—/ Log(1/<,)
Log(0.5)--------------- N
=
&
~ high cut-off frequency
! Log(1/z))
Cmem i
Cmem‘*'cm- i i '

Frequency(Hz)
Fig 2.17 Theoretical transfer function and graphical extraction of the time constants. The

figure was adapted from (Antonisse et al. 2000)
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The time constants 7; and z, are extracted as

Tl = Rmem(c

mem

+C,)~R,,C (34)

mem ox

,=R _C (35)

mem mem

At the low cut-off frequency, the oxide layer capacitance is bigger than that of the
membrane. Consequently, the term C,,.,, can be consequently neglected. On the other hand,
the high cut-off frequency is dominated by the membrane capacitance and membrane

resistance, which is related to the attached biomolecules.




Chapter III Materials and Methods

In this chapter, the properties of polyelectrolyte (PE) and biomolecules related to the
surface modification protocol and to the ISFET detections are elaborated. Several
characterization methods used to analyze the surface condition after each modification step

are described.
3.1 Properties of polyelectrolytes & biomolecules

PEs can be utilized as a model for the biomolecules assays since their similar influence to
the ISFET signal. Possible effects during ISFET detection might be originated from the PE
conformation and charge distribution. For the bioassays presented in this thesis, three
biomolecues are involved in the detection including DNA, biotin and streptavidin. Their

correlative properties are also described in this chapter.
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3.1.1 Polyelectrolyte properties

To date it is well accepted that for the ISFET detection, the charge distributions of PE are
mainly responsible for the recorded signal changes. However, the charges properties of PEs

are mainly related to their conformation.
3.1.1.1 Conformation of polyelectrolytes in solution

Polyelectrolytes (PEs) are electrolytes of high molecular weight, and they are composed of
repeating units and ionizable groups (Barrat et al. 1996; Forster et al. 1995; Oosawa 2001;
Radeva 2001; Schmitz 1993; Tanford 1961). These groups dissociate in polar solvents such
as water leading to a charge of the PE molecules. PE possesses properties of both
electrolyte and polymer, acting as conductor like salt, having a viscosity similar to

polymer.

The properties of PEs in solutions and at charged surfaces depend on many parameters
such as the fraction of dissociated ionic groups, the solubility in the buffer electrolyte,
solution dielectric constant, salt concentration and polymer-substrate interactions
(Dobrynin et al. 2005). Commonly used PE can be “weak” or “strong” depending on the
dissociating ability in the solvent. Strong PEs dissolves completely for most reasonable pH

values, while weak PEs dissociate just partly.

Two types of interactions play the crucial role on the conformation of the PE in different
solutions, inter- and intrachain interactions. Interchain interactions refer to repulsive
electrostatic interactions, which are mainly controlled by coulomb forces. Intrachain
interactions originate from the non-electrostatic attractive interactions of backbones, which
are insoluble in solvent and easy to attract by the Van der Waals forces, hydrogen bonding
or hydrophobic effects. Flory theory, scaling model (Kuhn et al. 1948) and Debye Hiickel

theories are utilized to explain and to simulate the PE chain conformation in solutions.

The semiflexible chain model elucidates in approximately “ideal” solutions that the
end-to-end distance of PE increases linearly with the chain length (Barrat et al. 1996). The
coulomb repulsion is excluded, and the PE is modeled like a non-charged PE. The PE
chains in this condition expand randomly to reach the lowest energy, in rigidly rod

conformation (Fig 3.1a).
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In good solvent such as water, the PE chains repulse each other due to the charge on the
chain. The intrachain interaction dominates over the interchain one, which cause the PE to
expand more rigidly (Fig 3.1b). In finite concentration of counterions solutions such as salt
solutions, the PE chain coils. With the increase of the counterions concentration, the PE

chain condenses and collapses.

(a)

Fig 3.1 Charged PE chains (a) stretched in solutions without counterions (b) can be assumed

as a more random-walk-like conformation in the solution present of counterions.

When the PE is diluted in poor solvents, its backbone is insoluble in the solvent and the
backbone monomers strongly interact through non-electrostatic attractive interactions
owing to Van der Waals forces, hydrogen bonding or any hydrophobic effect (Holm et al.
2004). Intra- and interactions compete each other and dominate in short-distance and
long-distance, respectively. Although the PE stretches in the macrostructure, in the fine
region, it collapses to a pearl-necklace conformation, and even to a globular conformation

(Fig 3.2).

External force

Fig 3.2 Increasing external

l Extended force or decreasing of solubility

of the solvent, the conformation

\/M of the PE changes from
elongated via a pear-necklace to

l a globular structure

Pearl-necklace (Chodanowski et al. 1999;
Dautzenberg 1994; Dobrynin et

Globule al. 1996; Micka et al. 1999)
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3.1 Properties of polyelectrolytes & biomolecules

When solutions of two oppositely charged polymers (that is, a solution of polycation and
of polyanion) are mixed, a bulk complex (precipitate) is usually formed. This occurs

because the oppositely charged polymers attract each other and bind together irreversibly.

3.1.1.2 Buildup of polyelectrolyte multilayers (PEMs) by layer-by-layer

adsorption

Polyelectrolyte multilayers (PEMs) can be formed by alternating adsorption of polyanions
and polycations in solutions. This method is the so-called layer-by-layer (LBL)
self-assembly method (Decher et al. 1992). LBL methods are not limited to the
polyelectrolyte mulilayer buildup, but can also be extended to a variety of charged material,
such as nanoparticles, proteins, DNA, dyes, etc. (Bertrand et al. 2000; Decher 1997;
Decher et al. 2003; Hammond 1999).

The first PE layer adsorbs on the oppositely charged surface, which is either a soft or a
hard surface. A hard surface can be a solid support (Caruso et al. 1997), while a soft
surface can be a precoated solid support. On the hard surface, the adsorption depends much
on the surface charge density and ionic strength of the buffer electrolyte. In a high ionic
strength solution, loops and tails of the PE increase the thickness of the layers and cause
strong charge overcompensation. After the first layer, the following adsorptions of PE can

be regarded as adsorption on a soft surface.

The adsorption on soft surfaces is controlled by both the charges carried by the PE layer
from the solution in its 3-D structure and the flexible underlying layer. For strong PEs, one
third of the charges mingle with the previous layer. The remaining 2/3 are compensated by
counterions and released with the following adsorption. The strong PE has an exact
stoichiometry for the distribution of charges, which is only affected by the ionic strength of

the electrolyte solutions.

For the weak PE the layer thickness and surface coverage depends on the pH due to
pH-dependent swelling (Kolarik et al. 1999). With the variation of pH and ionic strength,
the repulsion between the chains (intra interactions), chain stiffness and surface coverage

change accordingly.

During the formation of PEMs from the PE in a solvent, the conformations of PE change

from 3-dimensional (3D) in solution to 2-dimensional (2D) by flattening out, and reverse
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to a 3D structure when the following PE layer is adsorbed on it. In low ionic strength, the
variable thickness related to the density of PEMs strongly depends on the concentration of
salt, and the thickness increases linearly with the addition of salt. However, in the high salt
concentration, the influence of concentration on the thickness is observed in both

increasing (Steitz et al. 2000) and decreasing directions (Losche et al. 1998).

After the adsorption of the first few layers, the following buildup of PEMs is independent
of the original surface. During the buildup of PEMs, the change of external condition still

affects the internal structure in terms of pH, hydration condition, etc...
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Fig 3.3 Schematics of the concentration of a PEM containing 10 layers on an initially
positively charged substrate. The five dark grey layers and five shallow grey layers

represent polyanion and polycation layers, respectively (Decher 1997).

The outer layer defines the properties of the total PEM after the buildup. Differently
charged PEs show different characteristics according to the internal water content and the
pH of the buffer solution. Even under dry conditions, the PEMs contain 10-20% water,
which facilities hydration and increases the internal interaction. The strong complex PE
pairs have a smaller swelling ratio than the weak complex PE ones due to the surface
energy of the outer layer. Furthermore, the swelling ability increase with an increase in the
concentration of salt during the assembly process (Anderson et al. 1995; Dubas et al. 2001;

Sukhorukov et al. 1996).
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3.1.2 DNA structure and charge

Deoxyribonucleic acid (DNA) is comparable to a charged linear PE because the DNA main
chain is composed of negatively charged phosphate groups at neutral pH of the buffer

electrolyte. DNA has some common properties with PE, but also some specific differences.
3.1.2.1 Structure of the DNA double helix

DNA is a polymer of nucleotides organized in a double helix (Watson et al. 1953). It
contains the genetic instructions specifying the biological processes of all cellular forms of

life, and some viruses.

The monomer units of DNA are nucleotides, and the polymer is known as a
"polynucleotide". Each nucleotide consists of a 5-carbon sugar (deoxyribose), a
nitrogen-containing base attached to the sugar, and a phosphate group. There are four
different types of nucleotides found in DNA, differing only in the nitrogenous base. The
four nucleotides are given one-letter abbreviations as shorthand for the four bases: adenine

(A), thymine (T), cytosine (C) and guanine (G).

(5 end ]
[ Stand Strand IS

continues

24 nm

From

i
Strand
continues

Strand
continues

(5" end

——

Fig 3.4 Structure of a DNA double helix (Purves 2004)
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A and G are the purine bases, C and G are the pyrimidine bases. Purines consist of a
six-member and a five-member nitrogen-containing ring, fused together, and pyrimidines
have only a six-member nitrogen-containing ring. The process of forming a double helix
from two single stranded (ss) DNA molecules is called hybridization and is achieved by
complementary paring of two base pairs (bp) via hydrogen bonds (Fig 3.4). The energy of
two bp is different due to the number of hydrogen bonds connecting the two base pairs. A
to T are connected via two hydrogen bonds and G to C via three hydrogen bonds. Since
pyrimidines and purines are not diametrically opposite, two unequal grooves come into
being. Major grooves are deeper and wider than minor grooves (Fig 3.4). The different
position and the energy of the two grooves offer different recognition sites and functions
for DNA-binding proteins. Each strand of the double helix has a certain orientation, for

reasons of chemical nomenclature one strand is called 3' and the other 5'.
3.1.2.2 Thermal stability of the DNA duplex

The parameters influencing the conformation of PEs are also valid for the DNA sequence,
as both macromolecules consist of repeated units. PE has unique units, and DNA has four
different units (nucleotides). The hybridization process of DNA-DNA polynucleotides is
stoichiometric and strongly affected by the pH value and ionic strength of the solution. In
addition, this process involves the formation of hydrogen bonds. Parameters like probe
length, DNA concentration and especially the order of nucleotide sequence also affect the

association.

Addition of salt, which adsorbs to the phosphate backbone, decreases the electrostatic
repulsion of the two ssDNA. Hence, the higher the salt concentration is, the more stable the
double helix is. On the other hand, a low salt concentration lowers the reaction rate of the

hybridization.

The melting temperature (T,,), one of most important parameters of the hybridization, is
the temperature point in a hybridization reaction at which 50% of the nucleotides are
annealed in the form of double stranded (ds) DNA and 50% are denatured (ssDNA). The
stability of the DNA is directly dependent on the GC content. The higher the portion of GC
pairs is, the higher the T,,, because the GC pair is more stable because of three hydrogen
bonds, compared to only two for AT pair. With increasing GC portion, the hybridization
energy also increases leading to a higher T,,. For the oligonucleotides longer than 50 bases

from pH 5-9 (Bolton et al. 1962),
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If the salt concentration is from 0.01M to 0.2M, T, can be calculated from Eq. 36:
T (°F)=81.5+0.41(G+C)+16.6 logM-500/L (36)

M is the salt concentration, and G+C is the molar percentage of guanine plus cytosine. L is
the length of oligonucleotides. For salt concentration above 0.4M, the Ty, is calculated

following Eq. 37:
T (°F)=81.5+0.41(G+C) (37)

While for the short oligonucleotides of 14-20 b.p. in 0.9M NaCl, the melting temperature is
simplified (Rychlik et al. 1989):

T (°C)=2°Cx (A+T)+ 4°Cx (G+C) (38)

The nature of the probe DNA immobilized on the solid support provides a decrease in the
melting temperature observed when both target and probe DNA are free in solution. The
magnitude of the decrease is approximately 7-8 °C. The most reliable and accurate

determination of melting temperature is determined empirically.

3.1.2.3 DNA immobilization on solid substrates

DNA immobilization on a solid support substrate plays a pivotal role in DNA biosensor
research. Via crosslinker reactions, the DNA is bound covalently on the modified
substrates eg. gold (Bain et al. 1988; Bain et al. 1989b; Bain et al. 1989a; Balachander et al.
1990), SiO,, SizNy4 (Sakata et al. 2004), Ta,Os (Ohtake et al. 2004b), and Al,O3 (Xu et al.
1994; Xu et al. 1995). Non-covalent DNA immobilization utilizes the electrostatic

attraction to adsorb on poly-L-lysine, PEMs or various polymers (Fritz et al. 2002).

The covalent binding is preferred compared to the non-covalent binding for DNA
immobilization because of the surface coverage, the orientation of the probe molecules and

the stability of the probe interface.

For the covalent binding of DNA on different solid substrates, various silane and
crosslinkers are employed. Commonly used silanes are mercaptosilane, aminosilane,

epoxysilane and trichlorosilane.
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Ri, Ry, Rz=H, OCH;, OC,Hs, CHs,

Rl CH,CHj, Cl (trichlorosilane only)
X\/\/ Sli —R2 Mercaptosilane X=-SH
| Aminosilane —NH,
R3 .
Cholorosilane =Cl
Epoxysilane X= ©

Fig 3.5 General structure of various silanes

Prior to the silanization, the solid support surface needs to be cleaned and activated to form
one of the following three kinds of silanols: single (isolated) silanols, silanediol (germinal)
and silanetriol (see Fig 2.11). A proper cleaning and activation method should lead to as
many as possible free hydroxyl bonds on the surface for the binding of silanes. This
supports the formation of a highly uniform silane layer. The silane molecule binds with the
R end to the activated solid surface, and the X end is the liquid exposed group to react with

the molecules of interest.

Hydrolysis RSi{OCH,) 5 ?. IIQ IJ?
HO-8i-0-8i-0-8i-0H
H;0 —, l CH,0H I I ]
Hydrogen . 0. 0,
Condensation RSi(OH) , Bonding H HH HH H
e o
l —— H,0 0 0 0 Substrate
R R R A| Tno
| I
R R R
HO-8i-0-8]-0-8i-0OH
Sr | Sr E!_nll(l . HO-Si-0-Si-0-Si-0H
O 0O O ‘ormation I 1 I
| | | 0 o 0 Substrate

Fig 3.6 Hydrolysis of alkoxysilanes (left) and bonding to a solid surface (right) (Witucki 1993)

Hydroxylation and condensation control the silanization process. On the solid support
surface, alkoxy groups of the silane firstly react with free hydroxyl groups via hydrogen
bonds. Furthermore, if conditions are permissive, silanol groups condense to siloxane
bonds by formation of Si-O-Si bonds. In this way, the silane forms a lattice on the solid

support surface.

For DNA immobilization, usually crosslinkers are employed to connect the silane and the
end-functionalized DNA. Over 300 different crosslinkers are currently available. They can

be homobifunctional or heterobifunctional. Homobifunctional crosslinkers have two
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identical reactive groups, which lack specificity and tend to self-aggregation.
Heterobifunctional crosslinkers have two different reactive groups. Thus, these are very
useful as conjugation between two different molecules. By modification of activation,
silanization and crosslinking, the binding properties of the ssDNA sequence to the solid

support surface and the ISFET gate are greatly enhanced.
3.1.3 Structure of streptavidin and the affinity reaction with biotin

Apart from the DNA detection, the biological affinity reaction between biotin and
streptavidin was chosen to demonstrate the versatility of the ISFET biosensor. The biotin
and streptavidin binding is one of the strongest affinity reactions in nature (Chaiet et al.
1964). This binding serves as a mode system for protein interactions, it has been
extensively studied, and the binding process is well understood (Miyamoto et al. 1993; Star

et al. 2003).
3.1.3.1 Protein structure

In nature, proteins are made from 20 different amino acids. Each protein has its own
unique amino acid sequence. The protein has a primary (sequence), secondary (local
folding), tertiary (long-range folding), quaternary (multimeric organization) and
supramolecular (larges-scale assemblies) structure. Based on the primary structure, other
noncovalent bonds also exist, like hydrogen bonding within the peptide backbone,
hydrophobic effects, Van der Waals force and ionic bonds. Proteins show different

properties and conformations due to these bonds.

AP
I Il
HN—(|:—C—OH H—N—(\;—C—O*H
H CH4
Glycine (gly) Alanine (ala)

H.O [ BT |
2 + HN-¢c-C-N-Cc-C-0-H
water |
. ) CH,
o g4 polypeptide eyt
5’»3 B ch";n dipeptide
40 _"fl i i | I_ E_ 150 |
.A‘.f‘.‘l’ | \I'II \I'.II. II: r!.II. 'II T,
] Chains of peptide-linked polypsplide Fig 3.7 Formation of protein peptide from
amino acids build up . . .
. proteins, often in amino acids (Audesirk et al. 2005)
Y -y helical structures.
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Proteins are very sensitive to the environment (pH, ionic strength). The isoelectric point
(IEP) is defined as the pH at which the net charge of a protein is zero. Below the IEP, the
protein bears a net positive charge, above it bears a net negative charge. Owing to a
preponderance of weakly acid residues in almost all proteins, they are nearly all negatively

charged at neutral pH.
3.1.3.2 Reaction of biotin with streptavidin

Streptavidin is a tetrameric protein purified from the bacteria streptomyces avidinii.
Streptavidin binds strongly with biotin via a very strong, non-covalent reaction. The
reaction of biotin and streptavidin is useful in affinity separations (Bayer et al. 1990),
diagnostic assays, and delivery of therapeutics (Hnatowich et al. 1987; Kalofonos et al.

1990; Ochr et al. 1988).

Biotin (vitamin H or B5) (Fig 3.8) is soluble in water.
HN i Biotin assists cell growth and various metabolism
chemical transfers, and maintains steady blood sugar
OH

S | level.

Fig 3.8 Structure of biotin

Streptavidin ——=r

3R

Fig 3.9 Space structures of streptavidin and the reaction with biotin, the reaction points of

biotin with streptavidin are marked in black

In the symmetric structure of streptavidin, dimmers interdigitate coincidently with their
dyad axes to form the naturally occurring tetramer. Four subunits are symmetrically
located on the opposite faces, which are positioned in pairs. Each subunit contains a single
biotin-binding site and has six tyrosine residues. The isoelectric point of streptavidin is

pH=6.4 (Bullock et al. 1983) or 5-6 (Diamandis et al. 1991).
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Multiple hydrogen bonds and Van der Waals interactions are associated with the
biotin-streptavidin complex (Weber et al. 1989). The reaction is rapid and essentially
non-reversible, and the complexes are extremely stable over a wide range of temperature,

pH, organic solvents and denaturing reagents.
3.2 Characterization methods

The biosensing sensitivity and stability depend strongly on the surface modification
leading to a covalent binding of probe biomolecules. The surface modification and the
further biological reactions were characterized, analyzed and optimized with different
surface analytical methods in this thesis. In the following the different methods are riefly

described.
3.2.1 Contact Angle (CA) measurements

The contact angle was measured with an OCA20 system (Dataphysics, Germany) utilizing
the Sessile Drop method with ultrapure water. Each substrate was dried with argon (Ar)

before the measurements.

The CA measurement is a rapid, sensitive and simple method to characterize a solid
surface. It offers surface energy related analysis of the activated surfaces and the silanized
surfaces. When a liquid surface force is smaller than the contact force of liquid and solid,
the liquid drop expands on the surface. This process is called wetting, on the other hand,
nonwetting. The surface is then called hydrophilic or hydrophobic. Its condition is
characterized with the degree value of the contact angle §. Three characteristic diagrams
for different contact angles are shown in Fig 3.10. The related explanations are provided in

Table 3.1.

