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Abstract

The aim of this thesis was to establish different medically relevant bioassays on
silicon nanowire field-effect transistor sensors (SiNW FET). In parallel to this
doctoral thesis with biomedical and biosensing focus, another thesis work was
done by a colleague, where new readout instruments and a circuit model
description of the SiNW FETs and the amplifiers were elaborated. The SiNW FETs
used in both thesis works were fabricated in the framework of a previous
project. The nanoelectronic SiNW FET platform has unique features, like a label-
free detection of biomolecules, an ultra-sensitive and highly specific response as
well as a fast detection of the biomolecular binding reaction within some
minutes. These beneficial attributes make this platform a promising technology
for future healthcare monitoring and, in particular, for the usage in diagnostic
applications, where a fast, sensitive, portable and early detection is very
important and can save lives.

In initial experiments, the working principle and the functionality of the SiNW
FETs were verified by pH and conductivity measurements as well as by detecting
the layer-by-layer deposition of polyelectrolyte multilayers. Afterwards, two
types of medically relevant bioassays were established on the nanowire platform
and on microsized, ion-sensitive field-effect transistors (ISFETs) as control
sensors to compare micro- to nanoscale devices. In the first bioassay, DNA
hybridization of short oligonucleotides on the sensor surfaces was detected. In
initial tests, a synthetic 20 base pair (bp) DNA sequence was used to establish a
robust assay. Afterwards, a 20 bp DNA sequence specific to Human Leukocyte
Antigen-B27 (HLA-B27) was used towards biomedically relevant experiments.
Carriers of the HLA-B27 allele have a higher risk to suffer from auto immune
diseases, such as Morbus Bechterew, Morbus Reiter and other inflammatory
disorders. In contrast to standard DNA-microarrays, which typically utilize
fluorescence of previously labeled target analytes, the detection with the SiNW
FET biosensors is direct and label-free. Therefore, electronic or electrochemical
assays reduce costs and time. Secondly, protein bioassays were performed, in
which the target protein binding to its specific antibody was measured. With
electrochemical biosensors such as SINW FETs, the detection of larger, globular



biomolecules is more difficult than the detection of short DNA sequences. In the
bioassay, the brain-derived neurotrophic factor (BDNF), which is reduced in
Alzheimer, Parkinson’s and Huntington’s disease, was detected. In the human
body, BDNF is present in serum, tears, saliva and liquor. The detection of BDNF
was done in differently concentrated phosphate buffers and in Hank’s balanced
salt solution. It was possible to measure clinically relevant concentrations with
the SINW FET biosensor. Moreover, the detected BDNF concentrations were
lower than the limit-of-detection of a commercially available ELISA kit. Besides
its higher sensitivity, the SINW FET method presented in this thesis has further
advantages compared to an ELISA assay: It is label-free so that no secondary
antibody is necessary, fully-electronic, which means it could be miniaturized and
integrated into a battery powered handheld device, and the results are available
within some minutes depending on the affinity of the binding partners. The
results obtained in this thesis indicate that the SINW FET platform has a
tremendous potential as a future point-of-care platform technology for
biomedical applications. In a biomedical company, further research was done in
highly concentrated buffer, synthetic and human serum on the nanowire-based
platform. The obtained results were promising and some of them were published
in a patent.

For the practical experiments presented in this work, the SINW FETs were
fabricated and encapsulated such that they can electronically record the
biomolecule binding at the solid-liquid interface in different liquid matrices. For
the establishment of a bioassay on the sensors, the sensor surface had to be
functionalized with a siloxane layer and modified with specific capture molecules
as a bioreceptor layer. To avoid false-positive signals, free areas of the sensor
surface were blocked with a suitable blocking agent. To verify that the
experimental procedures of the assays were stable and reliable, optical controls
were firstly established on bare glass or silicon surfaces and on non-
functionalized nanowire chips. The electronic recordings were done in two
different modes: Firstly, potentiometric DC detection was used by measuring the
transfer characteristic of the SINW FETs before and after the target binding. This
detection scheme is used by most of the research groups in the silicon nanowire
field. Upon binding of biomolecules to the SiINW FET surface, the typical shift of

the transfer characteristic was observed, which was already reported before for



ISFET and other silicon nanowire devices. The results obtained in this thesis
work indicated that the SiNW FETs function similarly to long-channel field-effect
transistor devices. Furthermore, the dimensions of the nanowires have a strong
influence on the shape of the transfer characteristic curves and, with this, also
on their sensitivity. This was not reported before in the research field. In DNA
experiments, it was shown that in thinner wires the curve was steeper than in
wider wires. The second detection method was an impedimetric AC mode, where
the transistor transfer function, i.e. the frequency bandwidth, of the SiINW FETs
was measured. The theory of the AC recording is still under discussion and latest
experimental findings are presented. The transistor transfer function in general
is the mathematical representation of the relation between the input and the
output signals of a frequency-dependent system. Biomolecular interactions at
the sensor surface lead to a change in their input impedance and, hence, to a
change in the transistor transfer function spectrum. However, the experimental
results demonstrate that various parameters have an influence on this recording
mode. In case of the microscale ISFET devices, the transistor transfer function
decreases after each biomolecule layer. This is in agreement with previously
published observations. For the SiINW FET sensors, the results were not fully
reliable, wherefore it was concluded that, besides the attachment of the
biomolecules, also the charge type, the charge density and the conformation of
the biomolecules might influence this readout mode. To derive further
information and conclusions from the results of the protein bioassay, a
multivariant data analysis was developed with the help of a custom-made
MATLAB program. In doing so, the two previously mentioned readout principles
were combined, since they can be measured simultaneously. Seven different
parameters of the DC and AC readouts were evaluated and plotted against each
other in a radar plot to allow a comparison of all variants. A classification model
consisting of various decision trees was implemented. The purpose was to
differentiate between the different experimental steps as well as between the
different concentrations. Finally, the accuracy of the classification model was
evaluated. So far, it is only feasible to verify an analyte by functionalizing the
sensor surface with specific capture molecules. However, no further information
of the target molecules, such as size, surface activity or conformation can be

derived. Therefore, the ultimate goal of this multivariant data analysis is to



create a library of various parameters in order to identify an unknown analyte
and the corresponding characteristics by means of its structure, concentration,
total charge, and charge distribution in future works.

In conclusion, this thesis work demonstrates that it is possible to detect ultra-
low concentrations of biomolecules (down to the fM regime) with the SiINW FET
platform, which make it an interesting tool in different applications areas, in
which the detection of very tiny concentrations is crucial. Because it was
possible to detect BDNF as a target molecule, which is involved in different
diseases, the SiINW FETs are a promising technology for the detection of other
analytes related to medical disorders. This could be realized by changing the
surface modification protocol of the sensors and by applying other, specific
capture molecules. In future, more experimental studies need to be performed
in human samples, such as serum, saliva or tears. It is assumed that the
sensitivity of the SiINW FETs might be reduced in body fluids due to the various
components of these liquids. However, by optimizing the surface modification
and functionalization, it is expected that the SiNW FET platform can compete
with commercially available ELISA tests or fluorescence microarrays. The
differential readout of SiINW FETs in an array format offers the possibility to
identify different target molecules, simultaneously. This property would be
beneficial to detect multiple biomarkers at the same time for panel assays using
multivariant recording with different parameters. It is well known in the
biosensor field that many novel bioassays on electronic platforms are highly
prone to false recordings caused by side influences from parameters such as
temperature, pH and ionic strength variations in the detection matrix. The here
developed method for multivariant data analysis of multiple, partly independent
transducer principles might also be expanded to include these parameters on
future multisensoric SiINW FET platforms. By this, the multivariant method offers

many promising features for future point-of-care instruments.



Nederlandse samenvatting

De doelstelling van deze thesis is de ontwikkeling van nieuwe biosensorische
analysemethoden waarbij veldeffect-transistoren op de basis van silicium-
nanodraden (SiNW-FETs) een centrale rol spelen. De fabricage van deze
nanodraden was al eerder op punt gesteld (Research Institute Jillich, Peter
Grinberg Institute) en deze thesis richt zich dan ook volledig op biomedische
applicaties, met het beschikbaar sensor-platform als vertrekpunt. Het
nanodraad-platform combineert unieke en wenselijke sensor-eigenschappen
zoals de label-vrije detectie van bio-moleculaire interacties met ultra-lage
detectielimieten en hoge specificiteit dankzij een gunstige oppervlak-volume
verhouding. Ook de responsietijden zijn betrekkelijk kort op een schaal van
slechts enkel minuten. Hierdoor zijn nanodraad-biosensoren geknipte kandidaten
voor biomedische- en diagnostische analyses die snel en nauwkeurig moeten
gebeuren, bij voorkeur zelfs in een zo vroeg mogelijk stadium van een medische
aandoening.