Fig 3.10 Different contact angles of liquid on solid support, the contact angle is 6>90°,
0° <0<90°, and 0—0°, respectively

The Young’s equation relates the contact angle with the different surface tensions:
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cos@ =Lsv Vs (39)
?/l—v

With y being surface tension, s stands for solid, v for vapor and 1 for liquid.

Table 3.1 Different contact angles and wetting conditions according to the Eq. 39:

Surface intention  Cosine CA  Contact angle = Wetting condition Shape of liquid
Vs < Ps-l cosf <0 6 >90° Comvgéfttienlg not Sphere
Viw = Vs-1= Vs-v cosf =-1 6=180° Completely wetting globular
Viv > Psa- Ps>0 1> cosO >0 0<6<90° Can wet lens shape
Viw = Vsl = Vs-v cosf =1 6=0° Completely wetting no
Vs-1= Vs-v=" Vi Not applicable

The contact angle is related to the surface tension and other parameters, which determine
the surface hydrophilicity and hydrophobicity. The substrate chemical groups making the
water tend to wet or nonwet are distinguished into hydrophilic or hydrophobic groups.
With surface groups like -OH, -NH; etc., the surface free energy is relatively high, and
water droplets form low values of contact angle. With a higher density of the hydrophilic
groups on the surface, the free energy is higher resulting in a lower CA. Several methods

are utilized to measure the contact angles (Fig 3.11).

Fig 3.11 Five different methods to measure the contact angle. A. Sessile or Static drop
method. B. Wilhelmy plate method, C. Captive air bubble method, D. Capillary rise
method, E. Tilting substrate method (2006b).

Five commonly used CA measurement methods are shown in Fig 3.11. Among all the
methods, the sessile drop method was used in this thesis with 1-3 ul Milli-Q water on the
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differently treated surfaces.
3.2.2 Atomic Force Microscopy (AFM)

Topological images of the bare silicon and the modified surface were taken by a multimode
AFM with Nanoscope IV controller and multimode base (Veeco Instruments, USA). The
images were taken in air in the intermediate mode, which is combination of the usually
applied contact mode and tapping mode. In this thesis, the surface topology of activated,
silanized and bio-functionalized surfaces were monitored and compared to provide details

on the surface modification efficiency.

The AFM (Binnig et al. 1986) utilizes a cantilever with a sharp tip to scan the material
surface. The Van der Waals and other forces between the tip and the sample lead to the

cantilever deflection, and this deflection is fed back to the detection system and analyzed.

Detector and
Feedback

Electronics

Photodiode

, Laser

Fig 3.12 The block diagram for the Atomic

force microscope. The deflection is measured
I using a laser spot reflected from the top of the
Sample Surface CAmTEUE G cantilever into an array of photodiodes. The

sample is mounted on a piezoelectric tube,
PZT Scanner that can move the sample in the z direction to

maintain a constant force (Wikipedia)

The roughness of the surface is quantified by the root mean square (RMS) value Ry and the

surface area difference (SAD). Ry represents the root mean square average of height

S7

R, ==
deviations (Z;) taken from the mean data plane - The SAD is defined as
difference between the three-dimensional surface area (Asp) and its two-dimensional
surface area (A;p) projection SAD = Asp/Asp. Surface roughness gives exact and detailed

information about the topography of the surface.
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3.2.3 Imaging Ellipsometry (IE)
Thickness and homogeneity of the samples in a larger image area compared to the AFM
method were characterized by imaging ellipsometry (IE) (EP3, Nanofilm Germany, lateral

resolution 2um) equipped with a frequency doubled Nd: YAG laser (532 nm) and variable

incident angle. The main usage of ellipsometry in this work was to measure the thickness

of SiO; on silicon and the biomolecular layers on modified SiO,.

The electromagnetic wave of light is composed of an electric component and a magnetic

component, which are propagating sinusoidally. The electric part of the wave is polarized

when touching a surface, with E, and E, (Fig 3.13). If the E, (p) and E, (s) components are

having a arbitrary phase and amplitude, the light is called elliptically polarized. P and s
polarizations are referred to as direction of parallel and perpendicular, respectively (Fig
Ex (1)

3.13).

i A
IV,

By ()

Net E-ﬁe(

t J. A Woollam Ca., Ine.

Fig 3.13 Electric wave at x and y axis. The depicted light wave is polarized elliptically (J. A.

Woollam Co., Inc. USA) (2006¢)
In an ellipsometry, the light passes through the polarizer (P) and the compensator (C)

leading to a defined polarization of the incoming beam. The analyzer (A) is turned into an
angle, where no light can pass to the photodetector. This condition is called “nulling”.
Ellipsometry uses polarized light, deriving its sensitivity from determining the relative

phase change in a beam of reflected polarized light and greatly exceeds the sensitivity of

an intensity reflectance measurement. The measured values are A and P, related to the

complex Fresnel reflection coefficients ﬁp, ES of p and s polarized light, respectively

(Buzea et al. 2005).
iA ﬁP
p=tan(V¥)e" == (40)
RS
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3.2 Characterization methods

The ratio is a complex number containing*“phase” information. When a source of light is
reflected from the surface, the polarization of the light wave is changing from linear to
elliptical polarization. The change of polarization is characterized by the changes in the A
and ¥ values. A is defined as a change in phase or phase difference, and W is factor of

amplitude ratio change.

Dormaltoe the surkare

" H v P
{ P —» { ﬂ s i | 7 — 4
b2 \ / “ ,a “ | /
Polarizer (P) quarterwave Sample (S) Analyzer (A)

plate (C)

Fig 3.14 Principle of Image Ellipsometry (Nanofilm, Germany): upon the reflection on the
sample surface, a linearly polarized light is generally elliptically polarized. The
reflected light experiences a phase change, which is different for the electric field

components p and s to the plane of incidence.

The sample surface is described by its refractive index (n) and extinction coefficient (k)
depending on wavelength and temperature. The refractive index is related to the optical
way of the wave through the sample and direction of propagation, and extinction

coefficient to how much of the energy of the wave is absorbed in a material.
A= 277[61(1112 —n’sin’ §)"” (41)

ng, n; refractive index of medium and film, d thickness of film, A wavelength of light, and

¢ angle of incidence.

7



Chapter III Materials and Methods

Table 3.2 The refractive indices used in this thesis were as following:

Material Refractive index | Literature

Si 4.1562 Nanofilm standard value
Si0, 1.4605 Nanofilm standard value
APTES 1.4225 (Lide et al. 1994)
GPTES 1.46 (Lide 2004)

PSS/PAH | 1.5228 (Gong et al. 2005)

PEI 1.4799 (20064d)

DNA 1.46 (Moiseev et al. 2006)
Biotin 1.5 (Haussling et al. 1991)
Air 1.003 Nanofilm standard value

3.2.4 Fourier Transform Infra-Red (FT-IR) Spectroscopy

FT-IR spectra were measured with a Fourier Transform Infrared (FT-IR) spectrometer
(vector 22 and IFS 66v/s Bruker, Germany) with a reflection-absorption setup in dry air.

The scanning range was 4000-500 cm™ with a resolution of 4 cm™.

In general, the vibrations of atom-atom bonds are divided into three kinds, stretching
vibration (symmetrical stretching vibration and asymmetrical stretching vibration),
bending vibration (in plane bend and out of plane bend) and deformation vibration. These
chemical bonds have specific frequencies at which they vibrate corresponding to their
energy levels. This is often termed its “fingerprint”. During the FT-IR measurement, a
source of light passes through a Michelson interferometer. If the frequency of the source
radiation matched the frequency of the vibration of the molecules, radiation is adsorbed or

transmitted. In this way, the bonds of the materials are presented in the FT-IR spectra.

In this work, FT-IE was utilized to analyze the bond formation to confirm the chemical
reaction at the surface and to distinguish it from the possible physical force between the

atoms.
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3.2.5 Fluorescence microscopy

The fluorescence images were taken with a Zeiss Axioplan microscope (Axioplan 2
imaging). Derived from a conventional microscope, the fluorescence microscope

introduces a higher intensity light to excite the sample.

According to the Jablonski diagram (Fig 3.15), when a molecule absorbs energy in the
form of electromagnetic radiation, the electron jumps to a higher energy level because of
this excitation. When the electron drops back to the ground state, it emits a photon. If the
photon emission occurs between the same spin state (S—S), this is termed fluorescence. If
the spin states of the initial and final energy levels are different (S—T), the emission is
called phosphorescence. When the fluorescent species is excited, the emission peak makes

a Stokes’ shift to longer wavelengths because of the energy loss.

Excited vibrational states

(excited rotational states not shonw)
S,—— A= photon absorption
— F= fluorescence (emission)

P= phosphorescence
S= single state

IC T= triplet state
IC= internal conversion
S, [SC= intersystem crossing
T OaS. S0y
> 2 1
£ (& 2 LA L
1
5 T ° I\ 0
& p | Ca o )
4 P 'N_.
S, {1 7

Electronic ground state

Fig3.15 Jablonski diagram (left) and structure of the Cy3 bifunctional fluorescence dye
(right)

Cy3 is a widely used label agent in microarray detections and the only dye in this work to
label the oligonucleotide. With the labeled DNA, the immobilization and hybridization
reactions on the modified solid support were proved. The emission corresponded to the
Cy3 dyes were detected at 570nm while it was excited at 550 nm. The fluorescence images
were saved in JPG or BMP files. The images were further analyzed with the software
ImageJ (2006¢). The measure area was fixed for each sample and the mean intensity values

for the pixel analysis were collected and compared.
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3.2.5.1 Surface interference

When the source light passes through the samples surface, interference between incoming

and reflected beam takes place.

H* -
0 Direct
) " wave
Fluorophore E“"“%i " Reflected
S wave
d “\ 6’ ft"

‘W’ Rrerv(n.D,A.6)

Si0; spacer layer

Si substrate

Fig 3.16 Schematic drawing of the geometrical arrangement of the fluorophore and the
reflective substrate. The complex reflection coefficient Rrg, Ty contains the effect of
the multiple reflections from the top and bottom of the SiO, interfaces. D is the
thickness of SiO, layer, and d the thickness of surface modification (Swan et al.

2003).

Constructive and destructive interference were for enhancement or quenching of the
chromophore emission which depend on the vertical distance. Destructive interference
would occur at 1/2, 1, and 3/2 wavelength, every half wavelength, while constructive
interference take place at 1/4, 3/4, 5/4 wavelength. Interference take place among three
beams, the first is from the emission of the chromophore, the second is from the interface
of the surface modification surface and air, and the third is from the interface of SiO, and
Si. More simple calculations lead to the boundary condition that modification and SiO,
must be around 1/4 of the wavelength, i.e. 138.5nm. The surface modification for covalent
binding of DNA includes silanization, crosslinking and ssDNA immobilization. The whole
thickness of the biomolecular layer is calculated to be about 8-10 nm (20b.p. DNA is 6.8
nm length). Therefore, the ideal thickness of SiO, is about 128.5-130.5 nm. For our

experiments, we took 120nm SiO, on Si to perform the fluorescence experiments.
3.2.6 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) was used in this thesis to determine effectively
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the composition of the modified thin films. XPS is a surface sensitive and widely used
technique to obtain chemical information of various material surfaces. In this work, XPS
analysis was performed with a XPS/AES spectrometer based on Physical Electronics
components with a hemispherical analyzer. The X-ray source was monochromatic Al K,

radiation (hv=1486.6 eV) with an energy resolution of 1eV.

When the X-ray beam irradiates the surface, electrons in the core-level are emitted from
the surface. The photoelectons are collected and analysed to produce a spectrum of
emission intensity versus electron binding energy. In general, the binding energies of the
photoelectrons are characteristic for the element from which they are emanated so that the
spectra can be used for surface elemental analysis. Small shifts in the elemental binding
energies provide additional information about the chemical state of the elements on the

surface (Fig 3.17).

The XPS data were analyzed with the

X-ray UNIFIT software package (2006f), using
photons

X-ray Shirley background and fitting with

Fhotoelectrons Gaussian.

When analyzing the XPS data, the

background was subtracted and the

maximum intensity of each peak was set

to 1. The atomic percentage of the

elements concerned was calculated by

1s Ey dividing the peak area by the sensitivity
KE=hy - Ef factor and expressed as a fraction of the
Fig 3.17 Schematics of the XPS process summation of all normalized intensities

(Watts et al. 2003):
[A]atomic % = {(IA/FA)/Z(I/F)}XIOO% (42)

With I being intensity and F sensitivity factors. Binding energies (energy resolution + 0.5
eV) were related to the binding energy of 285.0 eV of the CH, contamination and the
quantification of the different compounds (rel-err. <15%). The proposed compounds were

compared to the binding energies from the NIST database (2006g).
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3.2.7 Aligned microspotting of biomolecules

A customer-made micro-spotting system with aiming option was developed in related

projects (Kottuppallil 2006). It mainly comprised a XY table (BASALT UMT100 TETRA,

Germany), a micro pipette and a dispenser unit (MicroDrop, Germany) mounted on a mini

motor for Z axis motion (BASALT UMT100 TETRA, Germany) of the micro pipette and a

CCD camera to view transistor XY position. The software for operation of the system was

implemented in Labview 7.0 (Kottuppallil 2006).

voltage supply

Fig 3.18 The core microdispenser systems of

e

_{’

piezo actuator
liquid

microdrop consists of a glass capillary, which is
surrounded by a piezo actuator. Applying a

voltage pulse to the piezo releases a small droplet

supply of the spotting solution (2006h).

nozzle \ _
\ ; glass capillary

The insides structure of the microdrop dispenser is shown in Fig 3.18. At the nozzle, the

pressure is transduced into a highly accelerated
motion, which expels a small droplet with
velocity of 1.5-3m/s. The droplet diameters are
30-100um depending on the nozzle diameter.
The resulting droplet diameter on the surface
mainly depends on the hydrophilicity of the
surface and was about 100nm in our

experiments.

This unit allowed precise spotting of
biomolecular samples to the individual channels
of the chip without overlapping (Fig 3.19, gate
pitch 200um). The system offered an alignment

accuracy of approximately Sum.

Fig 3.19 Image of Cy3-labelled ssDNA
spotted on the transistor gates with the
aligned microspotting system. The
volume of the droplets was calculated to
approximately 65pl
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3.3 ISFET amplifier system

The p-channel ISFET chips and the basic low-noise amplifier system, which were used in
this thesis were developed in previous works (Ingebrandt et al. 2001; Offenhausser et al.
1997b). The amplifier circuit for potentiometric readout was originally designed for
extracellular recordings from neuronal and cardiac cells (Krause et al. 2000; Offenhausser
et al. 1997a; Sprossler et al. 1998). The ISFET amplifier system was composed of a
16-channel amplifier circuit operated by a microprocessor, offered data transfer via an
USB connection to the PC, and was fully operated by a readout software programmed in
Delphi 5.0. All measurements were carried out with a small electrochemical reference
electrode (Dri-RefTM, SDR2, World Precision Instruments, Germany) as ground contact to
the electrolyte. For the measurements in the present work a flow-through cell for liquid

handling was developed.
3.3.1 ISFET amplifier setup

The ISFET amplifier system went through three stages of developments in the time frame

of this thesis.

The basic DC ISFET 16-channel amplifier was described in (Uslu 2003; Uslu et al. 2004).
In short, the FET chips were operated in the constant voltage mode, where a constant
drain-source voltage Vps and a constant gate-source voltage Vs defined the working point
of the device. Changes in the drain-source current Ipg were converted by the first
amplification unit into voltages by a factor of (V,,,=-RxIps R=3.3, 5, 10 kQ). The signals
were further amplified by a second stage in the main amplifier, which can be operated in
I1x or 100x amplification, respectively. At the beginning of the time-dependent
potentiometric readout, the constant currents /pg of the 16 transistors in the working point
were compensated to zero by applying an individual voltage V.., for each channel.
Schematics of the potentiometric signal readout circuitry is shown in Fig 3.20. With a
small heating plate, which is in thermal contact with the Si-chip, a constant temperature

during the experiment can be maintained.
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FET array  Preamplifier Main amplifier + dc comp.

- Ref.
' [a]}
G
3 m a0

Fig 3.20 Photograph of the amplifier system and the schematics of the amplifier circuitry for
potentiometric dc readout. Only the circuitry for a single channel is shown. In the
schematics, digital to analog converters (DAC) are providing the source voltage Vg,
the drain voltage V), and the compensation voltage V,,,,. The electrolyte solution

is set to ground potential via a reference electrode.

The miniature amplifier which was mainly used in this work, was further modified for
detection of biomolecules (Han et al. 2006b; Sakkari 2005). The whole amplifier system
was mounted inside aluminum housing and the upper cover had a rectangular hole for chip

mounting (Fig 3.21).

flow cell |

Fig 3.21 The amplifier system with reference electrode and flow cell. Two different amplifier

generations are shown.

A flow cell provided in and out flow of liquid and held the Ag/AgCl reference electrode.
The individual drain contacts of the FETs were connected to the inputs of the operational
amplifiers. The current inputs (/ps) were converted to voltage signals and amplified. The
upper part of the systems was occupies by the head stage preamplifier with a heating plate.
The middle cover consisted of the main amplifier unit. In the lower part, a microcontroller

was used to sample the signals. The boxes contains the voltage supply and a COM/USB
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3.3 ISFET amplifier system

converter. The systems read out the signals from 16 channels simultaneously. Furthermore,

one channel was used as the reference channel.

FET array  Preamplifier Phase selective amplifier
- Ref.

D

Jm

Fig 3.22 Photograph of the amplifier system and schematics of the amplifier circuitry for
impedimetric readout of the transistor transfer function in AC mode. For the
phase selective amplification, a direct-digital-synthesis device (DDS) provided the
modulation voltage V,,,;,, which was fed in via the reference electrode. The phase
selective amplification was confirmed by a frequency multiplier device (box

marked with an X).

The schematics of the AC readout system for transfer function scan with different
functional subunits is shown in Fig 3.22. For the impedimetric signal readout, independent
frequency-selective amplifiers were built into the system. It contained 16 readout channels
in total providing parallel operation of two 8-channel chips. The scan of the transfer
function was done by feeding a sinusoidal test signal V,,; with 20 mV amplitude and
varying frequency from 1 Hz — 100 kHz to the reference electrode. For this purpose, the
chips were operated in the same working point of highest transconductance as in the DC
readout mode. A direct-digital-synthesis (DDS) device provided test signals of exact
amplitude, frequency and phase. Frequency-selective amplification was confirmed via a
frequency multiplier device, which was built into a capacitive de-coupled amplification
cascade. A summary of the different amplifier system used in this thesis is provided in the

appendix.
3.3.2 Equivalent circuits for signal interpretation

To explain the effects for transfer function detection, equivalent circuits are used to
simulate the recordings. A circuit simulation software (PSpice, Cadence Design systems,

Inc.) was used to model the basic cut-off frequency of the system upon changes in ionic
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strengths of the solution (Sakkari 2005). Modification of the gate input impedance in the

circuit can also model the attachment of biomolecules to the ISFETs.

In Fig 3.23, the basic equivalent circuit for the ISFET plus first amplifier stage including
the double layer on the SiO, surface is depicted. The signs of components and explanations

are shown in Table 3.3.

Vetim Rserie
I
_/\/‘é/i:/\_
it
Cin R feedback
csource__ Rou _-|-CDL ==cdrain Wy
[¥1
p-FET I} Voutput
*
i—:’ Veourca Yrain ’:_____'

Fig. 3.23 The equivalent circuit model of the electrolyte/conductivity measurement setup.

In the equivalent circuit, the electrolyte resistance (Ry..) as one of determination factor
can be extracted from the measurements. The input DC voltages were applied at the source
and drain, while an ac signal with amplitude of 20mV and variable frequency was imposed.
In addition, a low-pass circuit (R;,, C;), which corresponds to the input of the amplifier
system, needs to be inserted into the circuit to account for the imperfect input signal source.
This low-pass filter at the input stage has a major influence on the overall cut-off frequency
of the amplifier system in the higher frequency regime (>100kHz). The double-layer
capacitance, which was calculated from the literature (Morrison 1980), is also included in
series to the gate capacitance. However, the influence of the double-layer capacitance can

be neglected in our simulations.
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Table 3.3 Full description for the components of the equivalent circuit in Fig 3.22

Vitim Sinusoidal signal source of amplitude 20 mV and variable frequency
Riy Input resistance of the signal input

C; Input capacitance of the signal input

Rgerie Electrolyte resistance plus reference electrode resistance
Coource Common source capacitance

Cirain Combined capacitance of the working drain contacts
Chr Double-layer capacitance at the gate surface

Rpr Double-layer resistance at the gate surface

p-FET Standard Berkeley FET model (berkeley.olb)

Rieedback Feed-back resistance at the first amplifier stage

OP97 Standard Lineartech amplifier model (op97.0lb)

Veource Voltage supply to the source contacts

Virain Voltage supply to the drain contacts

The first amplification stage of the FET amplifier setup (OP97), which was used as voltage
converter was included in the equivalent circuit. In our model circuit, a standard Berkeley

p-FET model (berkeley.olb) and a Lineartech OP-97 model (op97.0lb) were used. All the

influential simulation parameters with their simulation values are listed in Table 3.4.

Table 3.4 Simulation parameter values

Simulation parameters | Simulation values

Viiim Sinusoid 20 mV, variable frequency
Rin 10 kQ
C; 1 pF

Rserie 370, 210, 64, 20.5, 4.8, 0.43 kQ

Coource 97 pF

Carain 372 pF
ChL 2.4 pF
Rpr 3GQ

Ryeedback 10 kQ
Vsource 2V
Varain 1V




Chapter III Materials and Methods

This basic circuit needed to be adapted for the respective measurement boxes (see
Appendix) and the different experiments. Varying Csouee and Cyqin can model different
chip designs. For the amplifier generations, the OP model needed to be changed and the
influence of the respective reference electrode needed to be considered. As a first order
approximation, the influence of a biomembrane can be included by adding an RC circuit
composed of Cyer, and Ry (or Cpyy and Rpy4) between the double layer components and
the FET model. In summary, the PSpice simulation can provide qualitative information
about the influence of the different components to the circuit and the recorded signals. For
the deeper understanding of the biomolecules detection experiments, a more elaborated

interpretation is needed.
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Chapter IV Results and Discussions

In this chapter the step-by-step optimized surface modification including a series of
reactions on control substrates and on fully encapsulated ISFET devices gate surfaces is
presented. The optimization was done for each reaction step leading to the covalent
binding of the biomolecules. Based on this surface modification, PEMs, DNA
hybridization and biotin/streptavidin binding were monitored by the ISFET devices as

function of potential and/or impedance change at the gate surfaces.
4.1 Surface modification

Surface modification is vital to ISFET selectivity and sensitivity of measurements. During
this work a “mild” standard protocol for the covalent attachment of probe biomolecules
was developed. This multi-step protocol was tested on silicon dioxide control substrates.
Care was taken for a “mild” protocol to be compatible with the fully encapsulated ISFET
devices for the further electrical detections, which are presented in the paragraphs 4.2 and

4.3.
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4.1 Surface modification

4.1.1 Defined interface architecture for the ISFET sensor

Surface modification based on cleaning and silanization of glass slides and silicon oxide
surfaces is a basic requirement to build up biocompatible layers for the attachment of
biomolecules (e.g. DNA, proteins, tethered lipid membranes,...) on solid surfaces
(Balladur et al. 1997; Haller 1978; Maskos et al. 1992; Shirai et al. 2000). A wide variety
of wet cleaning and silanization protocols including different crosslinkers for the further
attachment of biomolecules were described in related publications (Chrisey et al. 1996;

Duman et al. 2003; Kurth et al. 1993; Strother et al. 2000; Wang et al. 2001).

In an ‘ideal’ protocol, the cleaning does not affect the topology of the surfaces,
contaminations are completely removed and the surfaces are activated to expose a high
density of hydroxyl groups to the electrolyte. In this thesis, we were additionally aiming at
a surface modification method, which can be applied to our fully encapsulated,
non-metallised field-effect-transistor (FET) arrays. The protocol should not harm the thin
gate oxides (9 nm Si0O,) and the encapsulation, thus enabling multiple re-use of the sensors.
Surface modification should lead to a monolayer, because the sensitivity of our FET
sensors to charged macromolecules in weak electrolyte solutions was found to decrease

with vertical distance from the gate surface (Uslu et al. 2004).

B0

(A)
cleanin I silanization ED
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Fig 4.1 Step-by-step scheme of the surface modification. (A) The surface was cleaned and
activated by formation of -OH groups and further functionalized by silanization
with APTES. (B) Succinic anhydride was used as cross-linker molecule for the

further covalent attachment of amino-terminated ss DNA (C)

In Fig. 4.1 the whole step-by-step surface modification process are depicted. Firstly, the
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Chapter IV Results and Discussions

Si0, surface was cleaned to generate a maximum density of -OH groups on the surface.
Next the -OH groups react with 3-aminopropyltriethoxysilane (APTES) either in gas phase
or in liquid phase (Fig. 4.1A). The silanization process left the amino groups exposed for
the further reaction with succinic anhydride, which acted as crosslinker to connect the
silane and the biomolecules (Fig. 4.1B). Amino-terminated probe ssDNA can then be
covalently attached to the chip surface. Biotin will immobilize directly on the silanized
surface without crosslinking. In the following, all the subsequent steps of the surface

modification are optimized and characterized with the different surface analysis methods.

4.1.1.1 Effect of the cleaning and activation procedure on the surface

topology and contact angle

Common cleaning methods for glass and Si0, surfaces include wet chemical (Cras et al.
1999; Kern et al. 1970; Lim 2003), UV-ozone (Zazzera et al. 1993), or plasma cleaning
procedures (Kim et al. 1996). We intended to use a wet cleaning method, which effectively
cleans the surface and leads to a highly hydrophilic interface, without harming the thin gate
oxides and encapsulation of the FET devices. It is to be noted, that in any case a cleaning
step is necessary after fabrication and encapsulation of the FET devices, because the FET

surfaces are covered with photoresist during fabrication.

The original oxide surfaces may contain different kinds of contaminations such as organic
or metal impurities and various particles, which are fixed to the surface by weak
electrostatic forces or by the Van der Waals force. After the different cleaning steps the
particles should be removed resulting in a change in surface roughness. In general, the
activation solutions should minimize the water contact angle on the surface indicating a
formation of a hydrophilic surface with a high number of -OH groups. Usually, contact
angle analysis provides a quick and simple means of assessing the reactivity of the surface
and allows for general comparisons providing a qualitative test. However changes in
surface topology might additionally influence the CA results (Zisman et al. 1964).
Therefore we monitored the contact angle and the topology changes by AFM at the same

set of samples.

Silicon wafers (p-doped, 5 Ohm cm) were cleaned according to the RCA method (Kern et
al. 1970), thermally oxidized (dry oxidation at 820°C) and cut into 10x10 mm’ pieces.

These chips were used as test devices for the different surface modification methods. In
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addition, fully encapsulated FET devices were immersed into the solutions to test the
stability of the encapsulation. The thermal oxidation protocol for the control substrates was
identical to the gate oxide formation step during fabrication of the FET devices (Ingebrandt
et al. 2001; Ingebrandt et al. 2003). Oxide thicknesses of 8.7+0.2 nm and uniformity of the
samples were confirmed by IE. For initial cleaning, the surfaces were rinsed with ethanol,
ultrasonicated for 5 min in 2% Hellmanex (Hellma, Germany), rinsed with ultrapure water
(Milli-Q, Gradient A10 18.2 MQ, Millipore Inc., Germany) and finally sonicated for 3 min
in ultrapure water. After these steps, the samples were immersed for 30 min in the different
activation solutions and finally dried under argon (Ar). The activation solutions were
containing various inorganic acids or bases. (A. MeOH/HCI [V:V=1:1]; B. Method A+conc.
H,SOy; C. Piranha [30% H,0,: conc. H,SO4=1:3]; D. Conc. H,SOy; E. K;Cr,O7+H,SOy; F.
1 M NaOH). APTES was diluted in ethanol to be 5 % (V/V) and the silanization was
carried out overnight. Post-treatment of the silanized chips was done by rinsing with dilute

anhydrous acetic acid (1 mM AcOH).

Untreated H,SO, MeOH/HCI

x = 5.05um x = 5pm x = 5.05um

Piranha K,Cr,0,/H,S0,

Fig 4.2 AFM images of the surfaces, which were treated with the different activation
solutions. The area size is 5%5 pm’. Line scans are provided with which the surface
roughness can be compared. The lines are indicated in the respective AFM image.
The line scans were scaled to the same z-axis (z=4nm) to aid better comparison

between the samples (Han et al. 2006a)
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Table 4.1 Contact angles, roughness values measured by AFM and etching rates measured
by IE for the different wet activation produces. In the last column, the contact
angles for the differently treated surfaces after silanization with APTES (contact
angle value is the average of n=20 measurements) are shown. The values for
roughness are given as RMS roughness Rq in nm and as surface area difference
(SAD) in percent. Only two out of the six different methods were compatible with
out standard encapsulation material for the FET chips (Han et al. 2006a).

CA R, (nm) SAD | Thickness | Harmful to | CA (n=20)
(n=20) (%) |loss (nm) |encapsulation | APTES

Original SiO, surface [47.7° 0.12 0.01 |--- -—- -—-

A  MeOH/HCI 24.6° 0.11 0.01 (0.4 no 37.1°

B A+conc. H,SO4 |16.9° 1.66 0.18 (0.8 yes 38.9°

C Piranha 242°  10.11 0.01 (0.6 yes 54.9°

D Conc. H,SO4 16.9° 0.29 0.08 (0.8 yes 64.6°

E K,Cr,0;+H,SO, [11.7° 0.24 0.06 (0.7 yes 54.2°

F 1M NaOH 37.6° 0.16 0.02 |0.9 no 66.3°

In Table 4.1, the different acid and base cleaning methods are compared with respect to the
resulting contact angles (n=20, 1ul ultrapure water). The contact angles were taken within
20 s after formation of the sessile drop. After each cleaning step, the roughness of the
surfaces was detected by AFM and compared with the values before activation. The SAD
provides a measure for the effective surface area of the solid-liquid contact. This aspect is
of particular interest for the electrical characterisation especially for the calculation of the
interface capacitance of the sensor chips. In addition, Table 4.1 includes the etching rates

(for 30 min each) for the different activation solutions measured by IE.

The initial CA for the untreated samples was 47.7°, and after ultrasonification in
Hellmanex, the CA was decreased by 4°. Following this pre-cleaning step, the different
activation solutions were applied. Method A resulted in a CA of 24.6°, and did not increase
the surface roughness. In the case of method B, the mean roughness of the surface
increased from 0.12 nm to 1.66 nm, whereas the CA was further decreased. The similar CA
values for methods A and B can be caused by the strong increase in surface roughness for
sample B. Such a topology effect to the contact angle values should be even more
pronounced at low CA values (Zisman et al. 1964). Method C utilizing hydrogen peroxide

is part of a standard method to clean semiconductor wafers (Kern et al. 1970). In our study,
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this method showed comparable values to method A in terms of contact angle, roughness
values and thickness loss. It would be an effective cleaning method, but the aggressive
procedure is so far not compatible with our device encapsulation. Method D and E are both
utilizing strong oxidants, which are known to oxidize most organic and inorganic
compounds. In our study, both methods increased the surface roughness significantly. In
contrast to the other methods, method F uses a strong basic solution, which caused the

highest thickness loss and was incompatible with our encapsulation, too.

In summary of all values given in Table 4.1, method A was the most suitable for our further
studies. It showed the lowest roughness increase of the surface, and had the least etching
rate and was compatible with our encapsulation material. The RCA cleaning method (Kern
et al. 1970) showed similar performance, but so far it cannot be applied to the encapsulated

FET devices.
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Fig 4.3 A) FT-IR reflection spectra for the activated silicon oxide surface. The two
pronounced peaks at 2360 and 2341 cm™ of the original sample are caused by free
CO, in the sampling area and are not related to the sample surface. B) In the
detailed view of the spectrum an increase of the signal around 2100 cm™ can be seen,
which is related to the formation of Si-H, and SiO-H groups at the surface and
which is strongest for the MeOH/HCI solution. C) the treatment with MeOH/HCI
shows the largest decrease of the 1107 cm™ signal (Si-O stretching vibration)
indicating the opening of Si-O bonds at the surface. Here the MeOH/HCI was the

most potent activation solutions, too (Han et al. 2006a).




Chapter IV Results and Discussions

We confirmed the activation effect of the different solutions by FT-IR. In Fig 4.3, FT-IR
differential spectra before and after activation with the different solutions are shown. The
two prominent peaks of the untreated sample at 2360 and 2341 cm™ are attributed to free
CO, and are not related to the sample surface (Barres et al. 1987). The peak at 1107cm™ is
known from routine measurement of interstitial oxygen in silicon wafers. This absorption
band is associated with the Si-O stretching vibration in the silicon lattice (Sun et al. 1992),
and is mainly originating from oxygen precipitates inside of the silicon wafers. However, it
is possible to relate a change in this peak intensity to surface reactions (Lu et al. 2005). The
broad adsorption band, which is occurring at around 2100cm™, is related to the formation
of Si-H, (n=1, 2, 3) (Makino et al. 2005) and SiO-H groups (Aydil et al. 1994) on the
surface of the sample. The increase in this intensity (Fig 4.3B) and the decrease in the peak
frequency of the Si-O stretching vibration at 1107cm” (Fig 4.3C) supports that
silicon-oxygen bonds are opened and silicon-hydrogen bonds are formed at the surface
during the treatment with the activation solution. Compared with the different cleaning
solutions, the MeOH/HCI solution was the most potent in terms of Si-O bond opening and

Si-H,, and SiO-H group formation.

4.1.1.2 Dependence of the silane thickness on silanization time and

posttreatment

In general, the silanization process can be performed with various silanes and under
different conditions. Generally, silanization procedures change the free energy of the
surface by conversion of the surface groups. Especially during the silanization with APTES,
the reaction mechanism is assumed to pass three distinct phases (Silberzan et al. 1991),
resulting in the exposure of amino groups to the electrolyte. Therefore, the amino-surface
is prone to react with water resulting in a hydrophilic surface. In Table 4.1 it can be seen
that the contact angles after wet cleaning of the surfaces ranged from 37.1° to 68.9°
depending on the different activation solutions. Of all the procedures, method A and B,
which both employed the MeOH/HCl mixture, resulted in CAs below 40°. Taking
roughness and thickness of the thin oxides after the cleaning step into account, we

conclude that Method A is the best wet cleaning procedure for our purposes.

Generally, CA measurements provide just a macroscopic characteristic of the surface and

cannot distinguish between monolayer and multilayer coverage. The APTES silanization
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process was compared with (3-glycidyloxypropyl) trimethoxysilane (GPTES) silanization

under different atmospheres (gas and liquid).

To estimate the thickness of the resulting silane layers with increasing silanization time, the
substrates were immersed in the APTES solution and stored in an oven at 50°C for 20 min,
1 hour, 3 hours, and overnight (22 hours), respectively. The GPTES solution in room
temperature was applied inside a glove box with the same time intervals. APTES was
diluted 5% (V/V) in ethanol, while GPTES was in the solution of GPTES: oxylene:
N,N-Diisopropylethylamine (DPEA) with 25: 222: 3 (V: V: V).
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Fig 4.4 Thickness values (ellipsometry) for the different silanes with APTES or GPTES as

the function of silanization time from 20 minutes, 1 hour, 3 hours to 22 hours

In Fig 4.4 the thickness change of the APTES and GPTES layers as function of time are
shown, respectively. APTES tends to accumulate on the surface, resulting in a non-uniform
layer, with a thickness up to 140 nm for the overnight treatment. To obtain a homogeneous
surface, the chips were treated with 1mM anhydrous acetic acid (AcOH) after the
silanization with APTES. After this rinsing step, the silanes were uniform with a thickness
of less than 4 nm. It is important to obtain a very thin and uniform silane layer to achieve
the maximum signal readout. The interaction of APTES and AcOH can be assumed
according to (Han et al. 2003). AcOH activates the silane to form a network on the surface.
Silane material, which is not strongly bound to the surface, is rinsed off resulting in a
thickness decrease of i.e. 140 nm to less than 4 nm for the 22h silanization (Fig. 4.4).
Interaction of APTES with AcOH is well known in forming silicate gels (Bekiari et al.
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1998; Green et al. 1997). In other protocols reported in literature, a post-treatment of
freshly silanized surface is done by rinsing the layers with the solvent in which the
silanization was carried out. In our protocol, the rinsing step with ImM AcOH resulted in
reliably thinner silane layers compared with the usual rinsing with ethanol. In Fig. 4.5, the
ellipsometry images of the substrates coated with APTES overnight, and after rinsing with
AcOH are shown.

Fig 4.5 a) Imaging ellipsometry of a silicon oxide surface coated with APTES (overnight)
and b) same surface area after rinsing with 0.001 M AcOH. Image size is
400x400pm’ and the thicknesses of the APTES layers were measured to > 140

nm (non-uniform) for a) and < 4 nm (uniform) for b).

The chemical reaction on the surface can be followed by quantitative XPS measurements
(Table 4.2), where the surface atomic compositions of the main elements inside the thin

films were investigated.

Table 4.2 XPS quantification of elements percent for the surfaces of original sample, after
activation with MeOH/HCI for 30min, after silanization in liquid phase and after

the posttreated with ImM AcOH.

Original Si0, | 30 min activation | After silanization | After posttreatment
surface with MeOH/HCl with APTES with ImM AcOH
14.5 12.0 52.2 36.6
O 65.1 51.5 26.0 40.3
Si 29.2 28.4 10.6 18.0
N 0.2 - 11.2 5.1
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The pre-treatment of the surface with MeOH/HCI resulted in a clear decrease of the atomic
content of carbon. This can be attributed to the removal of organic impurities, which were
absorbed to the untreated surfaces before cleaning and activation. The activation led to an
almost stoichiometric composition (1:2 for SiO;) of the silicon oxide surface. The
overnight silanization with APTES introduced amino groups and methylene to the surface,
which can be verified by the increase of nitrogen to 11.2% and of carbon to 52.2%, which
indicated a strong signal from the 140nm thick APTES layer. After rinsing with 1mM
AcOH as post-treatment of the silanized surface, the carbon and nitrogen contents of the
film on the surface were decreased indicating the removal of a part of the silane layer from

the surface, which was consistent with the IE results, too.
4.1.1.3 Comparison of the APTES silanization in liquid and gas phase

Silanization with APTES can either be done in gas phase or in liquid phase. For the liquid
phase silanization, the effect of different solvents was investiged. 1% APTES was diluted
in different solvents of ethonal, tetrahydrofarum (THF), dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc) and toluene and
applied on the activated substrated surface for 10 minutes in 110°C. After the silanization,
the thicknesses were measured with IE. No significant difference among the different
solvents was found. Considering the easy to control and the solubility of APTES, for liquid
silanization, toluene was selected as solvent for APTES. 1% APTES in toluene was applied
to the chips overnight, rinsed with 1 mM acetic acid, and dried with Ar. For the gas phase
silanization, the chips were placed in a desiccator containing a few drops of silane. The
desiccators was sealed and heated above 100°C. The chips were left to react for 1~2 h

under a low pressure (approx. 1 mbar) in the silane vapor.