In pilotexperimenten werden de functie en het werkingsprincipe van de
nanodraad-transistoren gekarakteriseerd, meer bepaald met pH- en
geleidbaarheidsmetingen en studies op de zelfassemblage van polyelektrolyt
multilagen. Vervolgens werden twee assaytypes op zowel het nanodraad-
platform als op ionengevoelige veldeffect-transistoren (ISFETs) op microschaal
ontwikkeld om rechtstreeks de invioed van de grootte van de sensorelementen
te kunnen vergelijken. Het eerste assay was de elektronische uitlezing van DNA-
hybridisatie en het tweede assay richtte zich tot de detectie van proteinen met
behulp van specifieke antilichamen. In de DNA experimenten werd het
sensorprincipe eerst uitgetest met synthetische DNA- fragmenten bestaande uit
20 basenparen (bp). De ervaringen met dit modelsysteem werden nadien
toegepast op 20-bp sequenties van het humane leukocyten antigen B27 (HLA-
B27): Dragers van het HLA-B27 allel vertonen een verhoogt risico op auto-
immuunaandoeningen zoals morbus Bechterew, morbus Reiter en andere
chronische ontstekingsreacties. In tegenstelling tot de gebruikelijke DNA-
microarrays, die een beroep doen op fluorescerend gelabelde target-moleculen,

zijn SINM-FETs een rechtstreekse detectiemethode voor die geen labels
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benodigd worden. Eens op punt gesteld =zullen de elektronische en
elektrochemische analysemethoden inherente voordelen bieden, in het bijzonder
wat de tijd en kosten per analyse betreft. Bij het proteine-assay op basis van
antilichaam-antigen herkenning moet duidelijk worden gesteld dat de opsporing
van de relatief grote, sferische doelmoleculen met de SiNM-FET techniek veel
uitdagender is dan in geval van korte DNA sequenties. In onderhavig geval ging
de aandacht uit naar het neurotrofine BDNF (brain-derived neurotrophic factor)
waarvan de concentratie verlaagd is bij, onder andere, de ziektes van Alzheimer,
Parkinson en Huntington. In het lichaam is BDNF aanwezig in bloedserum,
hersen- en ruggenmergsvocht, speeksel en traanvocht. Om deze media zover
mogelijk na te bootsen werden waterige oplossingen onderzocht zoals
fosfaatbuffers met verschillende zoutconcentraties en Hanks’ gebufferde
zoutoplossing. Het is inderdaad gelukt om met het SiINM-FET platform klinisch
relevante BDNF concentraties kwantitatief te bepalen en de detectielimiet was
zelfs lager dan bij een commercieel beschikbare ELISA-test voor BDNF. Los van
de hogere gevoeligheid van de SiNM-FETs vergeleken met ELISA springen nog
bijkomende voordelen in het oog: De nieuwe methode is labelvrij, er worden
geen secundaire antilichamen gebruikt en de meting gebeurt volledig
elektronisch. Het laatste betekent dat alle componenten miniaturiseerbaar zijn
zodat ze zich gemakkelijk in een compact meetinstrument laten integreren dat
het resultaat binnen enkele minuten levert, dit in functie van de affiniteit tussen
de bindende moleculen. Hiermee is de basis voor toekomstige point-of-care
toepassingen gelegd en het principe is generisch wat betekend dat zich ook
andere merker-proteinen met dezelfde basismethode laten detecteren. In beide
assays werden de sensoroppervliakken eerst van een linker-laag van silanen
voorzien en vervolgens met selectieve receptormoleculen (ofwel enkelstreng
DNA ofwel immunoglobulines) gefunctionaliseerd. Om vals-positieve signalen
door aspecifieke adsorptie te vermijden werden de blootliggende delen van de
sensoren bovendien met een adsorptie-werende coating bedekt. Ook aan de
incapsulatie van de sensorchips met betrekking tot de vloeistofstalen en de
connectie van de chips met de meetelektronica werd uitvoerig de aandacht
besteed. Tevens werden optische referentiemetingen uitgevoerd om alle
experimentele stappen van de assays met een onaf-hankelijke methode te

verifiéren, los van de eigenlijke, elektronische sensoruitlezing.
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De opname van de elektronische signalen gebeurde in twee verschillende
meetmodes: De eerste meetmode, die in de context van nanodraadsensoren
door de meeste onderzoeksgroepen wordt gebruikt, was de potentiometrische
gelijkspanningsmeting (D.C.) op basis van de transistor-transferfunctie. Door de
binding van biomoleculen aan het sensoropperviak gebeurt een karakteristieke
verschuiving van deze transferfunctie die de stroom in functie van de gate-
spanning weergeeft en dit is zowel bij nanodraden als bij ISFETs een bekend
fenomeen. De metingen tonen nu echter ook aan dat de dimensies van de
nanodraden een sterke invioed op de vorm van deze transferfunctie hebben.
Kortere nanodraden resulteren in een hogere stijging van de transferfunctie
(hogere nauwkeurigheid) dan langere draden en dat wijst op een verhoudings-
gewijs hogere concentratie van ladingsdragers in de kortere transistor-draden.
Deze waarneming is nieuw en het effect was dan ook tot op heden nog niet
bekend. Voor analytische applicaties waarin biomoleculen geidentificeerd en
gekwantificeerd worden blijkt dit echter heel nuttig te zijn: Niet enkel de
verschuiving van de transferfunctie is een analytisch waardevolle, uitleesbare
parameter maar ook de richtingscoéfficiént aan het buigpunt van deze
transferkromme. De tweede meetmode was de impedimetrische detectie waarin
de transferfunctie van de transistoren met een wisselspanningssignaal (A.C.)
opgemeten werd. De theorie achter de A.C.-uitlezing van transistoren is op dit
ogenblik nog onderwerp van wetenschappelijke discussies en kort samengevat is
de transferfunctie een wiskundige voorstelling van het verband tussen de
ingangs- en uitgangssignalen van een frequentieafhankelijk systeem. Bio-
moleculaire interacties die aan het gate-oxide van de transistor plaatsvinden
leiden tot veranderingen in de membraan-impedantie wat zich neerslaat in een
frequentieafhankelijkheid van de transferfunctie zelf. De resultaten van ons
onderzoek wijzen duidelijk in de richting dat verschillende parameters de
gedetecteerde signalen beinvioeden: Bij de microschaal-ISFETs werd een
systematische afname van de transferfunctie met een toenemend aantal lagen
van biomoleculen vastgesteld en dit stemt overeen met de bevindingen van
gerelateerd onderzoek. In het geval van het nanodraad-platform is de situatie
echter meer complex en parameters die daarin een rol spelen zijn niet alleen de
binding van biomoleculen aan het sensoroppervlak maar ook het ladingstype, de

ladingsverdeling en de conformatie van deze moleculen. Met de bedoeling om
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nog diepgaandere informatie uit de ontwikkelde proteine-assay te winnen werd
met behulp van een Matlab programma een multivariate gegevensanalyse
ontwikkeld en toegepast. Hierbij werden de gegevens van beide meetmodes
gecombineerd omdat, per bio-assay, toch beide informaties simultaan ter
beschikking staan. In totaal werd met zeven verschillende parameters uit de
D.C.- en A.C. transistor-metingen rekening gehouden en ze werden in functie
van elkaar als radar-plots voorgesteld om hun relatief belang in te schatten.
Tenslotte werd ook de nauwkeurigheid van het assay zelf geévalueerd door
middel van een classificatiemodel met ingebouwde beslissingsstructuren.
Zodoende is het mogelijk vals positieve of vals negatieve resultaten te
identificeren wat de betrouwbaarheid van de metingen uiteraard ten goede
komt. De multivariate gegevensanalyse biedt ook bijkomende perspectieven: De
gevoeligheid van huidige assays berust op de selectiviteit van de gebruikte
receptormoleculen terwijl geen of slechts beperkte informatie wordt verkregen
over de grootte, oppervlakactiviteit en conformatie van de targetmoleculen. Op
termijn zal de multivariate analyse naar een bibliotheek van parameters leiden
waarmee zich ook onbekende targetmoleculen laten identificeren op basis van
hun structuur, concentratie, conformatie, lading en ladingsverdeling.

In conclusie toont dit werk aan dat de silicium-nanodraad veldeffect-transistoren
een krachtig platform bieden om ultra-lage concentraties van biomoleculen te
detecteren, dit zelfs tot in het femto-molaire concentratiegebied. Bijgevolg zijn
nanodraad-sensoren beloftevol voor tal van point-of-care applicaties waarin zeer
lage molecuulconcentraties gedetecteerd moeten worden zonder gebruik te
hoeven maken van fluorescerende, radioactieve of enzymatisch gelabelde
hulpstoffen. Hiervoor is echter nog bijkomende optimalisatie vereist, vooral om
de relevante bio-merkers niet enkel in buffer-oplossingen te kunnen opsporen
maar ook in patiéntenstalen met een complexe samenstelling en het risico voor
aspecifieke effecten: In toekomstig onderzoek zal langs twee routes aan deze
uitdaging gewerkt worden, namelijk ter hoogte van de biochemische
architectuur van de sensoropperviakken en ook aan de parallelle uitlezing van
verschillende sensorkanalen. Zodoende laten zich aspecifieke signalen door
differentiéle metingen compenseren en bovendien kunnen de nanodraad-assays
uitgebreid worden tot de gelijktijdige detectie van hele panels van moleculaire

bio-merkers. Hiervoor werd in deze thesis de basis gelegd.
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Chapter 1 - Introduction

Chapter 1 - Introduction

In recent years, a lot of effort was invested into the diagnosis of diseases in an
early stage so that a further progress and development can be prevented.
Moreover, numerous research groups have focused on the identification of
defects in the DNA sequence or in the protein structure. In this field, the
ultimate aim is the detection of a patient’s potential risk to suffer from a minor
or severe disease in future by the identification of the defect, which might cause
the outbreak of this disorder [1-3]. This means, a detection principle and
platform is needed with which it would be feasible to verify the mutation or
defect of interest so that any precaution can be performed to contain and
eliminate the disease or to start the medical treatment as early as possible. For
fulfilling this goal, the identification of the exact structure, assembly and working
principle in protein and DNA sequences attracted an increasing interest over the
last decades. Furthermore, considerable research effort was invested in
developing platforms for early-stage detection [4-6]. The preferred platforms to
be used for this purpose are biosensors because of their portability, specificity
and low-cost fabrication [7].

A biosensor consists of a receptor or (bio-) chemical recognition element, which
can be antibodies, antigens, cells, DNA, enzymes or even a molecular imprinted
polymer. The biorecognition reaction takes place, when an analyte binds to its
specific receptor. The transducer converts this recognition reaction into a
measurable signal. This signal can be e.g. optical, electrochemical, gravimetric,
thermal or acoustical. Afterwards, the signal reaches an amplifier which
amplifies the signal and leads it to a computer, where a direct readout can be
performed [8]. An optimized biosensor needs to fulfill several requirements: The
detection should be fast so that the user has the results within some minutes or,
in best case, some seconds. It should be specific so that only the target
molecules are measured in a solution composed of different components to
prevent false-positive results created by binding of competitive analytes. The
ideal sensor should possess a high sensitivity so that even a very low
concentration of the analyte of interest is generating a signal and, hence, can be

identified. This is important for the detection of, for example, explosives or toxic
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Chapter 1 - Introduction

substances, but also for single nucleotide polymorphisms in the DNA sequence.
Moreover, the assay should be reliable so that false-positive or false-negative
results are avoided, as described before. Besides this, the biosensor should also
be stable over a long period by preventing any degradation effects [9].
Nowadays, much progress was achieved in developing label-free readout
platforms [10-14]. With these devices, the target analyte can be directly
monitored without the need to add a labeling step, which might be time
consuming or which could influence the reaction by the label itself [15]. The
readout of the detection principle is fully electronic [16,17]. This means it is fast
and automated and the result is directly shown on a display.

Since 1970, when Piet Bergveld and coworkers introduced the ion-sensitive
field-effect transistor (ISFET) for the first time [18], this detection platform has
gained plenty of attention in terms of its application possibility as biosensor. In
the following years, they were focusing on the further development of ISFETs
[19-21]. Other groups started to use ISFET devices as well and showed that,
besides the detection of DNA [16,17,22-25], they are also usable in other
biological fields, e.g. for the detection of cellular signals [26-28], enzymes [29-
31] and proteins [32-34]. The devices offer the feasibility for a label-free, fully-
electronic readout of the molecules of interest. Moreover, the target analytes
can be detected in real-time measurements, which make this readout fast.
These features save time and money compared to conventional assays, like for
example, an ELISA assay, where time- and material-consuming labeling steps
are required.

In recent years, silicon nanowire field-effect transistors attracted considerable
attention since they possess many profitable properties compared to the
generally larger ISFET devices. Thanks to the development of nanostructured
field-effect transistors, it was possible to detect ultra-low concentrations of the
target analytes, which were reported to be in the femtomolar range. The
ultrahigh sensitivity can be explained by a high surface to volume ratio and the
size of the nanowire, which is in the range of the biomolecules which need to be
detected [35,36]. It was shown that the nanowire sensors can be used as DNA
sensors [37-40], as immunosensors [41], and as sensor arrays for extracellular
recordings [42-44]. In terms of DNA detection, SINW FETs offer the possibility

to distinguish single nucleotide polymorphisms in short oligonucleotide
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sequences [37,38,40,45]. Furthermore, it was shown that, besides their
ultrasensitivity, the field-effect devices are specific as well. This specificity can
be obtained by modifying the biosensors’ surface in such a way that only the
analyte binds to a specific capture molecule. The typically-used detection
principle is based on field-effect sensing, where the binding of the negatively or
positively charged molecules to the solid-liquid interface is influencing the
surface potential of the transistor devices. As a result, the number of charge
carriers inside of the semiconductor devices is influenced and quite often the
conductance changes of the nanowires are displayed [46-48]. In some cases,
the subthreshold region of the wires is displayed most of the time by using high-
precision semiconductor devices and wafer probe stations. In the linear
operation regime, where the drift carrier conduction is dominating over the
diffusion-based conductance the typically-used readout can be regarded as a
potentiometric mode (DC readout) in which the FET’s transfer characteristic [49-
53] and the shift in threshold-voltage of the FET devices are measured.

This thesis focuses on the biomolecular detection with silicon nanowire field-
effect transistors. The goal of this work was to establish a protein and DNA
assay on basis of the top-down fabricated silicon nanowire field-effect platform.
The obtained results are represented and discussed in this thesis. The silicon
nanowire sensors used in this work were fabricated during a previous doctoral
thesis [54]. Except of the fabrication process, all experiments and further
developments as well as the corresponding results shown in Chapter 4, 5 and 6
were done in framework of the present thesis. The nanoscaled transistors were
developed further as a biomedical platform towards clinical relevance in this
world.

Before summarizing the achieved data, a general description and overview of
the structure, assembly, working principle, function and defects of proteins and
DNA will be given in the fundamentals chapter. Besides this, some assays and
sensor platforms for the evaluation of defects or mutations in the protein and
DNA sequence will be described. Moreover, the progress in the field of field-
effect transistors, especially silicon nanowire field-effect transistors, is focused
and application possibilities are shown. The theory of the detection principle is
described in Chapter 2 as well. Finally, it is explained which advancements we

did with our silicon nanowire devices.



Chapter 1 - Introduction

In Chapter 3, the applied materials and methods are summarized, and the
fabrication of the used chips is described. The surface modification process is
explained in Chapter 3, as well as the performed DNA and protein assay. The
last part of this section is about the readout methods that were performed.

The proof-of-principle experiments as well as the results of the DNA and of the
protein experiments are demonstrated and discussed in Chapter 4, 5 and 6. For
DNA and proteins assays, the achieved data is highlighted for the potentiometric
as well as for the impedimetric readout mode.

To start with, some proof-of-principle experiments, in which pH changes,
conductivity differences and the assembly of polyelectrolyte multilayers are
measured on the nanowire platform, are presented in Chapter 4.

The results of the detection of an artificial DNA sequence are presented in
Chapter 5. For this purpose, the DNA immobilization and hybridization processes
were monitored. Furthermore, conclusions of the influence of the nanowire size
on the behavior of the transistor’s transfer characteristic are drawn. The
subchapter 5.4 is about the results of the detection of a real DNA assay, where
the immobilization and hybridization of one human leucocyte antigen gene
sequence, HLA-B 27, was measured on the microscaled ISFETs available in our
research group.

In Chapter 6, the measurements and evaluation of the protein experiments are
presented. The binding of the cytokine growth factor brain-derived neurotrophic
factor (BDNF) to its specific antibody is depicted by evaluation of the DC and AC
readout methods in this section. Furthermore, the influence of the buffer
concentration on the signal strength is discussed.

In Chapter 7, a summary of the results of all experiments is briefly given. This
includes the proof-of-principle experiments performed by measuring the change
in pH and in conductance as well as by the layer-by-layer assembly of
polyelectrolyte multilayers. However, the focus is based on the bioassays, in
which specific DNA molecules were detected and a sensitive readout of the
growth factor BDNF was developed.

To finalize this thesis, a conclusion and a short outlook will be given as last
chapter, in which all achieved progresses but also drawbacks of the sensor
platform are summarized. Moreover, future perspectives concerning

improvements and application possibilities of the system are depicted.
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Chapter 2 - Fundamentals

2.1 Proteins

2.1.1 Structure and assembly

Proteins are small or big macromolecules with either mainly hydrophilic, or
mainly lipophilic characteristics. They can exist as single unit or as part of a
bigger compound. Depending on their function and composition, their shape can
be either rigid or flexible [55]. Proteins consist of more than hundred L-amino
acids, whereas polypeptides are composed of up to 100 amino acids. The
sequence of the amino acids determines the structure, folding and the function
of a protein. In general, each amino acid has the same main structure: A
hydrogen atom, an amino group, a carboxyl group and a side chain, which are
bound to a central carbon atom. There are 20 different amino acids in nature,
which are used by living cells and organisms. Among them, there are eight
essential amino acids, which cannot be built by the human body itself and which
have to be applied by nourishments. These essential amino acids are isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine. In
Figure 1, an overview of the essential amino acids is displayed. Moreover, twelve
unessential amino acids exist which can be synthesized by the human body
itself. The unessential amino acids are alanine, arginine, aspartate, cysteine,
glutamate, glutamine, glycine, histidine, proline, serine, tyrosine and
asparagine. A schematic of the unessential amino acids is shown in Figure 2.
Depending on their side chain, the 20 amino acids can be classified into different

groups with characteristic physicochemical properties:

1. Nonpolar, hydrophobic (alanine, glycine, isoleucine, leucine, proline,
valine)

2. polar, neutral (asparagine, cysteine, glutamine, methionine, serine,
threonine)

3. aromatic (phenylalanine, tryptophan, tyrosine)
basic (arginine, histidine, lysine)
acidic (aspartic acid/aspartate, glutamic acid/glutamate) [56].

5
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These amino acids are assembled to polypeptides by forming peptide bonds. The
sequence of the amino acids is unique for every protein and specified by the
genetic code [56].
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CH3 CHs
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Figure 1: The eight essential amino acids.
In this figure, an overview of the eight essential amino acids is given. The figure was
adapted from [57].

According to their sequence, the amino acid compounds are folded inside the cell
to a specific three-dimensional structure. The structure of all amino acids can be
divided in primary, secondary and tertiary structure. The primary structure is
the lowest structure in a protein where a peptide bond is created between the
amino group of the « -carbon atom of one amino acid and the carboxyl group of
the neighboring amino acid so that polypeptide chains are built up. The amino
end of the sequence is considered as the starting point of the primary structure
whereas the carboxyl group represents the end of the chain. In proteins, several
peptide bonds of different amino acids can assemble to one complex in a specific
spatial arrangement which is called quaternary structure. The secondary
structure is the folding of the amino acid sequence, i.e. peptide chains, to a
defined structure. Besides the amino acid sequence, hydrogen bonds are
responsible for the secondary structure as well [57]. The secondary structure
has different forms of appearance. There are the « -helix, B-sheet, loops and

6
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hairpin bend secondary structures.

Mostly,

o -helix and B-sheet can be

observed. The « -helix has a spiral shape and can be right- or left-handed.
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Figure 2: Overview of the twelve unessential amino acids.
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In this figure, the twelve unessential amino acids are displayed. This figure was adapted

from [57].