Table 4.3 Quantification of C, O, Si, and N from the overview spectra (main elements) in
at% (normalized to 100), for two different surfaces silanized with different methods

(left). Especially, the nitrogen bond was analyzed to compare the two methods

(right).
APTES(g) | APTES(l) compound | Silanization(g) | Silanization(l)
C 15.8 36.6 NH; 399.1/0.18 399.2/0.18
O] 530 40.3 Noz | 40017070 | 400.1/0.71
Si 28.7 18.0
N )5 51 -(NHa) 402.1/0.12 401.7/0.11
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The silanization steps lead to NH, groups on the surface, which was verified by the
increase of nitrogen in the form of NH, (Table 4.3). More than 70% of the increase of
nitrogen concentration was related to NH; groups (binding energy 400.1 eV). Increases in
the C 1s (285.0 eV) and N 1s (400.1 eV) peak intensities confirmed the formation of a thin
film composed of carbon, nitrogen, hydrogen and oxygen. For the relative amount of the
different binding status of nitrogen, however, we did not observe a difference between the
two-silanization processes. In addition, the thickness of the silane layer was measured by
IE. The thickness of the APTES layers on the Si wafer was 20+2 A (gas phase silanization)
and 40+5 A (liquid phase silanization), respectively. However, the distance between the Si
atom and a proton of the amino group in a fully extended NH,-silane molecule can be
theoretically calculated to 7 A. This implies that several layers of silane have been formed
on the surface and that no monolayer of silane was obtained for both procedures. Taking
the advantage of a rapid and thinner silane layer, silanization in gas phase was further used

as standard silanization method in this work.

Fig 4.6 AFM image and cross section for the silanized surface in gas phase The z-axis

displaying the height was scaled to 7nm for an image scale of 800nm>800nm.

From Fig 4.6, the silanized surface roughness was 0.40nm, which was much increased
compared with that for silicon dioxide substrate (0.12nm Table 4.1). The silanization

process left a thin and flat APTES silane layer for the further crosslinking reaction.

67




4.1 Surface modification

4.1.1.4 Crosslinking process after silanization

Cross-linking is the process of chemically joining two or more molecules by a covalent
bond. With reaction-specific functional groups, crosslinker agents are useful for
solid-phase immobilization, and other biomolecular reactions. Crosslinkers can be of either
homobifunctional or heterobifunctional type. Commonly used homobifunctional

crosslinkers and heterobifunctional crosslinkers are listed in the following
Homobifunctional crosslinker:

1. Glutaraldehyde

2. N-(y-maleimidobutyryloxy)-succinimide ester (GMBS) (Breimer et al. 2003)

3. 4-(4-maleimidophenyl)butyric acid N-hydroxysuccinimide ester (SMPB) (Chrisey et
al. 1996)

4. 3-bromopentanedione (Jal et al. 2004)
Heterobifunctional crosslinker:
1. Succinic anhydride

2.  4-(N-maleimidomethyl)cyclohexanecarboxylic acid N-hydroxysuccinimide

ester (SMCC) (Cai et al. 2004)
3. 2,4-dichlorophenoxyacetic acid(2,4-D) (Jal et al. 2004)

4. N-(2-trifluoroethanesulfonatoethyl)-N-(methyl)-triethoxysilylpropyl-3-amine(NTMTA)
(Kumar et al. 2004)

Homobifunctional crosslinkers have two identical reactive groups and often are used in
one-step reaction procedures. In contrast to this heterobifunctional crosslinkers possess two
different reactive groups that allow for sequential (two steps) conjugations. When choosing
the appropriate crosslinker, the parameters of chemical specificity, spacer arm length, and
water solubility are taken into account and more importantly, the selection is determined

empirically.
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Heterobifunctional crosslinkers have the advantage of providing better control than
homobifunctional crosslinkers, because the reaction groups of the homobifunctional
crossliners compete each other during the reaction with the underlying silane. In the
present study, the homobifunctional crosslinker glutaraldehyde and heterobifunctional
crosslinker succinic anhydride were compared. After the same activation and silanization
process, either succinic anhydride (143 mM succinic anhydride, 87 % (V/V)
1-methyl-2-pyrrolidone and 13 % (V/V) sodium borate buffer) or 50% glutaraldehyde were
applied for 2h at room temperature. After the reaction, the surface was rinsed with
ultrapure water and dried with Ar. This reaction leads the formation of an amide group.
After the crosslinking reaction, the same concentration of amino-terminated probe DNA
labelled with Cy3 was offered to the surface. Finally, the DNA surface coverage was
compared with fluorescence microscopy. For the glutaradehyde protocol, after rinsing with
ultrapure water, no Cy3 signal was observed indicating an incomplete crosslinking step.
However, for the surface crosslinked with succinic anhydride, the successful DNA
immobilization process was confirmed. Furthermore, the successful crosslinking reaction

with succinic anhydride was proven in FT-IR measurements.

Thick silane layers (approximately 112 nm measured by IE) on oxidized silicon control
substrates were used for the characterization of the reaction between APTES and succinic
anhydride. The FT-IR difference spectra of the sample after silanization and after

crosslinking are shown in Fig 4.7.
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Fig 4.7 FT-IR difference spectra of the chips
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After the reaction of APTES and succinic anhydride, the FT-IR spectrum (Fig 4.7B)
showed an absorption peak at 1729 cm™, which was absent in the spectrum after

silanization (Fig 4.7A). This peak can be attributed to the C=0O stretching modes of the

69




4.1 Surface modification

carboxyl group (-COOH) resulting from the ring-opening reaction of the anhydride

molecules on the surface.

O OH CI-
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Fig 4.8 HCI protects the ending group of succinic anhydride after the reaction with silane

Since it is known that the —COQO" group after crosslinking are unstable, the chips were
rinsed with 0.1 mM HCI for seconds to neutralize the negative charge and to stabilize the
groups. This procedure allowed for a transfer to the microspotter system, which then can

be done in ambient air.

4.1.2 Covalent immobilization of oligonucleotides at the modified

biosensor surface

The formation of amino binding is generally used to immobilize biomolecules on the
functionalized surface due to its firm interaction (Lahiri et al. 1999; Mrksich et al. 1995;
Sigal et al. 1996). Amino modified probe DNA (Fig 4.9) was immobilized on the carboxyl

group after crosslinking. The structure of the immobilization process is shown in Fig 4.10.

O
1"3 P N N NH2
EEEn O/ | 0
5 0O
Oligonucleotide C6 spacer amino group

Fig 4.9 The structure of the ssDNA probe molecules is composed of oligonucleotide, C6
spacer and modified amino group. The amino group and C6 spacer are called MMT

in the sequence appreviation.
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Fig 4.10 Scheme for the covalent attachment of amino-modified DNA onto the biosensor surface

The probe ssDNA was spotted onto the surface with the aligned microspotting (paragrah
3.2.7). 3uM DNA oligonucleotides 5SMMT-ATGAACACTGCATGTAGTCA-3' were
dissolved in MES buffer (0.1 M MES, 0.5 M NaCl and 10 mg/ml EDC as condensing
agent, pH 7.0). The immobilization process was achieved by incubation (37°C) overnight,
followed by a rinsing step with ultrapure water. The covalent bond was thus formed
between the -NH, group of the probe DNA and the -COOH functional group from the
succinic anhydride (Fig 4.10).

The attachment of probe DNA was confirmed by imaging ellipsometry and fluorescence

microscopy (Fig 4.11).

Fig 4.11 Ellipsometry image (left) of ssDNA immobilized on modified surface and
fluorescence image (right) of the Cy3-ssDNA immobilization on the modified

FET gate
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In Fig 4.11, the ellipsometry and fluorescence images for the attached probe DNA on the
control substrate and the ISFET chip gate are shown. Clear droplet appearance and
fluorescence of the Cy3 dye confirmed the attachment of the probe DNA. The covalent
binding of the probe DNA immobilization process was proven by N1s XPS spectra. During
the covalent immobilization, the amino group of the probe DNA formed an amide bond
(-CONH-) with the carboxyl group of the surface, resulting in a change of the chemical

status of nitrogen.
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Fig 4.12 High resolution N1s XPS spectra on the surfaces after crosslinking and

immobilization of probe ssDNA

In the spectrum of Nls (Fig 4.12), for the crosslinking surface, a peak at 399.8 eV was
observed, with a full width at half maximum (FWHM) of 0.69 eV. The peak was attributed
to an amide (-NH-) group. After the immobilization process, the position for the peak
shifted to 400.2 eV, and the FWHM doubled (1.14 eV). The intensity of the Nls peak
corresponds to the amount of nitrogen indicating the amount of DNA molecules adsorbed
on the modified surface. The peak area for DNA immobilization was about 1.7 times larger
than that of the crosslinking surface. This increase suggested an efficient immobilization
reaction of probe DNA on the crosslinking surface. The reactive area and the
immobilization of amino modified probe DNA is limited, since the size of the DNA
molecules was large compared with that of the -COOH functional group (Ito et al. 2006). A
higher density and a better-ordered structure of the crosslinker will offer a better platform
for the immobilization process. Therefore, DNA immobilization was not only dependent on
the -COOH density but also on the packing mode. The efficient immobilization process in

our protocol was further proven by the following hybridization reactions.
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4.1.3 Hybridization of oligonucleotides at the biosensor surface

In the DNA-DNA hybridization, the probe ssDNA reacts with its complementary strand
forming the double helix, which in general offers a specific way to perform the gene
identification. The hybridization in solution largely depends on the solution environment
such as ionic strength, pH, temperature and type of solvents. In this part, the in-situ
hybridization on solid support was investigated to compare the influence of these
parameters between two formats of hybridization, in the free solution and on the solid
support. The hybridization efficiency was analyzed by means of fluorescence microscopy

in this paragraph.
4.1.3.1 The effect of salt concentration on the stability of the DNA duplex

To confirm the precise spotting and the successful hybridization reaction at the chip surface,
fluorescently labeled target DNA was used. Several kinds of probe DNA: perfect match
(PM), Imismatch (1IMM), 2mismatch (2MM), 3mismatch (3MM) sequences were spotted

onto a control substrate to realize a multi-probe assay.

Table 4.4 DNA sequences used in this work are abbreviated by PM, 1MM, 2MM, 3MM, and
FMM. These probes were covalently attached to the different transistor gates via
silanization, crosslinking and microspotting. The covalent attachment was
achieved via a C6 amino modifier (MMT) attached to the 5' end of the catcher
DNA samples. The target DNA was labeled by Cy3 to detect the hybridization

reaction.

Name Sequence
Fluorescence target DNA 5'-Cy3-TGACTACATGCAGTGTTCAT-3'
PM SMMT-ATGAACACTGCATGTAGTCA-3'
I MM SMMT-ATGAACACTACATGTAGTCA-3
2 MM SMMT-ATGAATACTGCATGT(IIGTCA-3
3 MM SMMT-ATGAATACTACATOTAGTCA-3
FMM SMMT-TACTTGTGATGTACATCAGT-3'

In Table 4.4, the position of the mismatches inside the sequences is signed with black
circles. The hybridization process occurs when two ssDNA react to form the dsDNA. By

heating or chemical denaturantion, the dsSDNA separates, which is called dehybridization.
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The stability of the duplex is related to the base composition, i.e. the nucleotide sequence
(Breslauer et al. 1986). When selecting the positions of the mismatches, the balance of the
positions is taken into account to avoid the formation of GT wobble pairs. For IMM probe
DNA, the mismatch nucleotide was located in the middle of the sequence. For 2MM, two
mismatches were chosen at the two third positions. The three mismatches were averagely

distributed in the 3MM sequence.

Following immobilization, a rinsing step with ultrapure water was applied. Then the
hybridizations were performed in different buffer solutions, including SSC buffer, TE
buffer (10mM Tris, ImM EDTA with various concentration of NaCl, pH~=8.0) and NaCl
solutions of different concentrations (0.01, 0.1, 1, 10 and 100 mM).

0.01lmM

0.ImM

ImM

10mM

100mM

PM IMM 2MM FMM

Fig 4.13 Fluorescence microscopy images of hybridization in different NaCl solutions
(0.01mM, 0.1mM, 1mM, 10mM, 100mM) for different types of probe DNA (PM,
1MM, 2MM, FMM) with Cy3-labelled target DNA

The hybridization was observed by fluorescence microscopy. The fluorescence images
were analyzed with the program Imagel (paragraph 3.2.5). The hybridizations were carried

out for two hours at room temperature. In order to avoid unspecific binding, a blocking

step (2 h) with 1% Bovine Serum Albumin (BSA) in Phosphate Buffered Saline Buffer
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(PBS) was used before the hybridization. After the hybridization, the samples were
carefully rinsed in three steps (2xSSC, 0.1xSSC and ultrapure water). In general, it is
known for ex-situ assays that a careful rinsing step is necessary to wash off the unspecific

bound DNA and to provide a high selectivity for the SNP detection.

To compare the results for these microarrays, the hybridizations were performed on the
same control substrate to guarantee an identical surface modification. For all the
fluorescence images, the same exposure time (4.71s) and z-position were used to enable a
comparison. No further digital image processing was applied. The signals from the same

area for all the spots were analyzed with ImageJ, which offered the mean brightness value

of the pixels.
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Fig 4.14 Mean values of the fluorescence intensity for the PM, 1IMM, 2MM and FMM
hybridization with 1pM target DNA in different concentrations of NaCl. The
signals from n=20 spots per data point are summarized as average valuetstandard
deviation. The small inset shows the baseline corrected and normalized curves for

0.01mM NaCl and 100mM NacCl.

For all the NaCl solutions, the mean intensity values increased for hybridization of
different probe DNA from 1MM, 2MM to PM and reached the highest value for the
hybridization with the PM probe in 100mM NaCl (Fig 4.14). At the same time, the
intensity for the FMM hybridization increased with the increase of the NaCl concentration
indicating that the unspecific hybridization was affected by the ionic strength accordingly.

Concerning the ability to distinguish between PM and 1MM hybridization, lower ionic
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strength solution revealed better results. In the inset of Fig 4.14, the hybridization signals
for PM, 1MM, 2MM, and FMM for 0.01mM and 100mM NacCl solutions are shown. With
increasing ionic strength, the difference between PM and 1MM hybridization (SNP
detection) signals decreased. After baseline correction and normalization, the singles for
the 1MM hybridization in 0.01mM NaCl was 78.0% of the PM hybridization, whereas for
the 100 mM NacCl solution, the signal was still 91.3% of the PM signal. The differentiation
of the IMM hybridization from the PM hybridization is important for a reliable SNP
detection. As a result, the lower ionic strength of the buffer solutions provided a higher

selectivity for the SNP detection.

For the DNA-DNA hybridization in free solutions, the target DNA molecules behave more
like PEs, interacting strongly with their counterions. There are two mechanisms to explain
the binding of counterions to PE, which can be also applied to DNA. On the one hand, the
large electrostatic potential near the polyion surface will attract many counterions through
a non-specific interaction. On the other hand, the counterion is able to a more intimate
association with the charged site on the polymer (Felsenfe et al. 1967). Therefore, the
hybridization process in solutions strongly depends on the ionic strength. On an average,
0.5-0.6 sodium ions binds to the DNA per phosphate group (Creeth et al. 1949; Huizenga
et al. 1950). With increasing NaCl concentration, more Na' ions adsorb on the phosphate
backbone and reduce the electrostatic repulsion between the two strands of the duplex.
Therefore, the stability of the double helix increases with increasing counterion
concentration. Theoretical calculations indicated that a 0.01-0.012 mM NaCl coucentration
is enough for the hybridization process of 20 b.p. DNA to compensate for the negative
charge of the phosphate backbone of the ssDNA molecule. The in-situ hybridization on the
solid support carried out in this experiment showed a similar influence of the ionic strength
compared to the free solutions. More efficient hybridizations were obtained in higher ionic
strength solutions due to the stability increase of the duplex with the absorption of Na' ions.
However, a better selectivity for SNP detection was achieved in the lower ionic strength

solutions.
4.1.3.2 Influence of the type of buffer solution on the hybridization efficiency

Besides the effect of salt ions, the hybridization process might also be influenced by the
choice of the hybridization solvents (SSC or TE buffer). Two extremely different buffer

solutions were utilized to compare the DNA hybridization process:
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1. 4xSSC buffer solution (60mM sodium citrate, 600mM sodium chloride pH =7.0)

2. TE buffer (10mM Tris, ImM EDTA pH=8.0)

with citrate and EDTA as chelating agents. EDTA is referred to ethylenediaminetetraacetic
acid disodium salt dehydration, and Tris stands for tris (hydroxymethyl) aminomethane.
The full chemical structures are provided in the appendix. The SSC buffer solution is one
of the standard DNA-DNA hybridization buffer solutions, while TE buffer is the

commonly used buffer solution for ISFET detection assays.

4*SSC buffer TE buffer

PM IMM 2MM FMM PM IMM 2MM FMM

Fig 4.15 Fluorescence Microscopy images of a 3uM target DNA hybridization in different
buffer solution 4xSSC (left) and TE buffer (right)

In Fig 4.15, the fluorescence microscopy images of the hybridization of target DNA with
the different probe DNA sequences in dependence of different types of buffer solutions are

shown. The intensities were extracted and depicted in Fig 4.16.

The ionic strengths of the two solutions were estimated to 660mM and SmM for the SSC
and the TE buffer, respectively. A similar tendency was observed compared to the
hybridization in different concentrations of NaCl (Fig 4.14). For the same ionic strength
solutions, PM hybridizations achieved the highest intensities among all the hybridization
processes. For the same probe DNA hybridization, higher ionic strength buffer solution
offered a higher efficient hybridization. The intensity value for the PM probe in the SSC
buffer solution was 1.27 times more compared to the TE buffer solution. The intensity
percentages of IMM/PM were 97.7% and 65.5% for the SSC buffer and TE buffer

solutions, respectively (inset in Fig 4.16).
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Fig 4.16 Mean value of the fluorescence intensity obtained by the hybridization process in
SSC and TE buffer for the PM, 1IMM, 2MM and FMM hybridization. In the
inset, two curves for hybridization in two buffer solution were baseline shifted

and normalized to aid a better comparison.

Although two hybridization buffer solutions were prepared in different pH, however, from
pH 5-9, the rate and efficiency of hybridization is fairly independent of pH (20061). When
comparing the ionic strength of the two buffer solutions with the NaCl solution results, it
can be seen that in the higher ionic strength SSC buffer solution, the IMM/PM percentage
was even higher (97.7% to 91.3%). In the TE buffer solution, which has a similar ionic
strength with the SmM NaCl solution, a even lower IMM/PM ratio compared to the
0.01lmM NaCl solution was obtained (65.5% to 78%). Besides the influence of the ionic
strength on the DNA-DNA hybridization efficiency, the type of buffer solution also plays

an important role.

In both buffer solutions, the chelating agents (EDTA or sodium citrate) reduce electrostatic
interactions between the bases and between the base and the solvent. It also enlarges the
cavity in order to accommodate the coil form (Felsenfe et al. 1967). The efficiency of this
effect is mainly related to the size of chelating agents, comparing the size of EDTA and
citrate, EDTA needed more energy to enter into the DNA helix structure. Therefore, in
addition to the ionic strength effect in the SSC buffer solution with citrate, a higher
efficiency of the hybridization can be obtained. However, the TE buffer offered a bigger
selectivity than the SSC buffer to distinguish between the hybridization of PM and 1MM.
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Chapter IV Results and Discussions

As a further test, the adaptation of this assay to the fully encapsulated ISFET chips was
done and a similar efficiency of hybridization was achieved. The fluorescence images are

shown in Fig 4.17 and the image analysis is provided in Fig 4.18.