In most cases, the helix is right-handed because this is the energetic more

advantageous condition. Inside an « -helix, the carboxyl group of every first

amino acid forms a hydrogen bond with the amino group of every fifth amino

acid (Figure 3 a). The shape of a B-sheet can be compared with an accordion

(Figure 3 b) [57]: Due to hydrogen bonds of at least two amino acid strands, a

parallel or anti-parallel B-sheet is formed. If more than 2 strands are building a

B-sheet, the parallel and anti-parallel formation can be mixed. Loops show a
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non-regular, but well-defined, rigid structure. Hairpin bends are more periodic
and are characterized by multiple changes of direction. Once more, this
structure is caused by hydrogen bonds between amino and carboxyl groups.
Loops and hairpin bends are influencing the possible interactions at the surface
of a protein. The tertiary structure is caused by three-dimensional folding of the

secondary structure (Figure 3 c) [57].
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Figure 3: Secondary and tertiary protein structure.

In (a) and (b), the o -helix and B-sheet are represented, respectively. Both belong to the
secondary structure of the protein assembly. In (c), the tertiary structure is depicted. The
picture was taken from [57].

In aqueous solutions, the polar (charged) parts of the strands are building the
outer part of the tertiary structure whereas the uncharged parts are located in
the inside of the structure [58]. Covalent and non-covalent bounds are shaping
the tertiary structure. This includes the covalent disulfide bonds as well as the
non-covalent hydrogen, ionic, van-der-Waals and hydrophobic bonds. The
quaternary structure is formed due to the aggregation of several tertiary
structures [57]. The simplest version is the assembly of two polypeptide chains
to a dimer. Depending on their surface composition, different molecules can
interact with the folded proteins. Due to binding of specific molecules, the
protein conformation is changed [55]. The composition and a correct folding are
assumed to contribute to the proper function of a protein. In the next
subsection, some protein functions are briefly described.

2.1.2 Functions of proteins

Due to different amino acid sequence and different folding, there are many
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proteins in the human body with varying structures and, hence, various
functions. All proteins play a crucial role in the human body. The function of a
protein is activated by phosphorylation by the enzyme kinase and inactivated by
the enzyme phosphatase due to dephosphorylation [55]. A transferase enzyme
causes a change in protein confirmation right after translation. The
dephosphorylation is performed in a post-translational process to obtain the
original confirmation of the protein [55]. Except for some RNA-molecules, all
enzymes are proteins and involved in biochemical reactions. As catalysts, they
speed up biochemical reactions by decreasing the activation energy.
Furthermore, they can promote non-spontaneous reaction by coupling a reaction
that releases energy with a reaction that needs energy [59]. Enzymes always
bind specifically to their substrate according to the so-called key-lock principle
[60]. This binding is non-covalent via hydrogen bonds, van-der-Waals bonds and
hydrophobic interactions and leads to a change in conformation of the protein
[60]. They control and influence the transport of different metabolites, act as
catalysts, have functions in the neuronal system, such as the transfer of
impulses, control of differentiation and growth, and, as antibodies, they are
responsible for the immune response [58]. Structural proteins, like collagen, are
another protein group. Collagen is part of the bones, skin and connective tissue.
Actin and myosin contribute to cell movement (muscle contraction, locomotion,
division) [55,60]. Intermediate filaments are strong fibers which are
architectural elements inside the cell. Microtubules influence the cytoplasm
structure and the distribution of organelles. Furthermore, they can also be
involved in the cell division process in which they create the mitotic spindle [55].
Cell membrane proteins are involved in transport and signal distribution.
Moreover, they also act as enzymes and receptors. Metabolites are transported
via channel proteins from the inside to the outside of the cell or from the cell
outside to the inside. Other proteins are responsible for the transport of their
specific analyte through the blood to the target organ or target cell [55,60]. The
signal distribution is done by receptors which reversibly bind specific ligands
[59]. This leads to conformation change of the protein which causes the
development of a signal [59]. Regulatory proteins bind to the specific metabolite
and change their function [60]. As part of the immune system, proteins also

have a protective function. This is just a brief overview of the protein functions.
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Of course, there are other tasks, the proteins need to fulfill. All of these
functions can be affected by a change in the amino acid sequence, which can
cause severe defects. Some defects in the protein structure and the

accompanying symptoms are presented in the next chapter.

2.1.3 Defects in proteins

A defect in the amino acid sequence or in the folding of a protein may lead to
serious consequences. One disease related to a defect in the amino acid
sequence is the cystic fibrosis (mucoviscidosis) [61]. Cystic fibrosis is triggered
by different mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR), an epithelial transport protein [61]. The overall function of
CFTR is still under discussion but it is assumed to be a chloride channel. Cystic
fibrosis can be caused by two defects: It is reasoned by either a loss of one
amino acid or by an exchange of an amino acid for another one. The disease
induces an increase in secretion of the intestine, lungs, liver, genital tract,
pancreas, nasal mucosa and the perspiratory glands. The mucus is thickened
because of a higher resorption of sodium ions and water. The breathing is
complicated due to the thickened mucus and the possibility for infections is
much higher [61]. The Lyme borreliosis is an example for a disease in which the
immune system, represented by antibodies, is involved. The borrelia burgdorferi
bacteria are responsible for borreliosis [62], which is also known as Lyme
disease. Ticks are the carrier of borrelia burgdorferi bacteria and, hence, of
Lyme borreliosis [62]. If the tick has chosen a host, which can be animals or
humans, it penetrates with its mandibles the skin of the victim and starts to
suck the host’s blood. During blood sucking, borrelia bacteria can be transferred
from the gut of the tick to the host. As soon as the tick is full of blood, it drops
off. After two to four weeks or even a longer latency period, the immune system
begins to produce antibodies against the borrelia. A typical clinical manifestation
of the disease is the Erythema migrans, a migrant redness of the skin [63]. The
redness of the skin is not the only clinical manifestation of the disease which is
associated with a wide spectrum of symptoms. In general, three stages with
certain guiding symptoms can be distinguished. This can be fever, headache and
other flu symptoms in stage one, neurological disorders and intense pain in

stage two [62] and arthritis or even mental degeneration in the third stage
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[63,64]. If the infection with borreliosis is recognized in an early stage, it can be
treated with antibiotics. Otherwise it can become chronic and the probability of
neurodegeneration increases [65]. The disease can be verified, for example, by
the detection of IgG antibodies against borrelia burgdorferi [62] or by PCR
(polymerase chain reaction), in which the bacteria DNA has to be amplified and
detected. For PCR detection, blood, cerebrospinal fluid, urine, skin and synovial
fluid can be used as sample material [64,66].

In the framework of this thesis, the cytokine BDNF (brain-derived neurotrophic
factor) was used for the antibody-antigen experiments. BDNF is an endogenous
protein [67] which belongs to the family of nerve growth factors (NGF) [68]. It
has a molecular weight of 27.818 kDa and can be detected in very small
amounts in the adult central nervous system. Moreover, it was verified in serum,
tears [69], liquor [70] and saliva [71,72]. The specific receptors for the BDNF
protein are the tropomyosin related kinase B (TrkB) [73] and the low affinity
nerve growth factor receptor (LNGFR) [74,75]. In contrast to the Trk receptors,
the function of LNGFR is not completely examined yet. Among other factors,
BDNF is responsible for the neuronal function and the plasticity of synapses
[67]. As shown before, the factor also influences the survival of neural, crest-
derived sensory neurons, of sensory neurons of the nodose ganglion, of cultured
retinal ganglion cells, of septal cholinergic neurons in vitro and the survival of
dopaminergic neurons as well as neuronal cells which degenerate in Parkinson’s
disease [68]. Parkinson’s disease is a combination of different symptoms. They
range from movement dysfunction, like tremor and rigidity, cognitive
impairments, e.g. dementia and psychosis, to mood disorders, which are, for
example, depression and anxiety. Further manifestations might be insomnia and
other sleep disorders, autonomic disorders, pain as well as sensory dysfunctions
[76,77]. Besides Parkinson’s disease, there are several diseases related to a
decreased concentration of BDNF in the nervous system [78]. A modified BDNF
level is related to Huntington’s disease. Huntington is a neurodegenerative
disorder where the neurons in the striatum and cerebral cortex are degenerated.
The Huntington disease gene, huntingtin, which normally stimulates the
production of BDNF, is mutated in Huntington’s diseases. It was demonstrated
that the wild-type huntingtin enhances the production of BDNF. Furthermore,

Zuccato et al. showed in a mouse model that a lower level of BDNF messenger
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in the cortex is in correlation with the progression of Huntington’s disease
[79,80]. The symptoms of this disease can be divided in three different main
types. Mental and behavioral disorders, mostly manifested in depressions,
belong to the first group. The second type is related to cognitive impairments
with reduced intellectual abilities, like decreased learning and thinking aptitudes.
The last kind can be summarized as neurological disorders with unintentional
movements and restrictions in voluntary movements [81,82].

In Alzheimer disease, the concentration of BDNF mRNA is decreased [83,84] due
to a structural change of either the BDNF itself or of the BDNF receptor [85].

The diseases can be divided into 3 stages:

1. In the early phase, the patients are powerless. This results in a reduced
learning and reaction ability as well as slowed down thinking and
speaking processes. These symptoms are often not noticed by other
people and the patient himself.

2. The middle stage, in which known people are hardly recognized, is
accompanied by the loss of independence leading to the incapability to
solve complicated situations.

3. In the late-stage, the long-term memory is affected. Known people are
not recognized at all and the patients need to be under care for the
whole day. Due to a reduced immune system, the patients die of

pneumonia or other inflammations [86].

In their study, Laske et al. compared how the BDNF concentration is changed in
different stages of Alzheimer’s diseases [67]. They were able to show that the
BDNF level was increased for patients suffering from early-state Alzheimer’s
disease compared to patients in a more progressed clinical picture. They claimed
this to be a compensatory repair effect. In a more advanced and severe stadium
of Alzheimer’s disease, the BDNF was reduced. Moreover, they suggest that the
BDNF serum level could be used as indicator for the progressing of the

neurodegenerative disease [67].
2.1.4 Antibodies and antigens

Antibodies are glycoproteins and an important part of the immune system. They

are also known as immunoglobulins. All antibodies possess an IgG Y-shape
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appearance and consist of oligomers with two identical heavy (50 kDa) and two
identical light (24 kDa) polypeptide chains. The light chains can be divided in k-
and A-chains, which have both the same function [57]. Heavy as well as light
chains are connected via disulfide bonds and non-covalent bonds. They possess
a variable region with identical length and a constant region which is three times
longer for heavy chains in comparison to the light ones [87]. The constant
region of the heavy chains is also known as Fc region which is the effector site. F
stands for fragment, whereas there are different meanings for the c in literature,
either for complement binding [87] or for crystallizable since it crystallizes in
vitro according to [57]. The Fab fragment (Fab = antigen binding fragment) is a
specific part of the variable chains to which the antigens bind. There are two Fab
fragments, to which the antigens can bind. In Figure 4, a schematic of the

structure of an antibody can be seen.
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Figure 4: Schematic of the antibody structure.

In this figure, the components of an antibody can be seen. The general structure of all
antibodies is the same. There are slight differences in the heavy chains, which make it
possible to differentiate between the various antibodies. The figure was adapted from
[57].

Besides the conventional antibodies, which consist of two light and two heavy
chains, so-called heavy-chain antibodies, composed of only two heavy chains,
exist. Since their discovery in 1993 by Hamers et al. [88], they have only been
found in camelids (e.g. camel, llama) and cartilaginous fish (e.g. shark, ray)
[89]. In contrast to the conventional antibody, in which the light and heavy
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chains are part of the antigen-antibody binding site, this site is formed by solely
one domain of the heavy chains [90]. One group of heavy-chain antibody is the
single-domain antibody or nanobody. Nanobodies are antibody fragments and
the smallest naturally appearing antibody [91]. With a molecular weight of about
15 kDa, they are about ten times lighter than a normal antibody. Nevertheless,
they can still bind antibody via a specific binding site [92]. The single-domain
antibodies own a similar structure as the variable domain of the human heavy
chain, show a low toxicity and a high stability [93]. These characteristics make
them a promising candidate for biomedical applications [91,93]. There are five
different immunoglobulin classes in total. They are almost similar in structure
and can be distinguished by their heavy chains which are presented in different
isoforms and, hence, own different functions. The constant region of the light
chains can be distinguished in either A- or k-type [87]. The differentiation of the
immunoglobulins is done according to their heavy chains. The isoform and the
corresponding heavy chains are: IgA (« -chain), IgD (8-chain), IgE (e-chain),
IgG (y-chain) and IgM (u-chain) [94]. IgG and IgA can further be divided in the
subclasses IgG; - IgG, and IgA; - IgA,, respectively [57]. There are monomeric
immunoglobulins, which only consist of one antibody structure, dimeric
immunoglobulins, assembled of two antibody structures and pentameric

immunoglobulins, made of five antibodies. A schematic overview is given in

Y =

Figure 5: Schematic overview of a monomeric (left), dimeric (middle) and

Figure 5.

pentamer antibody (right).
IgD, IgE and IgG are monomers, which are varying in the structure of their heavy chains.
IgA is mostly represented in the dimeric form, whereas IgM can be found as pentamer

The figure was adapted from [57].

In the following part, the most important characteristics and functions of the

immune-globulins will be summarized briefly: IgG is the smallest antibody
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(150 kDa) and displays a monomeric structure. Since it possesses an active
transport mechanism, it is the only antibody which can pass the placental barrier
and, hence, it is the first antibody available in the fetus. Regarding the total
amount of antibodies in the human blood, the concentration of IgG is the highest
[57]. It is produced in the late-stage of the primary immune reaction and
typically presented during the secondary immune reaction. If IgG can be
detected in a patient’s blood, this indicates that either a vaccination has been
done or an infection has taken placed [94]. IgM indicates an acute infection
since it is the first immunoglobulin produced in the primary immune reaction. A
single IgM molecule is able to start the whole cascade of the complement
system, whereas the binding of two IgG molecules is needed to activate the
same process. The IgM class represents the antibodies of the blood group
system. This is caused by the early-stage production of IgM. The IgM isoform
has a pentamer structure composed by the assembly of five individual IgM
molecules. The pentamer structure is stabilized via polypeptide bonds, the so-
called J-chains (J = joining). All IgM molecules of a pentamer are directed
against the same epitope of an antigen but possess a low binding affinity. Since
the bound antigen is only removed from the IgM when all five antibodies detach
from their antigen, the pentamer possesses a high binding strength [94]. The
serum concentration of IgE is increased due to an allergic reaction. IgE bind to
receptors of mast cells, eosinophil and basophil granulocytes [94]. IgE belongs
to the monomeric antibodies. IgA exists as mono- and dimer [94]. Even though,
IgG is the quantitative predominating immunoglobulin in serum, IgA represents
the mostly produced antibody. However in contrast to IgG and IgM, only a low
amount of IgA is present in serum since most of it is ingested via endocytosis by
epithelial cell [57]. The function of the monomer IgD is still not verified. Similar
to IgM, it is located at the surface of native B-cells [94]. Besides the subdivision
into five immunoglobulin classes, a distinction between regular and irregular
antibodies can be done. Regular antibodies, also known as neutral antibodies,
belong to the IgM type. They are part of the ABO blood group system and
presented in the blood even without ever having any antigen contact. This type
of antibodies needs to be identified before a blood transfusion to avoid
incompatibilities. Irregular antibodies are built by plasma cells when exogenous

substances, the antigens, are recognized inside the human body by the receptor
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domains of B-lymphocytes [57], whereby a B-lymphocyte and its progenies
always produce the same kind of antibody [87]. Antibodies bind specifically to
an antigen via the key-lock principle. In doing so, the paratope of the antibody
connects to the adhesion site of the antigen, which is also called epitope [87].
The antibody-antigen complex is detected and disassembled by proteases and
enzymes after endocytosis into lymphocytes [95], which are the immunological
memory of the immunosystem. The lymphocytes possess the ability to produce
antibodies against the specific antigens even years after the first infection.
Antibodies which are naturally developed during the immune response are called
polyclonal antibodies. They are produced by different types of plasma cells and
have a slightly different structural sequence. Therefore, they recognize different
epitopes of one antigen. In contrast to this, monoclonal antibodies are artificial
and synthesized in the laboratory. They are produced by identical cells and only
specific to one epitope [87]. The advantage of monoclonal antibodies is that
their reaction is more specific and, in consequence, more selective. Therefore,
they are often and preferably used in Enzyme-linked Immunosorbent Assays

(ELISA) and other immunoassays.

2.2 DNA

2.2.1 Structure and assembly

The DNA (deoxyribonucleic acid) molecule is made of 2 antiparallel strands. Each
strand consists of a random order of different nucleotides. There are four

different nucleotides in total which are built up of:

A pentose sugar (2'-desoxyribose)

2. Either one of the purine bases, adenine or guanine, or one of the
pyrimidine bases, cytosine and thymine. Both purine and pyrimidine
bases are aromatic bases.

3. A phosphate group [96].

One of the bases bind with the pentose sugar to a complex called nucleoside.
Since there are four bases, four different nucleosides can be built up. They are
named adenosine, cytidine, guanosine and thymidine. Apart from the DNA, the

ribonucleic acid (RNA) exists, which is responsible for the translation of the
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genetic information in proteins. In principal, the DNA and RNA have the same
structural assembly. There are only a few differences: In the RNA, thymidine is
replaced by uracil. Moreover, it consists of a single strand and is made of the

pentose sugar ribose [97]. In Figure 6, the assembly of a DNA strand is

presented [97].
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Figure 6: Composition and binding of the four nucleotides.

This figure shows the four different nucleotides, thymine, adenine, cytosine and guanine,
of which a DNA strand is composed. The 5’-phosphate end as well as the 3’-hydroxyl end
can be seen. The nucleotides are composed of a phosphate group, a pentose sugar and a
purine or pyrimidine base. The figure was taken from [98].

The phosphate groups are pointing towards the outside of the DNA molecule and
are building up the negatively charged backbone of the DNA strand. The
pyrimidine and purine bases are located at the inside and, hence, shielded from
any modifications or changes [98]. The B-N-glycosidic bonds can be rotated so
that a change in conformation is achieved. The phosphate group is bound to the
5’-carbon atom of the pentose and connects the carbon atom of one nucleotide
with the 3’-carbon atom of the proximate sugar due to a 3’-5’-phosphodiester
bond. A polynucleotide results in consequence. The DNA single-strand is polar
[98] due to a negatively charged single phosphate at the 5’-end of the
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polynucleotide and a hydroxyl group at the 3’-end [96]. The exact order of the
nucleotides within the DNA can be identified with help of DNA sequencing. The
goal of the Human Genome Project is to determine the precise sequence of
every human chromosome [99]. One platform for doing the DNA sequencing is
the DNA microarray which is described in Chapter 2.3.3.