4*SSC buffer TE buffer

FMM 2MM IMM PM FMM 2MM IMM PM

Fig 4.17 Fluorescence images of the hybridization reaction of FMM, 2MM, 1MM to PM in
TE and SSC buffer solutions
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Fig 4.18 Mean value of the fluorescence intensities obtained by the hybridization process in
SSC and TE buffer for PM, 1MM, 2MM, and FMM, respectively, on the
modified ISFET sensors surfaces. The normalized results are provided in the

inset.

The intensities for the different hybridization processes for PM, 1IMM, 2MM and FMM

respectively are shown in Fig 4.18. The results on the modified gate surface are similar
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4.1 Surface modification

with these on the test substrates (Fig 4.16). The coincident results confirmed the more
efficient hybridization in the SSC buffer solution but a higher selectivity for SNP detection
in the TE buffers solution. Consequently, the TE buffer solution was used as hybridization
buffer for the electronic SNP detection experiments in paragraph 4.3. From the results
presented so far, a maximum of 70% selectivity for the 1IMM/PM ratio can also be

expected for the electronic assays.
4.1.3.3 Sandwich hybridization assay at the modified surfaces

As it is used in many highly selective bioassays reported in literature, a sandwich
hybridization assay was used apart from the normal hybridization process. In the sandwich
hybridization process illustrated in the schematics of Fig 4.19, firstly PM probe DNA was
immobilized. The sequence of 50 bases target DNA (concentration 3uM) with 10T as a
spacer was then introduced to hybridize with the PM probe sequence. In a second
hybridization step, a 20 bases target DNA (concentration 3uM), which was labeled with the
Cy3 dye at its 3" end was hybridized with the upper part of the first target to form a
so-called sandwich structure. The sequences for this assay are provided in Table 4.5. Three
buffer solutions were utilized, 4xSSC with 600mM NaCl, TE buffer with 500mM NaCl
and TE buffer with 250mM NaCl.

Table 4.5 DNA sequences used for the sandwich hybridization process. The 2nd target DNA
was labeled with Cy3 at its 3’ end.

Name Sequence
Probe DNA SMMT-ATGAACACTGCATGTAGTCA-3'
I'st target DNA 5'-TGCTAGTGACGTACACTCGATTTT"I:TTTTT
TGACTACATGCAGTGTTCAT-3
2nd target DNA 5'- TCGAGTACGTCACTAGCA-Cy3-3'

The mean values for the sandwich hybridization process in the different buffer solutions

were extracted from the fluorescence images in Fig 4.19 and are shown in Table 4.6.
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Fig 4.19 Fluorescence images of the second hybridization in the sandwich hybridization

process carried out in different buffer solutions 4xSSC.

Table 4.6 Comparison of fluorescence intensities for the sandwich hybridization in three

different buffer solutions

Buffer solution Mean value for fluorescence
(n=16)
4xSSC with 600mM NaCl 50.0+2.2
TE with 500 mM NacCl 55.2+3.8
TE with 250mM NaCl 28.6+2.0

From the results in Table 4.6 it can be seen that there was no significant difference between
the mean fluorescence values for 4xSSC and TE buffer with 500mM NaCl. Furthermore,
in the same type of buffer solution (TE), with decreased NaCl concentration the
hybridization efficiency was also reduced to about 50% corresponding to the reduction rate
of the NaCl concentration. This reduction is bigger compared to the hybridization
efficiency in TE with OmM NacCl to SSC with 600 mM NacCl for the direct hybridization
(Fig 4.16). This demonstrated that in the sandwich hybridization process, a higher ionic
strength of the hybridization buffer is necessary. The second hybridization process in the
sandwich array should therefore be more dependent on the ionic strength than on the type
of the hybridization buffer solution. As a result, the sandwich hybridization process can be
treated similar to the hybridization process in free solutions. However, the hybridization

process on a solid supports is different and needs to be optimized from assay to assy.
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4.1 Surface modification

4.1.4 Biotin/streptavidin binding at the modified biosensor surface

The biotin/streptavidin binding system is used in many biotechnological applications such
as affinity separations, diagnostic assays, “tagging” of molecules, imaging, or delivery of
therapeutics (Perez-Luna et al. 1999). The binding is well studied on the solid support to
provide details of the sensing principles. To realize the binding for our assays, firstly
EZ-link Sulfo-NHS-biotin was exploited to bind covalently on the test substrates.

0

4 NH
0 HN

L]
=

—
zx

Fig 4.20 Structure of the EZ-link Sulfo-NHS-biotin. The biotin probe molecule was modified
with N-hydroxysulfosuccinimide (sulfo-NHS). The spacer length is increased by
adding hexanote between the NHS (left) and the biotin (right) (Pierce USA)

As shown in Fig 4.20, biotin bound to N-hydroxysulfosuccinimide (Sulfo-NHS) esters are

one of the most popular types of biotinylation reagents.
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Fig 4.21 Schematics for the reaction of EZ-link sulfo-NHS-LC-Biotin with the
amino-silanized surface. Upon formation of an amide, the sulfo-NHS group is
stripped. The procedure results in a covalent linkage of the biotin probe

molecules to the surface.

NHS-activated biotins react efficiently with primary amine groups (-NH;) in pH 7-9
buffers to form stable amide bonds. In 10mM boric acid (pH=8.04), 0.5mg/ml biotin
reacted with the NH, group from the APTES on the surface (Fig 4.21). The biotin reacted
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Chapter IV Results and Discussions

with APTES via formation of an amide bond. The reaction of streptavidin and biotin was

performed with 1mg/ml streptavidin in ultrapure water for 1 hour.

Ellipsometry images confirmed the formation of the biotin layer formed on the
APTES-silanized surface and the thickness of the layer was measured. AFM analysis
displayed the roughness of the biotin surface (Fig 4.22).

X=1.30nm

Fig 4.22 Ellipsometry image for the immobilization of a 0.5 mg/ml EZ-link
sulfo-NHS-LC-biotin spot on the APTES-silanized surface. The upper area is
referred to the area with biotin, the lower area without biotin. The AFM image
on the right side shows an area of Ipmx1pm. The section graph is scaled with a

z axis of 4.7 nm

The formation of the biotin layer on the APTES-silanized surface caused a 5 nm increase
of the thickness. In the AFM image, the extracted R, roughness value after the
immobilization of biotin was 0.43 nm, which was similarly compared to that after the
silanization step (Fig 4.6). Consequently, the biotin immobilization process did not change
the roughness of the surface, and resulted in a smooth and flat surface for the further
reaction with streptavidin. The smooth surface indicates an orderly packed biotin layer on

the surface.

The biotin/streptavidin binding was analyzed with XPS, which provided direct evidence
for the binding of biotin and the following biotin/streptavidin binding on the solid supports.
The XPS results are summarized in Table 4.7 for the three samples surfaces, after
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4.1 Surface modification

silanization, after biotin immobilization and after the biotin/streptavidin reaction. The

relative amount of the elements C, O, Si, and N were analyzed.

Table 4.7 The quantification of the different compounds for the three sample surfaces after
silanization, after biotin immobilization and after the biotin/streptavidin reaction

with biotin.

silanization | biotin immobilization biOtinéiS;rgg[;Vidin
C 37.3 57.2 60.3
O 40.8 26.6 244
Si 17.0 13.3 7.4
N 4.9 2.9 3.0

In Table 4.7 the detailed spectra analysis is summarized. The binding energies and element
contents were fitted with the software UNIFIT. After the biotin immobilization on the
silanized surface, the content of carbon increased significantly. The other element contents
decreased, because the optical penetration depth of the XPS source laser fell mainly in the
biotin layer. After the biotin/streptavidin binding, the percentages of C and N increased

since proteins have a larger amount of these two elements.

Table 4.8 Binding energies related to the binding energy of 285.0 eV of the CH,
contamination. The quantification of the C and N for the three sample surfaces
after silanization, after biotin immobilization and after the streptavidin reaction
with biotin are summarized. The datas are shown in the form of binding energy

(eV)/quantification (%).

compound silanization biotion biotin/streptavidin
immobilization binding

C CH; 285.0/11.1 285.0/39.9 285.0/31.3
COH/COC/C=0 286.7/15.0 286.2/11.8 286.5/20.1
COOH - 288.8/3.9 288.3/5.6
CO5™ 289.4 /2.4 - 289.5/1.7

N NH; 398.8/0.4 - -
-NH,/NH 399.9/2.3 400.0/3.1 400.2 /8.2

-(NH4), N-O 401.8/0.3 - -

In Table 4.8, the specific binding energies and quantifications for C and N are shown for

the three different samples. Through the biotin immobilization, the dominant carbon format
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Chapter IV Results and Discussions

was changing from C=0 (286.7 eV) to CH; (285.0 eV). The CH; qualification increased
3.6 times due to the introduction of alkyl groups of the biotin. A similar increase of
nitrogen can also be seen in the format of NH at 399.9 eV. The increase of the CH, and NH

signals indicated the covalent reaction of biotin with the silane surface.

After the affinity reaction of biotin with streptavidin, the nitrogen in the form NH,/NH
further increased by 2.7 times, because of the introduction of a high amount of amino acids
compared to the biotin layer. The energy band slightly shifted to a higher binding energy
(400.0-400.2 eV), indicating a slight protonation of the -NH- groups. For the carbon signal,
although the main attribution was still maintained at 285.0 eV for the groups CH,, the two
binding energies at 286.5 and 288.3 increased significantly and new binding energy at
289.5 eV occured. Since the streptavidin molecule has no carbohydrate group, there was no
additional charge in the CH, signal, but in three other chemical environments of carbon.
Three energy binding sites are attributed to three different carbon formats in the protein.

This is a clear indication, that streptavidin reacted with the biotin modified surface.

In summary, our step-by-step optimized methods for the surface modification protocols
and the covalent binding of the probe biomolecules clearly indicated the possible
application to our encapsulated biosensor devices. The gate SiO, material of the ISFET
biosensors was successfully modified to covalent binding of probe biomolecules. A series
of reactions starting from cleaning/activation, silanization, crosslinking, and
immobilization of ssDNA or biotin was successfully established. All protocols were
successfully transferred to the fully encapsulated ISFET devices and were “mild” enough
for our encapsulation materials. The optimization formed the basis for the further detection
of the DNA hybridization and biotin-streptavidin reactions in the electronic assays. In our
bioassays, the DNA-DNA hybridization reaction and the streptavidin binding reactions
were detected with the FET biosensors in the terms of change in surface potential or input

impedance of the devices.
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4.2 Polyelectrolytes as model system for the electronic

detection with ISFET devices

As a model system, the multilayer adsorption of oppositely charged polyelectrolytes was
monitored by the ISFET devices in both potentiometric and impedimetric readout. The
signals, which are recorded by the ISFET, are caused by a change of the surface potential
during adsorption or a change of the input impedance of the gate electrodes. The
accumulation of charges at the gate oxide causes a shift in the flatband voltage of the
transistor, which results in a voltage drop of the output signal in a time-dependent
potentiometric measurement. As a model for a better understanding of the adsorption and
interaction of DNA and other charged biomolecules at the biosensor surface,
polyelectrolyte multilayer (PEMs) can be studied. Polyelectrolytes are linear
macromolecular chains bearing a large number of charged or chargeable groups, when
dissolved in a suitable polar solvent, generally water. Each alternating adsorption step of

these charged macromolecules leads to a charge inversion of the surface (charge
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over-compensation effect) (Decher et al. 1998). Fig 4.23 depicts the strong electrostatic

forces, which are acting to stabilize the polyelectrolyte multilayer on the gate surface.

. ® @ Do DO D
Polycation @eﬂaee P 520

Polyanion

DODDDODODDDDDD

Gate surface

Fig 4.23 Schematics of the alternating multilayer of polyelectrolyte adsorption on the gate
surface of the FETs. The multilayer is stabilized by strong electrostatic forces. A
charge-over compensation effect by counterion condensation is responsible for the
remaining net charge at the interface between the top PE layer and the electrolyte

solution.

4.2.1 Alternating adsorption of charged polyelectrolyte multilayers
(PEMs) on different surfaces

Three commonly used PEs, Poly (allylamine hydrochloride) (PAH), Polyethylenimine (PEI)
and Poly (styrene sulfonic acid) (PSS) were paired in PSS/PEI and PSS/PAH for the
purpose of the present study. Structures, full/short names and molecule weight (g/mole) of
three PE used in this part are shown in the appendix. PSS is a strong PE, and PAH is weak
PE, which disassociated in the pH 6-8 solution. PEI is a strong polyelectrolyte at low pH
and behaves like a neutral polymer at high pH (Penfold et al. 2003). In the range of pH 6-8,
PAH and PEI are positively charged, and PSS is negatively charged. PEMs attachment on
the gate surface was stabilized by electrostatic forces between the polycation PAH/PEI and

the polyanion PSS.

The primary parameter for the buildup of PEMs is its structure. The PEMs structures are
affected by internal composition, i.e. the polyanion/polycation stoichiometry, salt content
of the deposition solutions, the polyion concentration, the charge density of the polyions

(either varied by charge dilution in copolymers or as a result of the pH in weak polyion
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solutions), the polyion rigidity and the molecular weight, and the presence or absence of
counterions in the layer (Schonhoff 2003b). External environments, such as pH and
temperature also play an important role in the building up of PEMs. Normally, the PEMs

structures are monitored as a change of thickness.
4.2.1.1 PEMs adsorption on the bare SiO, surface

Firstly, the thickness of adsorption of PEMs (PSS/PAH) on a bare SiO, substrate was
investigated. The parameters of pH value, temperature and conductivity of all the PEs and
buffer solutions were adjusted the same to avoid the side effects. PMEs were assembled by
consecutively adsorption of PAH and PSS from the PE solutions (Decher et al. 1998;
Schonhoff 2003a). PEs (50uM) were diluted in 0.1 M NacCl solution and the pH values for
the PSS and PAH solutions were adjusted to 5.94. After the wet cleaning and activation
(MeOH/HCI 30 minutes) of the substrate surface, the precursor layer of PEI in NaCl
(pH=7.0) was adsorbed on the bare solid support, and then the (PSS/PAH), PEMs were
formed on it. After adsorption of each PE layer for 20 minutes, the substrate was rinsed
with the buffer solution thoroughly and dried with Ar. For a first characterization, the
adsorption of 10 layers PEMs on the bare solid support was monitored. The thickness
increase was measured with ellipsometry and the roughness values of the surfaces were

obtained from AFM measurements.
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Fig 4.24 Thickness and roughness of the PEMs
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Employing 0.1 M NaCl as buffer solution was to achieve a higher amount of adsorbed
molecules as well as to prevent possible effects of ion-concentration and
electrolyte-conductivity changes. The thickness of the total PEMs consisting of the PEI
layer and PSS/PAH five double layers was ~23nm, i.e. approximately 2nm/per layer. The
thickness increased linearly with the adsorption of PEs, which is in agreement with the
previously reported results (Bosio et al. 2004). The surface of the bare SiO, and the
adsorbed PEI precursor layer were smooth with average R values of approximately
0.2nm and 0.6nm, respectively. The PEI layer was homogeneous and assumed as a flat
conformation of the PEI molecules. The roughness was strongly increased after the
adsorption of the second PSS layer (R;,s=2.4nm) and increased up to the value of R;,—=6nm

after the adsorption of the (PSS/PEI) 5 double layers.
4.2.1.2 PEMs adsorption on the silanized surface

On the APTES or GPTES silanized surface, the thickness of PEMs was also measured. TE
buffer (10mM Tris, ImM EDTA, 0.1mM NaCl) was used as buffer solution and the pH for
the PEs and TE buffer were adjusted to 7.03. For the bare SiO, surface, the point of zero
charge (PZC) is 2.0 (Bousse 1982). After the silanization process with APTES, the
electrokinetics are changed drastically, and the PZC shifts from 2 to 9.0 (Takafuji et al.
2004). Aliphatic amino groups have a dissociation constant (pK) of approximately of 10.6,
although the close packing of the aliphatic amino groups on the surface decreases this pK,
the surface will still be positively charged at neutral pH (Bezanilla et al. 1995). In the mean
time, the pH sensitivity of the FET sensors is also changed from 34+2 mV/pH for the SiO,
gate oxide to 52.4+4.2mV/pH for the silanized surface (Uslu et al. 2004). The pH of the
buffer should be lower than the isoelectric point (IEP) of the first adsorption PE solution,
because free amino groups from APTES will become positively charged at a relatively low
pH. If sufficient free amino groups are located on the outside surface of the SiO;, in this
way negatively charge PE will bind to the APTES at the surface. For the GPTES-silanized
surface, the epoxy group is highly reactive only at high pH, so the positive charges on the
GPTES-silanized surface were much less compared to those on the APTES-silanized
surface at pH 7.03 solutions. The thickness of adsorption of PAH and PSS on
APTES/GPTES modified surface is shown in Table 4.9.
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Table 4.9 Thickness of PEMs on silanized surface with APTES and GPTES measured by

Ellipsometry
thickness (nm) APTES GPTES
5 layers 4.70nm 18.58nm
10 layers 21.87nm 39.10nm
10layers-5layers 17.17nm 20.52nm

The driving forces for the formation of PEMs are the coulomb interactions between the
oppositely charged PEs and between the first layer of PSS and the solid silanized surface.
The surface charge could affect the packing of PE, i.e. the structure of PEMs. In our
experiment, the thickness increase was not linearly with the numbers of PE layers on the
APTES-silanized surface. The thickness for 10 layers (5 double layers) PEMs was almost 4
times larger than 5 layers (2.5 double layers). In contrast to this, the thickness for 10 layers
on the GPTES-silanized surface was almost twice the thickness for the five layers. The
linear growth of PEMs thickness on the GPTES modified surface, suggested similar
adsorption properties for the first and second five layers. The thickness of each PE layer
was approximately 4nm, which is twice so large compared to the adsorption on the bare
SiO; at pH 5.94 of the buffer solutions. A large dependency of PE layer thickness with
different pH of the buffer solutions was already reported (Shiratori et al. 2000).

The thickness of the second five layers on the APTES-silanized surface was comparable
with the thickness on the GPTES modified surface. The similar thickness for each
monolayer means that the structure and the coiling state for both starting surfaces were the
same. However, for the first five layers on the APTES-modified surface, the thickness for
each layer was just 0.94nm. As an interpretation, the adsorption of the first five layers is
strongly affected by the starting surface. Once a certain thickness for the PEMs is reached,
the further growth is only affected by the conditions of composition of PE solutions, pH

and temperature.
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4.2.2 The adsorption of PEMs on the ISFET chip as a function of

the surface potential

4.2.2.1 Potentiometric, in-situ detection of the PEMs buildup

In the fixed reaction chamber, a consecutive adsorption of PE was performed, which was
monitored by the ISFETs. For a potentiometric measurement, the in-situ PEMs adsorption
on the silanized gate surface was monitored by changes in drain-source current as function
of time. In Fig 4.25, the consecutive adsorptions of three double layers of PSS/PAH were
monitored by the ISFET.

T T T T
0 100 200 300 400
Time (min)

Fig 4.25 Time-dependent ISFET measurement with the negatively charged PSS and the
positively charged PAH on the APTES-silanized surface. PEs were diluted in TE
buffer solution (10 mM Tris, 1 mM EATA, 0.01 mM NaCl). Different colors indicate
different PE layers, light grey are PSS, and dark grey stands for PAH.