2.2.2 Hybridization and denaturation

The aggregation of two single-stranded DNA sequences to a double-strand is
called hybridization. The hybridization is performed antiparallel, which means
that the first strand proceeds in 5’23’ direction and the second strand in 3'>5’
direction [96]. The double-stranded DNA is curled to a helix, which is
comparable to the « -helix of the secondary structure of proteins. Inside the
double strand, adenine and thymine as well as guanine and cytosine are
complementary bound via hydrogen bonds and form base pairs [96]. These
hydrogen bonds are formed between the hydrogen atom of the amino groups
and the nitrogen atom of the carboxyl groups. Two hydrogen bonds are formed
between adenine and thymine and three hydrogen bonds between cytosine and
guanine. Furthermore, the DNA is stabilized by 7z — 7z interactions between
neighboring bases (base stacking). Mainly, the DNA helix is right-handed and,
then, termed B-DNA. Approximately, 10.5 base pairs are forming one right-
handed helical turn with a length of about 3.4 nm (= 34 A) and a width of about
2 nm (= 20 A) [98]. The helix surface of the B-DNA possesses a major and a
minor groove. Besides the B-DNA, another right-handed DNA, the A-DNA, exists.
The difference between these two right-handed DNA versions is that the bases
are more tilted in the A-DNA than in the B-DNA and that the grooves are not
that deep. In Figure 7, a schematic of the DNA double helix is shown. In addition
to the natural right-handed B-DNA, there is also a left-handed DNA, the Z-DNA.
C-, D- and T-DNA are other DNA structures which can be distinguished because
of specific numbers in base pairs which build one helical turn [98]. The
disassembly process of the DNA double-strand into two single-strands is called
denaturation where the hydrogen bonds between two complementary bases are
cut. It can be initiated by heating, in highly basic or acidic solutions and in
distilled water. Acids and bases prevent the building of hydrogen bonds by
protonation or deprotonation, respectively. The adequate temperature for
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denaturation is the melting temperature (T,,). Per definition, 50 % of the DNA
molecules are separated into single strands at that temperature, which depends
on the structure and length of the DNA and is influenced by the salt
concentration of the surrounding electrolyte as well. In general, it can be said
that the melting temperature is depending on the number of guanine-cytosine
pairsin the DNA.
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Figure 7: The B-DNA double-strand.
This picture shows a B-DNA double-strand. The minor and the major grooves of the DNA
double helix are depicted, too. The picture was taken from [98].

Solutions with high ionic concentrations stabilize the DNA since counterions
inside the electrolyte solution shield the electrostatic repulsion between the
negatively charged phosphate groups. Two single-stranded DNA strands can be
assembled again by stepwise decreasing of the temperature below T.. This
process is called renaturation, reannealing or hybridization [98]. In the next
subchapter, the misassembly of base pairs between two hybridized single-

strands and its consequences are highlighted.

2.2.3 DNA mutation

A lot of diseases are caused by the assembly of wrong base pairs when guanine

is inserted instead of adenine or cytosine instead of thymine. Several types of
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mutation exist which will be briefly described in the following part.

Point mutations change the reading frame of the DNA sequence. They can cause
either a deletion of a base or insertion of an additional base into the DNA strand.
However, there are also mutations were the reading frame stays constant. In
case of transversion, a purine is inserted instead of a pyrimidine or a pyrimidine
instead of a purine. The process of replacing a purine by a purine or a pyrimidine
by a pyrimidine is known as transition or substitution. If transition or
transversion results in the exchange of one amino acid against another, this is
called a missense mutation. Nonsense mutations are mutations, in which the
base changes the reading frame such that a stop codon is created. In silent or
neutral mutations, the amino acid stays constant even though a base is
modified. In case that a stop codon is encoded as an amino acid, this is called
readthrough mutation [100].

The sickle-cell anaemia is an example for a point mutation. Due to transversion,
an adenine is exchanged against a thymine at a certain point in the gene
sequence. In consequence, the insertion of the amino acid valine results instead
of glutamic acid [101]. The sickle-cell anaemia is transmitted autosomal
recessive which means that both healthy parents are carrier of one sickle-cell
allele and pass this defect allele to their common child who finally suffers from
the disease [102]. The affected gene controls the synthesis of normal
hemoglobin. If the gene sequence is changed, the structure of hemoglobin is
mutated, too. This leads to the building of an abnormal hemoglobin S (S for
sickle-cell) and crystallization inside the red blood cells (erythrocytes) [101].
The crystallization induces a growing of the polymer nucleus which leads to a
deformation (sickle-shaping) of the erythrocytes and which initiates dehydration
of cells. This is accompanied by oxidative and physical cellular stress. Moreover,
the deformed shape of the blood cells may cause obstruction of capillaries and,
therefore, ischaemia [103]. The sickle-cell anaemia is widely-spread in countries
where malaria occurs, e.g. Africa. This can be explained by the fact that patients
with one sickle-cell anaemia gene (heterozygote carriers) possess some
resistance to malaria in contrast to homozygote carriers who mostly decease

because of malaria [104].
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2.2.4 HLA-B27

The Human Leukocyte Antigen-B 27 (HLA-B27; B = isotype, 27 =variant) is a
membrane-associated glycoprotein of the major histocompatibility complex class
1 and is encoded by the HLA-B27 gene. In total, more than 100 subtypes of this
gene are classified [105]. The glycoprotein is located on every nucleated cell and
controls the T-cell mediated immune reaction: It possesses a special affinity to
viral antigens and, hence, affects an effective immune reaction against the
presented viruses [105]. It was shown that the progression to AIDS of HIV
infected patients carrying the hereditary characteristic of the HLA-B27 allele is
significantly delayed [105-107]. In contrast to that, people with the HLA-B27
allele have a higher risk for certain auto immune disease even though the
absolute percentage of suffering from one of those diseases is quite low. An
example is the spondylarthritis, Morbus Bechterew, a chronic inflammation of
the vertebral column where the body’s own cells are affected by the immune
system [108,109]. In the late-stage, the vertebral column can get stiff and the
organs can be influenced as well. Only 6-7 % of the allele carriers are affected
by Morbus Bechterew, but 90 % of Morbus Bechterew patients carry the HLA-
B27 gene [110]. Morbus Bechterew can be treated with painkillers,
physiotherapy, surgery of a stiffening of the vertebral column [109]. Other HLA-
B27 related diseases are:

e Morbus Reiter a combination of the triad arthritis, urethritis
(inflammation of the urethra) and conjunctivitis (inflammation of the
conjunctiva) [111].

e Psoriatic arthritis an inflammation of the joints, especially of hands and
feet, and of the vertebral column accompanied with psoriasis of the skin
[112].

e Juvenile idiopathic arthritis an inflammation manifested before the age
of 16. Symptoms are similar to the symptoms described for the other
HLA-B27 related arthritis [113,114].

e Uveitis an inflammation of the uvea [105,115,116].

e Iritis an inflammation of the iris [105].

e Iridocyclitis an inflammation of the eye’s vitreous cavity [105].

e Schizophrenia [117].
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The typification of HLA needs to be performed before transplantations of bone
marrow, stem cells and organs to identify if donor and recipient are matching or
not [118-120]. Morishima et al. showed in 2002 that a mismatch in HLA-A and -
B leads to a drastically higher amount of transplantation failure [121].

2.3 Overview of protein and DNA detection platforms

In the last decades, the possibility of early-stage detection attracted a lot of
attention. If the disease is determined in an early phase, there is the feasibility
for an early treatment to prevent proliferation of infections or to avoid the
inheritance of mutations to the next generation. A better control of the patient 's
condition is possible. Furthermore, an early application of pharmaceuticals may
improve the state of health. A couple of diagnostic tools are available on the
market for the detection of immune effects. There are immunoassays, protein
microarrays and immunosensors. These platforms rely on the highly specific
binding between antibody and antigen. For the detection DNA molecules, DNA-
microarrays and DNA-sensors which monitor the hybridization between two
complementary single-stranded DNA sequences are applied. There are some
requirements for the systems used for the disease detection. The detection
sensitivity should be as high as possible so that even a very low concentration of
analyte can be detected. This also requires that the signal-to-noise-ratio is very
good. The specificity of the test system has to be high to avoid false positive
results and the amount of non-specific bindings has to be reduced to a
minimum. The evaluation of the results should be as fast as possible to save
time and, therefore, costs. A good diagnostic tool must be stable and reliable
under different conditions to avoid variations in results. To allow detection of
different diseases, the feasibility to immobilize cells, bacteria and different
biomolecules, such as DNA or antibodies, on the surface of the biomedical
platform should be given. A cheap fabrication and easy handling of the sensor
are other aims. A label-free measurement with a fully electronic read-out is
aspired to save costs and to make the system much easier to use. As described
by G. A. Urban and coworkers [122], the detection of proteins by microarrays or
immunoassays/-sensors is not as easy as with DNA. One reason is that the
proteins can interact with other molecules not only with the immobilized capture
molecule. Another reason is the different levels of structure within a protein.
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Since there is a primary, secondary, tertiary and quaternary structure, the
amino acid sequence does not provide enough information to determine a highly
specific capture molecule [122]. Furthermore, the immobilization of antibodies
to the device surface is not simple because it is possible that the antibody does
not immobilize with its Fc-region to the surface, but with its Fab region at which
usually the antigens are bound. There are many approaches to solve and
overcome this problem and these concepts are reviewed by Lu et al. [123]. In
this work, just a brief overview of detection platforms for antibodies and DNA

sequence will be given.

2.3.1 Immunoassays

As mentioned before, immunoassays are based on the reaction between
antibodies and antigens. They are widely spread and are applied for nhumerous
different bioanalytical tests. Immunoassays with sensitivities up to zeptomole
regimes were reported in [124]. In general, four kinds of immunoassays can be
distinguished due to different labeling [122]:

Enzyme immunoassay
Enzyme-linked immunosorbent assay (ELISA)

Fluorescence immunoassay

bR

Radioimmunoassay

To perform enzyme immunoassays, enzymes have to be bound covalently to an
antibody or antigen. Such enzymes can be e.g. horseradish peroxidase or
alkaline phosphatase. The enzyme-labeled capture molecule binds to a specific
target molecule. The binding between capture and target molecules leads to a
signal which can be measured in three different ways: The first way is
colorimetry where the signal is represented via a color reaction. This color
reaction is proportional to the amount of bound target molecule and can be
determined with a spectrophotometer. Sensitivities comparable with
radioimmunoassay are only achieved in very few experiments. The second type
is the fluorometry. The capture molecule can be directly marked with a
fluorescent dye or an applied substrate is transformed into a fluorescent end-
product. The fluorescent signal is measured by a fluorometer. The sensitivity of

fluorometry is several times higher than for colorimetry. The third way to
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measure the signal of an enzyme immunoassay is the chemiluminescence where
luminescent molecules are applied which emit electromagnetic radiation in form
of visible light. The chemiluminescence is triggered by a chemical reaction and
detected by a luminometer. With luminescence, a sensitivity even better than
with radioactive or fluorometric immunoassays can be obtained [124]. Enzyme
immunoassays are used in endocrinology for the detection of hormones like
estrogens, for evaluation of IgG, IgM, IgE in immunopathology, in microbiology
and parasitology [125]. The enzyme-linked immunosorbent assay or shortly
ELISA can be divided in two different methods. The first one is the sandwich
ELISA which can be direct or indirect. For the direct ELISA, the capture antibody
is immobilized on a microtitre plane. Then the test solution is added. If the
solution contains specific antigens, these antigens bind to the antibodies. After
having washed away unspecifically bound molecules, an enzyme-labeled
antibody (detection antibody) is added and it binds to the antigen, too. In the
indirect sandwich ELISA, antigens bind to the antibody immobilized on the
microtitre plane. Once more, unspecific bound antibodies are rinsed away. In the
next step, a second antibody is added, which is highly specific against the
antigen. Afterwards, an enzyme-labeled antibody is pipetted to the solution. This
antibody only reacts with the secondary antibody, but not with the immobilized
capture biomolecule. The evaluation of either direct or indirect sandwich ELISA is
performed with help of a chromogen. The chromogen is converted by the
enzyme-label which is visible by a change in color. This color change can be
detected by chemiluminescence of fluorescence. The concentration of the
colored products is proportional to the concentration of target molecules
[126,127]. The second type of ELISA is the competitive ELISA. Like in the
sandwich ELISA, the capture antibody is immobilized on a surface. Then a
solution is added, which contains the target antigen and an enzyme-labeled
antigen. Both antigens compete against each other for a binding site to the
antibody. In this case, the color reaction is inversely proportional to the
concentration of target antigen. This means, the higher the concentration of
target molecules the more intensive is the color reaction. It exist a direct and an
indirect competitive ELISA which can be described like it was done for the
sandwich ELISA [127]. The ELISA technique is used in home pregnancy tests, in

the food industry to determine allergens and in different virus tests (e.g. HIV)
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[128]. In fluorescence immunoassays, the target antibody or antigen is labeled
with a fluorescent dye or molecule. The fluorescent dye is excited at a certain
wavelength and the fluorescence is emitted at a wavelength that is a bit higher
than the excitation wavelength. If the target antibody (antibody/antigen) is
specific for the capture antigen (antigen/antibody), a fluorescence signal can be
measured or seen via fluorescence microscopy. In case that the target molecules
cannot bind to the capture molecule, no fluorescence signal occurs [129].
Fluorescence immunoassays are used e.g. for the determination of human IgG
[130] or cortisol [131]. In radioimmunoassay, either antibodies or antigens are
labeled with a certain, known amount of radioactivity. Radioactive antibodies are
used in immunometric assays which allow measuring the number of bound
antigens. Radioactive antigens provide information about how many antibody
fractions are bound or free in a competitive assay. The radioimmunoassay has
some disadvantages: Every isotope possesses a specific half-life period, which
describes in which time a half of the isotope is decomposed. This means that the
radioactive labeling is unstable. Another great problem of radioimmunoassay is
that radioactive material is used. Radioactive experiments can only be
performed in special, licensed laboratories and the radioactive waste must be
disposed in a special way. These are reasons for the high costs of
radioimmunoassay [124]. The radioactivity itself is measured by an expensive
scintillation counter. Radioimmunoassays can be used e.g. for drug analysis
[132].

2.3.2 Immunosensors

Immunosensors belong to the group of biosensors. Antibodies are immobilized
on the sensor surface and serve as (bio-) receptor and capture molecules. Those
antibodies are building immune complexes with specific antigens (target
molecules) [133]. Besides antibodies and antigens, a lot of other target
molecules can be evaluated with immunosensors. This includes bacteria, drugs
and environmental pollutants [133] as well as pituitary and steroid hormones
[134]. The binding of antigen and antibody is converted into a measurable signal
by a transducer. The signal is directly measured as a change in current, heat,
mass, optical properties, potential or resistance [134]. The capture molecules

are usually immobilized on or nearby the transducer [135]. The sensitivity limit
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is in the range of 10 - 103 M. The great benefit of immunosensors is the
possibility of real-time measurements and a direct read-out and representation
of the obtained results. Hence, it enables the study of the kinetic of antibody-
antigen binding. There are various immunosensors composed of different
materials. They rely on different read-out mechanisms depending on the used
transducer. In this work, solely the group of electrochemical immunosensors is
briefly summarized. It is reported that concentrations of about 107> M can be
detected with electrochemical sensors [133]. Immunosensors can rely on
different detection principles, e.g. amperometric, conductometric and
potentiometric sensors. The first electrochemical readout mechanism is based on
the principle of amperometry. This means that a certain current flow is
measured at a constant voltage due to a redox reaction of target molecules at
the electrode surface. The current is directly proportional to the concentration of
measured target molecule. Amperometric sensors show high sensitivity and
specificity. A disadvantage is that an enzyme labeling is necessary for molecules,
which are not electroactive. Electroactive molecules can be both oxidized and
reduced. Labeled and label-free sensors are available on the market. The
glucose sensor is a well-known example for an amperometric platform. The
immobilized glucose oxidase converts glucose into gluconolactone and hydrogen
peroxide. As soon as the glucose binds to the enzyme, electrons are transferred
to FAD (flavin adenine dinucleotide), which is bound to the glucose oxidase and
reduced to FADH, (hydrogenated form of FAD). The change in the amount of the
electrons, caused by an increase of hydrogen peroxide or a decrease in oxygen,
is detected with the glucose sensor [134]. The second electrochemical sensor
relies on the measurement of the change in electrical conductivity of an analyte
solution by applying an electrical field. The electrical conductivity is caused by
the migration, production or consumption of ions. For reliable results, the pH
value and buffer capacity should be held constant. Problems can be created by
the fact that all ions in the solution influence the conductivity and, therefore,
unspecifically influence the conductivity. The electrodes of a conductometric
device are fabricated of noble metal such as chromium, gold or silver, on which
enzymes are immobilized [134]. Potentiometric sensors measure the change in
electrical potential induced by the binding of target molecules to the capture

molecules. Since every molecule is charged, the method is applicable for all
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kinds of substances. The potential change is proportional to the concentration of
capture molecules. The current at a reference electrode is set to zero. The
change in potential is given as the logarithmic ratio of potential and analyte
concentration. Like in all immunosensors, the capture molecules are immobilized
onto the electrode surface. Furthermore, ions can be bound to electrodes to
achieve a better sensitivity. Nowadays, field-effect transistors (FETs) are applied
as potentiometric platform. Due to the small size of FETs, small volumes of test
solutions are sufficient for the measurements. In ISFETs, ion-sensitive
membranes are combined with FETs. This leads to a reduction of background
interferences. The problem with ISFETs is that the signal-to-noise ratio is low,
and the signal can be influenced by the pH and the ionic strength of the liquid
under test. Used as immunosensors, the ISFET can reach a detection limit of

approximately 10° M [134].
2.3.3 DNA microarrays and DNA sensors

DNA microarrays are widely used in genome studies and genetic analysis to
determine gene expression levels and to do genotyping [136,137]. Another area
of application is the DNA sequencing where the exact nucleotide order within a
DNA molecule is identified [136]. Due to a lot of effort in this field, great
improvements have been achieved, e.g. the automatization of the sequencing
process and a parallel readout of various DNA molecules with a length of
hundred bases [138]. DNA microarrays rely on the base pairing reaction
(hybridization) of a single-stranded DNA sequence and a complementary single-
stranded DNA sequence [139,140]. A large number of oligonucleotides can be
immobilized on one DNA microarray to allow simultaneous measurements and
quantifications of a great number of target DNA sequences [139,141]. There are
three different methods for the immobilization of capture molecules on a defined
area of the microarray: By applying a current, the negatively charged DNA is
deposited precisely and site-specifically on positively charged areas of the
device. The second technology is the in situ synthesis of a DNA array. The first
nucleotide is immobilized on a defined area. In a subsequent cycle, a second
nucleotide binds with its the phosphate group to the hydroxyl group of the sugar
of the first nucleotide, which possesses a protective group at this 5’ end to avoid

an attachment of more than one nucleotide per cycle [142]. The cycles are
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repeated until an oligonucleotide with a certain number of nucleotides is
reached. For spotted DNA microarrays, the capture DNA is spotted by contact or
non-contact printing onto the device [142]. The readout is mostly done by an
optical method, i.e. fluorescence.