The adsorption of the first negatively charged PSS layer on the APTES-modified gate FET
surface caused a negative flatband voltage shift, resulting in signal amplitude of about 20
mV after rinsing several times with the initial buffer solution. By this rinsing with the
buffer solution, the untethered PSS was rinsed away from the sensor surface. A positive
signal was recorded for a further attachment of the positively PAH to the PSS covered
surface. By comparing the total signal amplitudes for the strong acid PSS and the weak

polyelectrolyte PAH it is clear that a similar surface charge density was introduced to the
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transistor surface by each polyelectrolyte monolayer. With increasing thickness, the outer
charges are moved away from the surface, leading to a signal reduction. Although the
stoichiometry of the PSS and PAH was 1:1, the PAH charges overcompensate the PSS

charges in this experimental condition (Riegler et al. 2002).
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Fig 4.26 Column graph of the recorded voltage changes on the same chip after rinsing with
the buffer solution (a). In (b) the respective absolute differences in gate voltage for
each single PE layer are plotted. The error bars resulted from the statistics of the 5
ISFET gates.

The Debye-Hiickel theory relates the attachment of charges to a solid-liquid interface to a
corresponding surface potential change (Eq.18). An additional signal from the ISFETs may
be generated, if the ionic strength, the electrical permittivity or the temperature of the PE
solution was different from the bare buffer solution. These effects can be neglected for the
recordings presented here, because after attachment of the charged molecules to the surface
the chamber was flushed with bare buffer solution again, which resulted in the initial
starting values of temperature, permittivity, ionic strength and pH. Attachment of charged
molecules to the surface will result in a change of the surface potential and the resulting
direction of the flatband voltage shift is charge-sensitive. In the present study, the ionic

strength of the used TE electrolyte was 6 mM at room temperature.

The following possible mechanisms for explanation of the experimentally observed effects
can be suggested: change in the flat-band voltage of an EIS structure or threshold voltage
of an ISFET induced by the intrinsic charge of the adsorbed macromolecules; change in the
ion concentration (including proton concentration) in the intermolecular spaces and pores
or inside the PE multilayer (Poghossian et al. 2006b; Uslu et al. 2004) or impedance effects
of the adsorbed layer on the ISFET gate input (Neff et al. 2006; Picart et al. 2004).
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The voltage signal of FET depended exponentially on the thickness of PEMs on the FET
surface (Fig 4.26). It was reported that the thickness of PE monolayer on solid support is
strongly affected by the deposition conditions, especially pH. At pH 6-8 the polyelectrolyte
films collapse and thicknesses as low as 5 A per layer were reported (Shiratori et al. 2000).
The output signal amplitude of our ISFET measurement decreases with increasing
multilayer thickness, and the adsorption of the first PAH layer overcompensates for the
previous surface (Riegler et al. 2002). The resulting signal amplitudes were indicating an

exponential distance dependency of the transistor signal.

Furthermore, the PEMs adsorption with PSS/PEI pairs was done with the same condition
of pH, concentration and temperature as previous experiment. In Fig 4.27, the response of

the gate voltage with changing PE type is shown.
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Fig 4.27 Time-dependent measurement of the alternating adsorption of negatively charged
PSS and positively charged PEI and the column graph of the gate voltage response
to the alternating adsorption. Light grey are PSS and dark grey stands for PEIL

In a pH 7 buffer solution, PEI is higher dissociated than PAH. Compared with the
adsorption of PAH/PSS, the signal amplitudes recorded during adsorption of the PEI/PSS
PEMs were much larger compared to the PSS/PAH PEMs. Seen from the Fig 4.27, the
signal generated by the adsorption of PSS reached the threshold of the recording system.
The PSS layer adsorption signal also decayed with increasing number of layers. The higher
signal amplitudes of PEI compared to PAH demonstrated the overcompensation effect

during the buildup of the PEMs.
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4.2.2.3 Potentiometric, in-situ detection of a DNA/PE multilayer buildup

To investigate the adsorption of DNA on the ISFET gate surface, the PSS was replaced by
a 20 bases Poly-T DNA sequence during the multilayer buildup.

o pH 7.0
1 C(poly-T)=10 m
C(PE)=50 mM
> 0
=
> =10+
-20-

0 20 40 60 80 100 120 140 160
Time (min)

Fig 4.28 Time-dependent ISFET measurement with the positively charged polyelectrolyte
PAH and the negatively charged DNA (poly-T 20bp) (3 transistor channels are
shown). The attachment of the charged molecules at the transistor gate is shifting
the flatband voltage of the device resulting in signal amplitude of about 15 mV
after rinsing with the initial buffer solution. The direction of the signal shift

depends on the positive or negative charge of the molecules.

The conformation of ssDNA in solution in general, especially long sequences is
comparable with the conformation of the PE. The attachment of the short sequence ssDNA
and PAH in our experiment caused a voltage shift in opposite directions. The adsorption of
the first layer ssDNA on the APTES-silanized surface in this experiment was a
non-covalent immobilization. The resulting signal amplitude after rinsing with buffer
solution was about 10 mV, because a high concentration of poly-T (10uM) was used in this
experiment. Compared with the PSS/PAH adsorption, the first layer of the poly-T gave the
same amplitude signal as PSS, showing the same charge density on the gate channels.
Therefore, the surface coverages of the first two layers must be different, because of the

different length of the molecules.
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A theoretical description for the electronic detection of charged molecules in an electrolyte
solution using an electrolyte-oxide-semiconductor (EOS) structure is not completely
available and still under discussion (Bergveld 2003; Landheer et al. 2005; Poghossian et al.
2006a; vanHal et al. 1996). In the literature it has been mentioned that an accumulation of
charged biomolecules at an electrolyte-oxide interface should not generate any signal,
because the charge of the biomolecules will be screened by counter ions (Bergveld 1991b;
Bergveld 1996). The generally used theoretical description for the charging and
discharging of an EOS interface with SiO, as oxide material is based on the Site-Binding
model (Bousse et al. 1983). Compared with common MOSFET (metal oxide
semiconductor) structures the threshold voltage of an ISFET device depends additionally in
a linear way on the surface potential y; of the oxide electrolyte interface. The oxide surface
can be charged or discharged by interaction of the -OH groups of the interface with free

protons of the electrolyte.

It has been suggested that the accumulation of charged molecules at a surface might be
electronically detected as responses to a Donnan potential, which is built up during the
attachment of the molecules (Bergveld 1996). The accumulation of these negative charges
at the gate oxide of the FET structure caused a shift in the flatband voltage of the transistor,
which results in a voltage drop of the output signal in time-dependent measurements.
Whether this signal is generated by the build-up of the above-mentioned Donnan potential
or whether the signals are generated because of other reasons (e.g. change of the Helmholz

layer of the interface) cannot be decided now and will need further investigations.

Nevertheless, the ISFETs detected the attachment of charged polyelectrolytes and
biomolecules on the surface as a potentiometric response of the gate voltage. Experiments
with the adsorption of various PE and PE/DNA pairs showed that the ISFET was sensitive

to the changing of potential on the surface and towards the DNA hybridization process.
4.2.3 Basic transfer function behavior of the ISFETs

In the previous paragraph, it was presented that the ISFET as potentiometric sensor is
sensitive to the surface potential change caused by the adsorption of charged molecules.
Meanwhile, our newly developed ISFET system can additionally be used as an
impedimetric sensor to monitor varying impedance at the gate input. In general, several

groups have used the impedance spectroscopy in recent years for the analysis of impedance
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changes at modified electrodes upon biorecognition events. In paragraph 2.5, an equivalent
circuit described the biological reaction on the ISFET surface as the combination of
frequency dependent capacitance and constant resistance in the full frequency range (Fig
2.16). For potentiometric readout mainly the potential at the ISFET gate is monitored. By
the impedimetric readout, the input impedance is measured as a function of frequency. In
general, the formation of a molecular layer on a gate-oxide surface alters the capacitance
and the resistance of the solid-liquid interface. Electrochemical reactions occurring at the
electrode/electrolyte interface can be modeled by extracting components of the electronic
equivalent circuits that corresponds to the experimental impedance spectra (Antonisse et al.

2000; Kharitonov et al. 2001; Zayats et al. 2001; Zayats et al. 2002a).

4.2.3.1 Effect of the electrolyte conductivity on the transfer function

characterization

For a basic characterization, the effect of electrolyte conductivity on the transfer function
was characterized (Sakkari 2005). Firstly, the freshly cleaned ISFET chip was immersed in
NaCl solutions of different concentrations. For these experiments, a closed reaction
chamber of 0.5 ml volume was used. This ensured stable experimental conditions and side

parameters like pH or temperature of the buffer solution were kept constant.
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Fig 4.29 The change of the electrolyte conductivity with concentration of the NaCl solution
(a). The transfer function is highly dependent on the electrolyte conductivity (b).

As expected, the conductivity increased linearly with the increase of NaCl concentration
from 0.01lmM, 0.05mM, 0.1mM, 0.5mM, 1mM, 5mM, to 10mM (Fig 4.29). This was

confirmed in reference measurement with a standard conductivity meter (S30 Seven Easy
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4.2 Polyelectrolytes as model system for the electronic detection with ISFET devices

conductivity, Mettler Toledo, Germany). In the transfer function measurements, a shift of
the transfer function curve to higher frequencies was observed with higher concentrations
of NaCl. In highest conductivity solutions (NaCl concentrations>10mM), the transfer

function exceeded the general frequency limitations of the amplifier system.
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Fig 4.30 Change of the low and high cut-off frequencies of the transfer function with diffeent
NaCl concentrations. The cut-off frequencies were extracted from the graphs in

Fig 4.29b according to the graphical method described in Fig 2.6.

For the transfer function curve, the two time constants 7; and 7, can be extracted, which are
the reciprocal of the cut-off frequencies. The changes of high and low cut-off frequency as
a function of different NaCl concentrations are plotted in Fig 4.30. The equivalent circuit
in Fig 2.16 can describe the change of the transfer characteristics with different salt
concentration solutions. The overall time constant of the ISFET amplifier system is

~R_,C.

sol

4.2.2.2 Transfer function curves in different pH solutions

To further verify the reliability of the transfer function readout, chips were freshly cleaned
with EtOH, and dipped in standard pH value solutions (Titrisol standard pH solution,
Merck Germany) with pH values of 2, 4, 6, 8 and 10, respectively.

7~



Chapter IV Results and Discussions

0.8 4

0.6 1
T ] — pH=2

0.4+ —pH=
pH=6
—— pH=8
0.2 pH=10
UO M L | ' L |
100 1000 10000

Frequency (Hz)

Fig 4.31 Frequency-dependent transfer function curve of the ISFET chip immersed in
different standard buffer solutions of pH 2, 4, 6, 8, and 10 respectively. The
curves were normalized at 100 Hz. The dotted line shows the standard transfer

function curve.

Because of the high conductivity of the standard pH solutions, the transfer function curves
were almost outside the general limit of the amplifier system. Therefore, the high cut-off
frequency was detectable. There is a minimum difference of the transfer function curves
for different pH buffer solutions. The different shape of the transfer function curves from
the ideal shape originates from a sidewall effect, which was found to influence the curves
of the dip-chip designs. This effect was intensively studied in a related project
(Kottuppallil 2006), but was identified not to reduce the selectivity of the DNA readout of

the 8-channel array chips.

In summary, the main effects of the transfer function curves were identified as conductivity
of the buffer solution and sidewall effect. In the following experiments, these two

influences are taken into account.

4.2.4 Frequency-dependent transfer function behavior of the PEMs

adsorption

We utilized the buildup of PEMs as model system for the DNA hybridization process. The
PE adsorption processes were monitored by the potentiometric and impedimetric readout.

In this paragraph, the transfer function behavior upon PE adsorptions are described. The
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results were achieved in a related thesis (Sakkari 2005). To explain the main effect and the
modeling by an equivalent circuit, the main results are shortly summarized in the following.
After the adsorption of each layer, the transfer function scan was taken in the same buffer
medium (TE buffer solution), which guaranteed the same conductivity of the electrolyte for

each measurement.
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Fig. 4.32 Transfer function response of the ISFET sensor upon polyelectrolyte adsorption (a)
change in gain with adsorption of each polyelectrolyte layer. (b) transfer-function

of the polyelectrolyte adsorption. The graph is normalized at 100 Hz.

In Fig 4.32 the transfer function curves after each PE layer adsorption on the
APTES-silanized starting surface are shown. In contrast to the custom-made amplifier
system commercial impedance analyzer (S1-1260 IMPEDANCE/GAIN-PHASE
ANALYZER, Solartron Analytical, England) was used, which allowed measurements up to
IMHz (Sakkari 2005). During the buildup of PEMs, two main parameters influence the

transfer function curve, namely the resistance and capacitance of the PEM at the gate input.
4.2.5 Modeling of the frequency-dependent transfer function

To model the transfer function results of the PEMs adsorption, PSpice was exploited to

simulate the complex electronic circuits.




Chapter IV Results and Discussions

1 (@
1.0 . )
------ Original results 5
1 e, U\ ¢ Simulated results =
0.84 4 a
=
1 o
0.6 o
- | L
=
044 E
=]
B =
0.2+ = ]
0.5 —— Original measurements
00 B S T 1 +  Simulated results \
0.0 1
L L E B AL ) Tvor oy LR R L S AR | HEAELALL LML B B B AL B
100 1000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000
Frequency (Hz) Frequency (Hz)

Fig 4.33 Simulation of the electrolyte conductivity measurements, (a) the transfer function
curves are normalized. (b) PEMs adsorption with original gain of the FET amplifier

without normalization (Sakkari 2005)

In Fig 4.33a and b the experimental data are fitted by the equivalent circuit. By this
procedure the main components responsible for the experimentally observed changes were
identified. The basic components of the equivalent circuit for the conductivity
measurements were already shown in Fig 2.16. These active and passive electronic
components have direct influence to the transfer function. The electrolyte resistance (Rseric),
+§C

and the contact lane capacitance C,, = C are the main determining factors for

source drain

the conductivity measurements. The electrolyte resistance used for simulations were back
calculated from the conductivity values of the solutions. The resistance of the reference
electrode was assumed constant with different ionic strength of the electrolyte (Bucher et al.
1999). Furthermore, the double-layer for conductivity modeling was neglected, because it
had not large influence on the transfer function graphs. The simulated graphs are included

in Fig 4.33a.

For the simulation of the PEMs adsorption (Fig 4.34), it is assumed that the effective gate
oxide impedance was the only influencing factor at the sensor surface along with the
electrolyte resistance. Capacitance and resistance of the membrane were added under the
double layer part, “n” is referred to the number of PE layers. As all the measurements were
carried out in the same buffer solution, the electrolyte resistance (Rs.) Was constant (4 kQ)
through the whole simulation. The capacitance of the each layer (C,.») was calculated
according to the gate are and inserted into the model. Although PEMs on both contact lines
and the gate surface caused the change of capacitance, only the capacitance from the gate

influences the transfer function curves, because of the large thickness of the ONO
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4.2 Polyelectrolytes as model system for the electronic detection with ISFET devices

passivation on the contact lanes of the chip. The capacitance variation at the gate surface
(10nm thick) was changing from 20% to 30%, while the capacitance at the contact lines
(ONO stack of 250nm, 130nm, 100nm respectively) was changing below 1% with
adsorption of the PEMs. The membrane resistance was assumed to be in the order of GCQ.
From the PSpice simulations, it was found that the PEMs adsorption in the
frequency-dependent measurements was purely due to the change in the effective gate

capacitance.
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Fig 4.34 Equivalent circuit for modeling of the PEMs on the FET gate surface. The circuit is
a further modification of the circuit in Fig 2.18 with R,.;, and C,., accounting for

the PEM impedance.

From the simulation for the PEM adsorption in Fig 4.33b, the capacitance of the each PE
layer was found to be 0.5~0.7pF, which is derived from the calculation of z; and 7,. By
inserting this capacitance and the dielectric constant of the PE (¢,=2.8) (Bordi et al. 2004),
the thickness can be calculated as 3+2nm for each PE layer, which is consistent with the
ellipsometry measurements, where the thickness of each PE layer was found to be 4+1nm
(paragraph 4.2.1). Here, the capacitance calculations were made assuming the gate surface
area as 100pum?” corresponding to the chip design used in these measurements. In this way,
the resistant and capacitance values of the PEM layer were simulated. The explanation and
simulation values for the resistance and capacitance were given as the layers on the gate

surface respectively.
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Table 4.10 Simulation values R, and C,,c.,, which are modeling the PEM impedance of the

gate input.
Simulation . . .
explanation Simulation values
parameters
Riuem Resistance of the layers on the gate surface 500 GQ
Crem Capacitance of the layers on the gate surface 0.6 pF for each layer

As a summary of this paragraph, the adsorption of PE showed that the output signals of the
FET are dependent on the charge of the attached molecules. In addition, the signal
amplitudes were found to be exponentially distance-dependent in the range of the Debye
length of the used electrolyte. We presented a method for the label-free detection of
charged molecules with ISFET devices. The detection was identified to be charge sensitive
and in principle all kinds of charged molecules dissolved in a weak electrolyte solution
could be detected (e.g. immunoassays or protein detection) as long as they attach close
enough to the surface. The ISFET structure can be integrated in standard CMOS processes

and multiple sensor chips may be feasible in future (Yeow et al. 1997).

The PEMs buildup can be detected by AC and DC readouts using the ISFETs. With the
potentiometric system, the output signal during the in-situ buildup was charge sensitive.
The results proved that the signal detection is less sensitive with increasing distance away
from the surface. The PE as a model system can also be paired with ssDNA to perform a
PE/DNA multilayer buildup. Furthermore, the PEMs can be detected by the transistor
transfer function readout to provide a detailed explanation of the equivalent circuits. In
order to identify the main parameters of the equivalent circuits, simulations were
performed based on the experimental results. The basic equivalent circuits for the
conductivity measurement offered the basic influencing components. For the PEMs the

signals can be modeled by adding a higher input impedance from the PE membrane.

In the following, the ISFET system is utilized for the detection of biomolecular binding

reactions.
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FET assays

On the modified gate surfaces of the ISFET biosensor arrays, biomolecules such as probe
ssDNA and biotin were immobilized (paragraph 4.1). The DNA hybridization reaction and
the biotin/streptavidin binding processes were label-freely detected in a liquid environment
in in-situ and ex-situ assays. Two different readouts (DC and AC) were utilized to detect

the biomolecular reactions at the ISFET gate surfaces.

4.3.1 Label-free detection of DNA hybridization with a

potentiometric readout

In the DC measurements, the 8-channels FET biosensors were utilized to perform the
detections (Appendix). Long-term drift of FET devices at the gate input (Jakobson et al.
2000; Jamasb et al. 1998; Jamasb 2004) is mainly influenced by the type of gate material
(Bergveld 1996), which is chemically interacting with the electrolyte solution and by

heating effects of the transistor channel. To minimize the drift effects during the
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hybridization detection, a differential readout is applied between measure and reference
transistor (Fritz et al. 2002; Pouthas et al. 2004b; Sakata et al. 2005b). In addition the
supramolecular of architecture the ISFET gates was largely improved compared to
previous protocols (Uslu et al. 2004). In practices, the reference channel/biosensor was set
as reference in the custom-made software and the results from the rest channels/biosensor

were compared.
4.3.1.1 Electronic detection of DNA immobilization and hybridization

All electrical recordings of DNA immobilization and hybridization were done at room
temperature. For a first trial of a differential readout, two identical biosensor chips were
functionalized differently and channels with the same g,, value from each biosensor chip
were selected. In the time-dependent measurement mode, one chip was set as reference for
a differential readout of the other chip. The change in the drain-source current was
recorded and with the known g, of the transistor transformed into the respective gate
voltage. The DNA immobilization and hybridization reaction cause a change in surface
potential at the gate, which results in a change of the flatband potential and hence a change

in the Ipg of the FET (Pouthas et al. 2004a).

For the immobilization experiment, the reference biosensors were only treated with
activation (MeOH/HCI) and silanization (APTES in gas phase). The detection biosensors
were treated the same, but additionally the crosslinking process with succinic anhydride
was applied. After this functionalization, the two biosensors were immersed in the same
reaction chamber full of 3uM ssDNA in MES buffer. For the hybridization experiment,
probe ssDNA of different sequence were immobilized on the two biosensor chips
(reference biosensors: FMM DNA; detection biosensors: PM DNA) according to Table 4.4.
The whole immobilization processes were performed overnight. The hybridization

detections were carried out in a TE buffer (pH 8.0) solution with 3uM target DNA.




Chapter IV Results and Discussions

(mV)

(mV)

gate
gate

Vv
\Y

0 5 10 15 20 0 30 60 90 120 150 180 210
Time(min) Time(min)

Fig 4.35 Real time detection of the DNA immobilization (a) and hybridization (b), which
caused a rapid change in the gate voltage of the FET. In both graphs, the

differential signals are plotted.

In Fig. 4.35 the differential, time-dependent measurement for the immobilization (a) and

hybridization (b) reactions are shown.

In the immobilization experiment (Fig 4.35a), the difference between the covalent binding
and the physisorption of probe DNA on the gate surfaces is detected. The surface
modification of activation, silanization and crosslinking led to covalent binding of probe
DNA, while on the silanized silicon oxide surface of the reference chip non-specific
adsorption will occur. The change of the gate voltage of the measurement chip can be
attributed to a different efficiency between physical adsorption and chemical covalent

binding with the latter being more efficient.

In Fig 4.35b, the real time detection of the DNA hybridization by the differential readout
approach is shown. Two identical chips were immobilized with PM and FMM probe
ssDNA, respectively. For the hybridization readout, one channel from the FMM
immobilized chip was set as reference channel. The differential readout signal displayed is
recorded from one channel of the PM-immobilized chip. The hybridization process in this
in-situ detection was finished in about ten minutes. The baseline of the signal was then
stable for more than 2 hours, which confirms the high stability of the differential readout. A
buffer rinsing step at 205 min was not significantly changing the recorded amplitude. The
hybridization signal amplitude was similar to the amplitude of the DNA immobilization for

the same concentration of DNA.
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4.3 Label-free detection of biomolecular reactions with the FET assays

With the label-free ISFET detection in these two experiments, the covalent binding and the
non-covalent binding were distinguished, which is related to different DNA immobilization
conformations. With the non-covalent binding by electrostatic attachment, the ssDNA
segments are more likely to lie flatly on the surfaces. In contrast to this, the covalent
immobilization of DNA can offer a highly ordered layer. With a higher surface coverage

and highly packed probe DNA, the possible hybridization signal is higher.

4.3.1.2 Detection of single nucleotide polymorphisms with a potentiometric

readout

The single mismatch DNA hybridization detection was carried out on the same chip. After
the activation, silanization and crosslinking process, different sequences of probe DNA
from FMM, 3MM, 2MM to PM at the same concentration 3 uM were spotted onto the gate
arrays (Table 4.4). An overnight incubation finished the immobilization process. For
hybridization detection, the chip was dipped into 500ul TE buffer and the working point of
the ISFETs was set. The target DNA was applied into the reaction chamber at the rate of

1.0 ml/min by the use of a peristaltic pump (ISMATEC, USA). The hybridization was
monitored in-situ, with the FMM probe DNA gate as reference.
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Fig 4.36 The real time detection of the hybridization for different sequence (a: FMM, 3MM,
2MM to PM; b: FMM, 1MM and PM). Before starting this experiment, the baseline

of the signal was stable for more than 2 hours. The gate with FMM was set as

reference gate, respectively.

In Fig 4.36 the gate voltage change for different DNA hybridization reactions with the
FMM gate as reference channel are shown. In order to avoid charge screening of the DNA

molecule, the ionic strength of the buffer electrolyte must be kept very low during the
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potentiometric field-effect detection of DNA hybridization (Fritz et al. 2002; Pouthas et al.
2004b; Uslu et al. 2004). Usually, the effective voltage change at the gate output is about
1-6mV, mainly depending on the ionic strength of the buffer electrolyte and on the density
of the attached probe molecules. Although the selectivity of the SNPs detection was high
enough to be detected by fluorescence microscopy on the control substrates (paragraph
4.1), in this experiment, the difference between PM, IMM, 2MM and 3MM was barely
distinguishable for the potentiometric in-situ readout. Therefore, an in-situ assay for the

potentiometric readout was not possible for the SNP detection.

4.3.2 Label-free detection of DNA hybridization with an

impedimetric readout

Because of the low selectivity of the DC readout for the SNPs detection in the in-situ
assays, an amplifier system for impedimetric readout of the ISFET arrays was developed to
achieve this detection. Here the ex-situ procedure was applied similarly to the protocols

described before.
4.3.2.1 Influence of the buffer ionic strength

Concerning that the ionic strength of the buffer solution strongly influences the ISFET
transfer function behavior, the concentration of the NaCl was optimized for the ex-situ
detection assays. PM probe ssDNA was immobilized on the biosensor surfaces, and 2 hour
hybridizations were carried out in target DNA solutions (3uM in 4xSSC buffer). The
transfer function scans before and after hybridization were done in the same NaCl
concentration solutions. The selected NaCl concentrations were 0.0lmM, 0.1lmM, 1mM
and 10mM. The differential transfer functions (DTF) between after and before
hybridization are plotted in Fig 4.37. Utilizing the differential readout of the transfer
function characteristics ex-situ eliminates side effects like pH, temperature drift, electrolyte
composition, etc., which are usually the main drawback of the in-situ potentiometric

readout.
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Fig 4.37 Differential transfer function between after the hybridization and before the
hybridization in different concentration NaCl solutions. The transistor transfer
function (TTF) scans for one channel from the same chip in the different NaCl

solutions are shown. The TTF scans were not normalized for this graph.

As shown in Fig 4.37, the biggest DTF peak was obtained in the 0.0lmM NaCl solution.
With a 10 times higher NaCl concentration (0.1 mM NaCl) the peak amplitude decreased
to 50%. For the concentration as high as 10mM NaCl, there was no peak observed in the
accessible scan frequency range of the current FET amplifier system. The shift of peak
locations along the frequency axis is corresponding to the conductivity change of salt
concentrations (Fig 4.29). Therefore, the DTFs are not observable in the high ionic strength
solutions and DNA hybridization detections are preferred in low ionic strength solutions.
The different signal amplitude, however, follow the theoretically described behavior for

higher signals with lower ionic strength (Landheer et al. 2005).
4.3.2.2 In-situ DNA detection in low ionic strength solution

In the fluorescence measurement, it was confirmed that 20mer ssDNA could hybridize in
0.01lmM NaCl at the functionalized sensor surfaces (Fig 4.13). The in-situ detection of the
DNA hybridization process in 0.01 mM NaCl was investigated using the transfer function
scan at certain time intervals. PM probe DNA immobilized biosensors were dipped in
reaction chamber with 3uM target DNA in 500ul of 0.01lmM NacCl buffer solution. The

transfer functions curves were recorded every half hour.
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Fig 4.38 Transfer function curves for in-situ DNA hybridization detection at 0, 30, 60 and

120 minutes, respectively

In Fig 4.38 the transfer functions curves for the in-situ DNA hybridization process at 0, 30,
60 and 120 minutes are shown, respectively. The DNA hybridization processes resulted in
a nonsymmetrical shift of the transfer function curves to the lower frequencies. In the first
90 minutes, the transfer function did not display great shift. Between 90-120 minutes, the
transfer function showed a significant change, demonstrating the achievement of DNA

hybridization in between 2 hours.
4.3.2.3 Highly selective, ex-situ detection of single nucleotide polymorphisms

As optimized before, the best distinguishable signal for DNA detection was recorded in the
0.01mM NacCl solution (Fig 4.37). It was previously predicted in a theoretical article that
the usual buffer electrolyte concentrations used for DNA hybridization (150 mM NaCl or
even higher) would not lead to large surface potential changes and changes in interface
impedance. Larger impedance effects were expected at lower ionic strength of the buffer
electrolyte (Landheer et al. 2005). In our experiments, the SNP detection was performed in
an ex-situ assay in the low ionic strength detection solution. DNA immobilization,
sequences (Table 4.4) and the microspotting procedure were identical to the potentiometric
detection (paragraph 4.3.1.2). Different ssDNA sequences PM, IMM and FMM were
immobilized onto the ISFET gate array by microspotting. For this experiment, the
8-channel dip chip ISFET sensors were used. After immobilization and hybridization with
target DNA, the chips were immersed in 0.01lmM NaCl to conduct the transfer function

detection. Four channels of the same chip were selected.
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Fig 4.39 Different transfer functions before and after hybridization. The blank, FMM, 1MM, and PM

channels were located on the same 8-channel ISFET chip.
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Fig 4.40 Differential transfer functions: transfer function as difference between after and
before hybridization (a) and differential transfer functions with the FMM as

reference channel (b)

The transfer functions before and after DNA hybridizations are shown in Fig 4.39. In Fig
4.40, the DFTs for the different probe DNAs are displayed. Before the hybridization, the
transfer functions for different probe DNA display a similar behavior, whereas after
hybridization the transfer functions largely differentiate. With the introduction of a DNA
layer after hybridization at the gate input, the interface capacitance will increase (Gu et al.
2005), which decreases the cut-off frequency. The magnitude of the change in the cut-off
frequency for the individual channel is related to the different hybridization efficiency with
the probe DNA on the respective transistor channel. The transistor gate, where the most
probe DNA molecules were reacting, experienced the largest impedance increase of the

attached DNA layer, because of the impedance increase with increasing number of fixed

7~




Chapter IV Results and Discussions

charges at the oxide surface (Landheer et al. 2005). The differences between FMM, 1MM
and PM can be clearly distinguished. Hence, the selectivity of the presented method was

high enough to enable the detection of SNPs.

From the simplified equivalent circuit of the readout system (Fig 2.16), the DNA layer acts

like a biomembrane, and the time constants are:
7, =Ry, (Cpuy + Cox ) ® Ry Co T = Ry, Cy

The second time constant provides the relaxation time of the DNA membrane. The overall
high cut-off frequency of the transistors was mainly dependent on the total sheet
capacitance of the whole contact lane area in combination with the series resistor formed
by the access resistance of the reference electrode and the resistance of the solution as
explained before (paragraph 2.3). The high cut-off frequency was located in the kHz range,
because of the large areas of the implanted contact lanes of chips in combination with the
large solution resistance due to the dilute salt concentrations. The different impedances of
the gate inputs cause the individual cut-off frequency differences at the different gates in

the SNP experiments.

Using a FMM channel as reference resulted in a reliable detection of SNPs (Fig 4.40). The
impedance effects owing to DNA hybridization were predicted to be much larger with
lower electrolyte concentrations. In accordance to the theoretical predicted effects, the
differences between FMM, 1MM, and PM were more obvious at lower electrolyte

concentrations in our experiment (<1mM) (Landheer et al. 2005)
4.3.2.4 Ex-situ detection of a multi-hybridization process

The multi-hybridization processes of longer DNA segments (50b.) were recorded in the
form of the transfer function detection in an ex-situ assay. After the standard surface
modification, 20mer PM probe ssDNA was immobilized on the biosensor gate surface, and
incubated overnight. Four times hybridizations were carried out with the two target DNAs
(Table 4.11) alternatively and recorded in the TE buffer solution. The transfer function was

recorded after each step (Fig 4.41).
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Table 4.11 Probe DNA and two target DNA sequences in this sandwich multi-hybridization

experiment

Probe DNA

SMMT-ATGAACACTGCATGTAGTCA-3'

Ist target DNA
5'-TGCTAGTGACGTACACTCGATTTTTTTTTTTGACTACATGCAGTGTTCAT-3'
2nd target DNA
5'-TCGAGTGTACGTCACTAGCATTTTTTTTTTATGAACACTGCATGTAGTCA-3'

R —
0.8

T ) e
0.6 after immobilization

after Ist hybridization
044 after 2nd hybridization
| — after 3rd hybridization
after 4th hybridization

100 1000 10000 100000
Frequency (Hz)

Fig 4.41 Ex-situ transfer function measurements of a multi-hybridization process. The TTF curves shift

to lower frequencies.

In Fig 4.41, one channel from the 8-channel ISFET chip was selected to show this process.
Because of the higher conductivity of the TE buffer with 0.01lmM NaCl (16.43mS/cm) in
this experiment, the high cut-off frequency 7, was not visible in the scans. However,
transfer function measurements showed that the DNA multi-hybridization had only minor

effects on the relaxation time z; (Table 4.12).

Table 4.12 Time constant 7; extracted from the transfer function after each hybridization step.

Numbers of
HmOER O Before AfterIst 5 4 | 3d | 4th
hybridization | hybridization | hybridization

7; (ms) 0.041 0.045 0.042 | 0.039 | 0.039

7~
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In the high frequency range, the transfer function curve for before hybridization slightly
differed from the hybridization curves at the end of the curves (circle in Fig 4.41).
Compared to the hybridization experiments presented in the previous paragraph, the signal
changes were not very pronounced because of the higher ionic strength of the buffer. In the
multi-hybridization experiment, the first hybridization lead to the highest signal changes.
In addition, the multi-hybridization experiment resulted in comparable recordings like

presented before with the PEM experiments (paragraph 4.2.4).

4.3.2.5 Exploration of gold nanoparticle modified target DNA to enhance the
SNPs detection signal

The SNPs detection was done with DNA-modified gold nanoparticles (DNA-AuNPs) to
investigate a possible signal enhancement for the FETs detection. Gold nanoparticles
(Au-NPs) of 15nm diameter were obtained from the mixture of tetrachloric acid dehydrate
(HAuCl43H,0) and trisodiumcitrate dehydrate (HOC(CO,Na)(CH,CO;Na),-H,0) (6/255
weight ratio). The DNA-AuNPs were prepared by thiol modified ssDNA (SH-DNA)
(5'-thiol-TGACTACATGCAGTGTTCAT-3"), which was covalently immobilized onto the
Au-NPs. The hybridization reaction occurred between the probe ssDNA and the
DNA-AuNPs for 2 hours at room temperature. In Fig 4.42 the preparation process of the
AuNPs and a schematics for the hybridization process with DNA-AuNPs are depicted.

Hooc™ > “coon _MAUCL _ hooc” Sy Scoon + €0, + HO
HO  “cooH 3

s n

HAUCI, + i 0
A 4 @R+ 1+ co, ) & | g
HoOC COOH +@ 5 .
. : - m/"]

£

RCOO~ \-’\_/
- - C = ! R
it ooc” < ~coo B HQD+ it G
+(Ea, B + HO COO RCOO 4 o) + OOCR
F / + RCOO + &8 + “0ocR

¥ + 3 *a
¥ RCOO™ + OOCR
RCOO’

Fig 4.42 Schematic drawing for the preparation of size tunable gold nanoparticles (left). The
gold nanoparticles were modified with SH-DNA oligomers. By this, a possible
higher amount of target DNA should attach to the sensor surface together with the
AuNPs. The ex-situ hybridization reaction was performed with DNA-AuNPs
(Niemeyer et al. 2001; Niemeyer et al. 2005; Peschel et al. 2002)
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Fig 4.43 Transfer function curves of the individual ISFET channels before and after
hybridization with Au-particle cDNA (a) and the differential transfer function of
after and before hybridization (b) measured in 0.01mM NaCl

In this assay, we used the same procedure of probe DNA immobilization compared to the
normal SNPs detections in Fig 4.39 and 4.40. Three different probe ssDNA sequences were
microspotted on the ISFET gates to perform the covalent immobilization. The
DNA-AuNPs hybridized with a different efficiency on the individually gates. The transfer
function curves were recorded in 0.0lmM NaCl before and after the hybridization. The
resulting differential transfer function curves showed similar results compared to the
normal SNPs experiments. Before the immobilization, the transfer functions curves were
similar for the three different probe DNA transistor channels. After the hybridization, the
transfer function curves shifted to lower frequency ranges. The adding of AuNPs caused
the DNA membrane capacitance to increase and the membrane resistance to decrease (Lu
et al. 2004). The DTF curves in Fig 4.43 displayed the high selectivity and sensitivity of
the SNPs detection with the DNA Au-NPs. However, compared to the normal SNPs
detection, the amplitude for all the recorded signals was smaller. A possible reason could
be that the gold nanoparticles were located too far away from the surface to be detected.
Furthermore, the low hybridization efficiency could be caused by a steric hindrance of the
AuNPs. This results confirms that higher signal amplitudes can only be generated from

near surface reactions on the ISFET structure.
4.3.3 Impedimetric detection of the biotin/streptavidin binding

Beside the DNA detection, the project is aiming to a direct electronic detection of proteins.
As a first test, the biological reaction between biotin and streptavidin was detected with the

differential transfer functions of the ISFETs. It was previously reported that protein
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detection is very difficult and most recordings with ISFETs are not reliable (Bergveld
1991a). In this work, the biotin/streptavidin binding on the silanized gate surface was
monitored in-situ and ex-situ to display the reaction and reliability of our AC readout

system.

(a)

| —=— Omin
| —— 15min
44 —*—30min

= T | —=—45min
2 - 24 —e— 60min
{ ——75min
04 —=— before in Milli-Q 04 —2—90min
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2 -2 —— 120min
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Fig 4.44 Ex-situ (a) and in-situ (b) transfer function of the reaction between streptavidin and
biotin on the gate surface. Biotin was covalently immobilized as described in

Chapter 4.1.4.

The ex-situ experiment was done in ultrapure water before and after the reaction, while the
in-situ experiment was carried out with 1 mg/ml streptavidin in ultrapure water. As
observed in Fig 4.44a, the transfer function curves shifted to the lower frequency range
after the biotin/streptavidin binding. The binding of biotin and streptavidin caused a
thickness increase, since the streptavidin layer thickness is about 5-6nm (Piehler et al.
1996). The capacitance change of a biomolecular layer either can be caused by a change in
the dielectric constant (i.e. refractive index) or by a change of the thickness of the layer on
the biosensor surface (Berggren et al. 2001). In this experiment, the refractive index for
biotin and streptavidin can be treated the same (paragraph 3.2.3). If the density and the
dielectric constant of the layers are the same, thicker layers will lead to a smaller
capacitance. However, as shown in Fig 4.44a, the transfer function curve shifted to a lower
frequency range related to a higher capacitance. A possible reason for this might be that in
this pH value solution, the streptavidin molecule is beard negatively charged (Fernando
Patolsky et al. 2005). The attachment of charges will lead to a higher capacitance
(Landheer et al. 2005). Therefore, the superposition of both effects from these two opposite
influences is resulting in a capacitance increase (Bergveld 1991a), and the transfer function

curves shift to lower cut-off frequencies.
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Considering the larger effect from the thickness and the related capacitance by the
streptavidin, the capacitances for the biomembrane and the oxide layer were compared by

the extracted time constants.

Table 4.13 Time constants extracted from the transfer function curves in Fig 4.44a

Cmem TZ

/7, (Hz) | 1/7,(Hz) C—UV(E)
Before binding 3575 30570 13.2%
After binding 1405 11068 14.6 %

As shown in Table 4.13, the time constants were extracted form the Fig 4.44a. The
capacitance ratios of C.,/C,x were compared before and after the binding reaction. The
capacitance ratio increased from 13.2% to 14.6% after the biotin/streptavidin binding. The

capacitance of membrane increased 1.5% compared with the oxide layer capacitance.

For the biotin/streptavidin reaction, also in-situ measurements in Img/ml streptavidin
diluted in ultrapure water were carried out. The transfer functions were monitored every
fifteen minutes. For the time-dependent measurement, we observed a quick equilibrium of
the biotin-streptavidin binding in 30 minutes. In the in-situ plots (Fig 4.44b), an opposite
direction of the transfer function shift was observed that with the time elapsed. The reason
might be that the adsorption of streptavidin caused a local low resistance near the surface,
thereby increasing the cut-off frequency of the ISFET (Bergveld 1991a). This phenomenon
was previously explained by the Donnan effect (paragraph 2.2.3), which might be

responsible for the recorded signals.

In summary, the DNA hybridization and the biotin/streptavidin binding were detected with
the ISFET biosensors by the DC and AC readout. In the potentiometric, in-situ DNA
immobilization and hybridization experiments the change of gate voltage corresponded to
the covalent-binding of ssDNA and the specific hybridization process. Different
hybridization efficiency for different sequences was distinguishable in the potentiometric
measurements. However, the selectivity of these in-situ measurements was not high
enough to enable a SNP detection. With the AC readout system and in an ex-situ assay, the
SNPs were clearly detected. Furthermore, the detection of the binding of biotin and
streptavidin on the modified biosensor surface was possible. The detection mechanism

underlying the field-effect based sensing approach is still under discussion (Poghossian et
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al. 2005). However, the change of the flatband voltage in DC readout and the change of the
input impedance in AC readout are obviously caused by the biomolecules attachment. For
a clear explanation of these results, more detailed experiments need to be done in the

future.
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Chapter V Conclusion and Outlook

ISFET biosensors with a semiconductor/SiO,/electrolyte structure offered a platform for
DNA hybridization and single nucleotide polymorphisms detections. Other studies

including PEMs buildup and biotin/streptavidin binding were performed.

On the SiO; control substrates, surface modifications were carried out leading to the
covalent binding of probe ssDNA and biotin. A series of surface modification reactions
including cleaning/activation, silanization and crosslinking was successfully established,
and each step was characterized with various surface anslytical methods. These involved
Contact Angle (CA), Atomic Force Microscopy (AFM), Image Ellipsometry (IE), Fourier
Transform Infra-Red (FT-IR) and X-Ray Photoelectron Spectroscopy (XPS). The standard
surface modification was then a step-by-step protocol: firstly activation with a MeOH/HCl
mixture for 30mins, and then secondly a silanization from vapor phase at Im bar with
aminopropyltriethoxysilane (APTES). Biotin molecules were covalently immobilized on
the silanized surface directly. The biotin/streptavidin binding process was confirmed with
XPS and AFM. The third step for covalent DNA immobilization was a crosslinking
procedure, which was done with a succinic anhydride solution for 2 hours. The DNA
position-specific microarrays for hybridization detection were made by a custom-made

microspotter system. The microarray images were analyzed with fluorescence microscopy
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and the software package Image] to extract brightness values of the spots. The results
showed a higher efficiency of the DNA-DNA hybridization in higher ionic strength
solution (SSC buffer solution) and higher selectivity for SNPs detection in TE buffer
solutions. In contrast to this, the sandwich hybridization experiment was much dependent
on the ionic strength of the buffer solution, similar to the hybridization efficiency know for

free solutions.

All bioassay protocols were successfully transferred to the fully encapsulated ISFET
devices and were “mild” enough for the encapsulation material of the chips. The DNA
hybridization and the biotin/streptavidin binding were successfully detected with the
ISFET biosensors in the terms of surface potential or input impedance change of the

devices.

Before the label-free detection of the biological reactions, polyelectrolyte multilayer
systems were used as model. The recordings of the multilayer buildup in AC and DC
readouts modes offered details for the principle explanations of the signals and evidence
about the main components in the equivalent circuit simulations. In the potentiometric
readout assays, the in-situ buildup of the PEMs was monitored. The gate voltage signals
change with the alternating adsorption of the oppositely charged PEs and ssDNA/PE layer
systems. PEM systems are known to carry their total net charge at the upper
layer/electrolyte interface. The recorded results confirmed the surface charge sensitivity
and the surface enhanced detection of the ISFETs. With increasing distance away from the
surface, the charge detection of the ISFETs is exponentially decreasing. Furthermore, the
transfer functions curves of the PEMs buildup and their simulation with an equivalent
circuit provided an identification of the main elements involved in the detection. The main
parameters such as contact lane capacitance and solution resistance were firstly identified
with the conductivity measurements. The influence of a biomembrane attached to the

ISFET gate was in a first approximation modeled by a simple RC element.

In the following, probe DNA arrays and biotin were covalently immobilized on the
modified ISFET transistor surfaces. The DNA hybridization reaction and the
biotin/streptavidin binding were detected with the ISFET system in both the DC and the
AC mode. To reduce the long-term drift of the readout and exclude side effects from
temperature, pH changes, and buffer concentration changes etc., a reference chip or a

reference channel were used to perform differential readout detection. The immobilization
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of DNA in the differential potentiometric readout caused the gate voltage to decrease by
4mV. The difference of the DNA immobilization between covalent binding and
electrostatic adsorption was distinguished. It was confirmed that the covalent binding of
DNA probe molecules introduced a higher surface coverage to distinguish on the transistor
surface compared to the electrostatic immobilization. The following hybridization
experiment gave a clear signal between the PM and the FMM hybridizations. In contrast to
this, the DC readout of the in-situ assay was not selective enough to enable SNPs

detection.

Therefore, ISFETs as impedimetric biosensors with AC readout were developed in the
timefreame of this thesis. In the ex-situ AC readout, the detection solutions were optimized.
A reliable, successful recording of SNPs in low ionic strength detection solutions (0.01mM
NaCl) was achieved. However, the adding of AuNPs to the target DNA did not enhance the
selectivity of the SNPs detection. One interpretation would be that a steric hindrance
during hybridizations decreases the hybridization efficiency of these assays. Furthermore,
in-situ and ex-situ measurements of biotin/streptavidin binding reveal different effects on
the transfer function curves. First experiments with these proteins were successful, but a
deeper understanding of the effects so far can only be achieved by more experiment into

this direction in future.

So far, the measurements represented in this thesis, showed the successful label-free and
highly selective detection of SNPs and biotin/streptavidin binding with ISFET in both AC
and DC mode. The detection mechanism underlying the field-effect based sensing
approach is still under discussion (Poghossian et al. 2005). However, the change of the
flatband voltage in DC readout and the charge of the input impedance in AC readout are
obviously caused by the attachment of the biomolecules. For a clear explanation of these

results, more detailed experiment need to be done in the future.

With the development of new biosensor chips, more experiments will be performed in the
future. Optimizing the biosensor fabrication with on chip reference electrodes and fully
encapsulated biosensors, by employing microfluidics to lower volume of the target
molecule solution will increase the sensitivity of the assays. Additionally, alternative gate
materials and nanoscale biosensors are also promising for future improvements of the
sensors. More detailed Model simulations or analytical calculations will be needed to

establish a fully, equivalent circuit to explain the detection principles.
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Apart from the technological optimizations, different biological related experiments are
also very interesting for the future development. Replacing the probe DNA with peptide
nucleic acids (PNA) was recently presented in related works. PNA is made of an artificial
backbone based on a peptide chain, and the four kinds of nucleotides can attach on it. The
backbone is N-(2-aminoethyl) glycine, which carries no charge compared to the phosphate
backbone of DNA. The PNA/DNA hybridization reaction has greater affinities than the
DNA/DNA hybridization reaction. A PNA/DNA duplex with a SNP is less stable than the
same SNP in the corresponding DNA/DNA duplex. Such assays would offer an even
higher selectivity for SNP detections.

Based on the detection of the DNA hybridization and the biotin/streptavidin binding, other
biological detections of cells, microorganisms, viruses and small molecule are possible to
perform. Making use of the multi channel array design, DNA microarrays for DNA
expression profiling, studying DNA variation, chromosome structure, DNA-protein
interactions for functional exploration of genomes (Lamartine 2006) and in-situ PCR
quantification (Hou et al. 2006) were presented and may possibly be adapted to the ISFET

arrays.

Even multi probe arrays with mixed of DNA-DNA, DNA-protein, antibody-antigen
reactions etc. might be detected with the ISFET in a single assay.
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A. Fabrication of the ISFET devices

The fabrication process of the p-channel FETs used in this thesis was previously
(Offenhausser et al. 1997b; Sprossler et al. 1998). This design was further modified to
lower series resistance of the contact lanes and smaller gate dimensions (Krause et al.
2000). The 16-channel and 8-channel chips were fabricated at the Institute for

Micromechanics, Mainz, Germany.

Five lithography steps were involved to fabricate the biosensor wafer. The process started
with a strong implantation for the contact lanes and a weaker implantation for the source
and drain definition (both boron: 1% 100 keV, dose 5x10'%; 2™ 80 keV, dose 1x10'%). The
gate area was then opened and the whole wafer was passivated against the electrolyte
solution with an oxide-nitride-oxide stack (250 nm wet oxide, 130 nm LPCVD nitride and
100 nm PECVD silicon oxide). After deposition of the passivation layers, the gate was
opened for a second time and a gate oxide was formed by oxidation in dry atmosphere (10

nm Si0, at 820°C). Finally, the bond pads were metallized (250 nm Al).

The transistor arrays consisted of 16 transistor (4x4) gates or 8 gates (2x4) with the
dimensions of 5x5mm” and 2.5x5mm’, respectively. Gate dimensions were 16/8x1.1.5/2
um’ (channel LengthxWidth), respectively. The gate spacing was 200um and the gate
oxide consisted of thermally grown SiO, in three different thicknesses 8, 10, or 12 nm. The
sandwich layer of oxide-nitride-oxide (ONO) for passivation of the FET contact lanes was
found to be stable for repeated use of the devices. For the 8-channel dip-chips the Al
contacts pads were located on the opposite side of the chip, which enabled an
encapsulation such that the chips can be dipped into any solution without touching the
encapsulation material. The transconductance g,, of the FET chips range from 0.2 to 0.6

mS depending on gate size and oxide thickness.

The previously fabricated chip design was adapted to the cleanroom of the IBN at the
Research Center Juelich in the timeframe of this thesis. Basic common source design,
implantations and thickness of the passivation layer were adopted for the Juelich chip
design. The gate dimension, however, were different: 100x1, 50x1, 25x1, and 12X1um2,
respectively. The pitch of the gate array was 200 um except for the 100um design, which
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Table A1 Process flow of P-channel FETs, which were fabricatied in the IBN cleanroom at

the Research Center Juelich, Germany.
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used a pitch of 500 pm. the former Al bond pads were exchanged to a Al/Ti/Au
(200/10/100nm) metal stack to enable a flip-chip encapsulation of the devices. The process
flow of the Juelich design is provided in Table Al and the encapsulated chips are shown in

Fig A1 and Fig A2.

Fig A1 Third generation FET measurement system: A) fully encapsulated 8-channel FET
chip, B) miniaturized, 16-channel FET amplifier, C) closer view to the 2x4 FET
array (differential interference contrast microscopy (DIC)), and D) zoom to a single
FET gate with individual drain (D) and common source (S) connections (Han et al.
2006b).

Fig A2 Photography of the two previous
generations of FET biosensors also used
in this work, which were both 16-channel

FET Dbiosensors. The sizes for the

encapsulated chips are 3xlem and

7.5%2.5cm, respectively.

The ISFET biosensors encapsulation starts from ultrasonication in ethanol/acetone (1/1)
mixture to remove the protective photoresist layer from the chips. A two-component epoxy
glue (H20E-PFC, Epoxy Technology Inc., USA) was applied to fix the chips on the carrier
and the glue was cured in an oven for 30 minutes at 120°C. Afterwards, two methods of

connections between the chips and the carrier were achieved either by a front side wire
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bonding technique (first and third generations) or a flip-chip encapsulation using a screen
printer and a fineplacer unit (fineplacer 96 LAMBDA, FINTECH Gemany) (second
generation). Passivation of the bond pads or flip-chip contacts was done with epoxy
(Epo-tek U300, Polytec Inc, USA) or sylgard glue (Sylgard 96-083, DOW CORNING,
USA), respectively. The extra last step for the third generations of biosensors (8-channel

dip-chips) was a soldering of a pin connector to the backside of the carriers (Fig A1A).
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B. Summary of four generation amplifiers

In the timeframe of this thesis, the development of the amplifiers went through four

generations. The amplifiers are connected via USB cable and controlled by PC operations.

amplifier 16-channel 16/8 channel DC 16/8 channel
_ 16-channel old
version DC 2 channel AC DC/AC
ISFET
o yes yes yes yes
characteristics
sampling
1-10kHz 1Hz or10kHz 1Hz 1Hz or 10kHz
frequency
heading heating and
yes yes yes ‘
control cooling
USB 1.0
‘ ‘ USB 1.0 USB 1.0
PC interface | DAC-card in PC N1 USB 6015
N1 USB 6015 N1 USB 6015
N1 6071E
2 channels
transfer o 16 channels
. no no switching .
function ‘ ‘ (operation~30s)
(operation~4min)
2005
2003 2004 2006
(Han et al. 2006b;
year (Uslu 2003; Uslu | (Ingebrandt et . (Ingebrandt et al.
Kottuppallil 2006;
et al. 2004) al. 2005) ‘ 2006)
Sakkari 2005)
differential
no no no yes
reference
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C. Custom-made software for the ISFET detection

The different generations of measurement software were programmed in Delphi 5.0.
This software provided several functions:

1. Characterizations of an electronic chip (transfer and output characteristics, Fig A3)
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Fig A3 The transfer (upper) and output (below) characteristics of a 16-channel ISFET array

used in this work
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2. Numerical analysis of the transconductance (Fig A4).
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Fig A4 Transconductance curves of a 16-channel ISFET. Not working channels can be

deactivated like channels 11 and 15 in this example.

With a movable cursor, the working point for all the transistors can be set prior the time
dependent measurements. For 8-channel chips, the working points can be set differently for

two chips at the same time. The output data are saved in ASCII format and can be imported

1.e. to Origin (Origin 7.5 OriginLab Corporation, USA) for further analysis.
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3.

Time-dependent measurements

ot | o] o | o[ Fwd

16 dspleye | 2 dspiape | 1 cisplay |

2 4 3

Fig AS The software for the time-dependent measurements in the DC readout, and any

channel from the array can be set as reference channel enabling a differential

deactivate
o activate

20

e

[ 2

readout of the remaining channels.

4. Transfer function frequency scan

temperature to 90°C to assist the detections.

Unwanted or broken channels can be turned off.
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For the time-dependent measurements, the drain-source and gate-source voltages are fixed
and changes in the drain-source current are measured (constant voltage mode). In the
tunable time, the Y scale could be selected as the change in the terms of gate voltage, drain
current accordingly. Before the starting point of the measurements can be set as zero by
compensation with the voltage input. The gains of the displaying signal are 1%, 10%, 30X,

and 100%. During the measurements, the temperature control is precise from room

For the transfer function scan at different frequency can be performed by this software, the

output are displayed in either transconductance or amplifier output voltage values.
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Fig A6 The software for the transfer function scan in the AC readout. The 16 channels from
16-channel chip or two 8-channel chips are recorded at the same time. The frequency

range is from 10-10kHz.

5. Time-dependent frequency scan

The measurements measurement at a fixed frequency is also attained for the 16-channel
arrays. At the selected frequency in the range of 10-10KHz, the change of the

transconductance or the amplifier output voltage values with the time can be recorded.
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D. List of reagent used in this thesis

All chemicals from Sigma-Aldrich were used without further purification, and all the

oligonucleotides samples were purchased from MWG-Biotech AG, Germany.

Abbreviation Full name structure
. . . OCHZCHS
APTES (3-Aminopropyl)triethoxysilane CHacHzo,s:i — GH,CH,CH,NH,
OCH,CH,
. . . ]
AcOH Glacial acetic acid U
H,C” ~OH
EZ-Link Sulfo-NHS-LC-Biotin ,
Biotin® (sulfosuccinimidyl-6-[biotinamido]hexano | " \N/ 1 H" e
ate) : s
BSA Bovine Serum Albumin
o]
Sodium citrate Citric acid trisodium salt dihydrate q ONa  *Hz0
NaO ] ONa .H,0
o]

Cy3 Orange fluorescing Cyanine reagents [5/ HVY ;]
DPEA N,N-Diisopropylethylamine ’fj; ~
1-Ethyl-3-(3-dimethylaminopropyl) CH,
EDC Hye N N=C=N_CH; - Hal
carbodiimide hydrochloride
EDTA Ethylenediaminetetraacetic acid RothNJLOR o
H3C
GPTES (3-Glycidyloxypropyl) trimethoxysilane s|/.>/\o/\7
0 “CHj (0]
HsC

135



Appendices

@]
4-Morpholineethanesulfonic acid _ 3
MES p o N—CH, CH, —S —OH
monohydrate ©
H,O
CH,
O-xylene 1,2-Dimethylbenzene ©/CH3
Poly (allylamine hydrochloride) . Hcl
PAH (l:HQNHQ
70,000 (M.W.) — CH,CH
NaCI+KCl+Na,HPO4+
PBS Phosphate Buffered Saline Buffer
KH,PO,
Polyethylenimine
PEI <f NH CH, CH, 9—€N70H2 CH, 7)
S on
750,000 (M.W.)
Poly (sodium 4-styrensulfonate) (*CHQ Cijn
PSS
70,000 (M.W.) o
S0,” NH,
SSC buffer Sodium citrate+NaCl
20xconcentrated (3M)
Succinic Dilvdro-2. 5-furandi i
ihydro-2, 5-furandione . P
anhydride 0770
Streptavidin Streptomyces Avidinii
CsHgO7+NaOH+HCI
Titrisol ™ Standard pH solutions (pH 1-10)
H3;BO3;+NaOH+KCl
NH,
Tris Tris (hydroxymethyl) amino methane HO OH
HO

" Pierce Biotechnology, Inc., USA

" Merck KGaA, Germany
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E. Recipes for buffers and different solutions

Silanization

APTES: in liquid phase, 5% in EtOH solution (V/V)

APTES: in gas phase, pure silane was utilized

GPTES: GPTES: oxylene: N,N-Diisopropylethylamine solution 25: 222: 3 (V: V: V)
Crosslinking

Succinic anhydride: 143 mM succinic anhydride in 87% 1-methyl-2-pyrrolidone and
13% sodium borate solution (V/V) with pH 7.04

DNA Immobilization buffer solution

MES buffer: 0.1 M MES in 0.5 M NacCl solution and 10 mg/ml EDC as condensing
agent pH 7.0

Non-specific blocking solution
1% BSA in PBS
DNA Hybridization buffer solution
TE buffer: 10mM Tris, ImM EDTA pH=8.0

SSC buffer: 4xSSC buffer solution (60mM sodium citrate, 600mM sodium chloride
pH =7.0)

PE solution: 50uM in TE buffer with 0.01mM NaCl
Biotin immobilization

0.5mg/ml EZ-link Sulfo-NHS-LC-biotin in 10mM boric acid with pH 8.04
Streptavidin

Img/ml streptavidin in Milli-Q water
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AC detection solution

Different concentration NaCl solution from 0.01mM to 600mM
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F. Standard protocols used in this thesis

Silanization

Silanization in gas phase, APTES few drops under approx. Im bar for 1 hour
Crosslinking

In succinic anhydride for 2 hours and finally rinsing with Milli-Q water
DNA Immobilization

In immobilization buffer solution by overnight incubation at 37°C
Non-specific hybridization blocking

2 hours at R.T.
DNA Hybridization

In hybridization buffer solution for 2 hours at R.T., sequentially rinsed with 2xSSC,
0.1xSSC and Milli-Q water

Biotin immobilization

In 0.5mg/ml biotin in boric acid (pH=8.04) for 1 hour and rinsing with Milli-Q water
Streptavidin

In streptavidin solution (1mg/ml) for 1 hour and ringsing with Milli-Q water
PEMs

Each layer was formed by immersion in PE solution for 20 minutes and rinsing with

buffer solution
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