In the last decades, electronic DNA sensors have become an important platform
for the detection of DNA. The detection principle is based on the recognition of
hybridization processes between two complementary DNA strands. Those
biosensors offer the possibility of rapid measurements in real-time. Moreover,
they are portable and can be integrated into microfabrication [143]. It is
possible to evaluate specific DNA sequences with DNA sensors. To prevent
expensive fluorescence-based assays, DNA sensors are used [139]. The
structure of the DNA sensor is similar to the immunosensor. This means the
sensor consists of a receptor/capture molecule, i.e. a single-stranded DNA
strand with a certain number of base pairs. The capture molecule is immobilized
directly on the sensor surface and hybridizes specifically with its complementary
single-stranded DNA sequence. Usually, the target sequence has the same
number of base pairs as the capture molecule [139]. The immobilization can be
accomplished by adsorption, (strept-) avidin-biotin complex formation,
entrapment and covalent binding [142,143]. The covalent binding is the most
stable immobilization technique. Unspecific bindings are avoided by blocking of
free sensor areas. The hybridization reaction is detected by a transducer, which
amplifies and converts the reaction into a measurable signal. The signal is
evaluated electronically. For DNA microarrays, the DNA is immobilized on the
whole chip surface, whereas DNA sequences are directly immobilized on the
transducer, when a DNA sensor is used. If a complementary target DNA
sequence is added, the hybridization reaction takes place between both DNA
strands, which is measured by the sensor [139,143]. In Table 1, the most
sensitive detection methods are displayed. As described for the immunosensors,
the readout for DNA arrays and sensors is based on electrochemical, enzymatic,
microgravimetric and optical readout mechanisms. Microgravimetric sensors can
be either microcantilever or quartz crystal microbalance (QCM) DNA sensors.
The optical methods include fluorescence, chemiluminescence, calorimetry,
surface-enhanced @ Raman  scattering  spectroscopy, dual polarization

interferometry and surface-plasmon based techniques [142].
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Method - main group

Method - subgroup

Detection limitin M

Microgravimetry QCM 3 x 1071
Optics Fluorescence 10°Y7
Electrochemistry Voltammetry 6 x 10716

Table 1: Sensitive detection methods.
This table shows the three detection methods with the best detection limits and, hence,
the highest sensitivity. Table adapted from [142].

Since fluorescence imaging and an electrochemical readout are used in
framework of this thesis, the focus is set onto these two methods which are
briefly described in the following part. Fluorescence-based methods rely on the
determination of the fluorescence intensity which depends on the efficacy of the
base pairing. The hybridization between two perfectly matching DNA strands is
the strongest and is reduced with increasing number of mismatching base pairs
[142]. In case that the both DNA strands are fully-mismatching, no hybridization
and no fluorescence will be seen. This means that even point mutations can be
[139,142].

fluorescence-based assays is the possibility of the bleaching of the fluorescence

detected by fluorescence-based assays One problem of all
[139,144]. In a fluorescence-based DNA-microarray, up to a hundred thousand
DNA sequences can be evaluated simultaneously and in parallel. A disadvantage
of a fluorescence-based DNA-microarray is that a large number of data is
produced that needs to be analyzed. This needs trained employees and
expensive equipment. Besides those sensors, which require a label, there are
also label-free platforms available, e.g. electrochemical biosensors, which do not
need any marker and which are cheaper and faster than the labeled sensors
[139,142]. The design of the electrochemical sensors is not as complex as for
other platforms and, due to microfabrication, small sensor dimensions are
possible [142]. One type of electrochemical DNA biosensors relies on the
impedimetric readout method. Hybridization processes can be measured with
help of impedance spectroscopy. The impedance is defined as the quotient of
frequency-dependent and current functions. In

voltage impedimetric

measurements, the change in impedance is determined. The change in

impedance is triggered by redox reactions. The impedance is increased by the
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hybridization of two negatively charged DNA sequences, which leads to an
accumulation of charge carriers at the sensor surface. Like with voltammetric
measurements, mismatching base pairs can be detected and the amount on
DNA can be quantified. The detection of other electrochemical characteristics can
also be measured. In addition, the electrochemical DNA sensor can be combined
with other methods for a further increase in sensitivity. For this purpose, it can
be coupled with either enzymes or PCR (polymerase chain reaction). PCR is used
to amplify a low volume of DNA. As described in [143], PCR and DNA sensor can
be incorporated in a lab-on-a-chip device. In the last few years, nanoparticles
and other nanostructures, like nanowires and nanotubes, have attracted more
and more attention for the detection of DNA sequences. In a later section, only
nanowires will be discussed in more detail [143]. DNA sensors can be applied for
a wide range of implementations. They are feasible to determine changes in the
DNA sequence, e.g. point mutations, and to investigate if there are genetic
modifications in plants and microorganisms. This is therefore especially
interesting for the food industry. They can also be used for paternity tests or to
study further family relationships [139]. Besides the impedimetric readout of
DNA [145], it can also be detected by measuring the heat-transfer resistance.
The method relies on the recording of a heat flow instead of electrical currents.
In several publication, it was shown that the heat-transfer resistance is changed
when a DNA double strand is thermally denaturized and that even single-
nucleotide polymorphisms in DNA can be identified with this method [146-148].
Using this detection principle, it was possible to identify phenylketonuria [147].

2.4 Field-effect transistor-based biosensors

DNA and immunosensors have in common that there is the aim to increase
further the sensitivity and the specificity of the platforms. It is also a goal to
decrease the costs of the fabrication and to facilitate the usage by integration of
microfluidics, which would allow automated washing of the probes and addition
of capture molecules and other chemicals. The platform has to be fast and
measurements should be displayed in real-time. Miniaturized diagnostic
platforms can be produced by using electrochemical techniques. Due to
microfabrication, simultaneous measurements should be possible in parallel. In
ideal case, the sensors are reusable. The reusability of DNA sensors and
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microarrays has already been achieved by thermal or chemical treatments which
cause a denaturation of the double strand to single-strands [142]. In a
subsequent washing step, the target DNA is rinsed away. Only the immobilized
capture DNA stays on the sensor surface. In the last years, field-effect
transistors (FETs) were used as biosensors for the label-free detection of DNA,
enzymes, proteins and cells. Changes in surface charge and impedance can be
directly measured with FETs [143]. The change in charge is caused by binding of
charged target molecules to charged capture molecules, which were immobilized
on the sensor gate before. In consequence, a change in threshold voltage results
during the hybridization reaction [24]. The field-effect device transfers this
change into an electrical signal [149]. The working principle is described more
precisely in the following chapters. It was shown in literature that even single
base mismatches can be detected with field-effect transistors. The
microfabricated FETs have several advantages compared to other assays [16].
Multianalyte detection is possible with the device. They are suitable for the
detection of very small analyte volumes and concentrations. In addition, it was
shown that even single nucleotide polymorphisms of DNA sequences consisting
of 12 base pairs can be measured [16]. These properties make them a good tool
for biomedical applications. As described before, FETs can be combined with ion-
sensitive membranes (ISFET). This combination leads to less background noise
[134]. However, there are also disadvantages: Due to degradation and
contaminations on the sensor surface, the device shows a poor reliability. The
sensitivity is not as good as with fluorescent assays. Another disadvantage is
that the FETs must be produced in clean room processes, which leads to higher
costs compared to other assays [134]. In the next two subchapters, the
structure and working principle of ion-sensitive field-effect transistor and silicon
nanowire field-effect transistors are introduced. The characterization methods

will be described in the material and methods chapter (Chapter 3).

2.4.1 Ion-sensitive field-effect transistors

In principle, the structure of ion-sensitive field-effect transistors (ISFETSs) is
comparable to that of metal-oxide semiconductor FETs (MOSFETs). The
difference between the two kinds of FETs is that the ISFET possesses an
electrolyte solution instead of a metal gate contact. Hence, measurements of
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biological and chemical compounds are feasible [150]. The ISFET was firstly
described by Bergveld et al. in 1970 [18]. An ISFET is built up by three
terminals, which are source, drain and gate electrode. The transistor array is
insulated from the electrolyte solution by an insulator layer to avoid leakage
currents. The gate to source voltage (Vgs) is applied via the gate electrode which
is composed of a reference electrode inserted into an electrolyte solution to fix
the potential of the solution [151]. By applying a voltage between the drain and
source electrodes (Vps), an electric current can flow between source and drain,
which is controlled by the gate voltage that creates an electric field [152]. The

drain-source current (Ips) is given by following equations [151,153-155]:

W 1 i

I = T 1Co ((Vgs ~Vin Vs - EVDZS) for Vps < Vs - Vi (non-saturation mode) (2.1)
W 5 .

los = Z/,COX (\/Gs _VTH) for Vps = Vgs - Vry (saturation mode) (2.2)

with W and L as the width and length of the channel, respectively, u the carrier
mobility, Co, the capacitance of the insulting oxide layer, Vg the gate voltage,
V14 the threshold voltage, and Vps the drain to source voltage. Ips depends, for
example, on the pH and the ionic strength of the electrolyte solution or the
charge of the biomolecules attached to the surface. The current is caused by
either electrons (n-type transistor) or holes (p-type transistor). Since only p-
doped field-effect based devices were used in the framework of this thesis, the
theory is solely described for p-type semiconductors: Regarding a p-type
transistor, drain and source contacts are highly p-doped, which means that
positively charged holes are acting as majority carriers. If no voltage is applied
between source and drain contacts, a movement of the charge carriers through
the channels is not possible. Upon applying a negative voltage at the gate, an
accumulation of carriers and, hence, an increase of conductance is obtained
[152]. As soon as the threshold voltage is achieved, a thin conducting channel
between source and drain is built up. Then, a current flow can be achieved by
applying a drain voltage Due to the variation of electric charges, the modification
of the gate surface of a p-or n-type FET with negatively charged single-stranded
DNA molecules leads to depletion or an accumulation of carriers, respectively.

This effect is subject to the same principle as if a voltage is applied [152].
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ISFETs are used for the label-free detection of biomolecular processes. In 2006,
Ingebrandt and Offenhauser reported about a FET and an amplifier system that
they build up for the label-free and fully electronic detection of DNA [24]. The
immobilized single-stranded DNA consisting of 20 base pairs was precisely
spotted on the sensors of the chips with help of a microspotter. Then target DNA
(perfect match, one, two and three mismatches, fully mismatched) was added
and the hybridization of both single strands was measured. They were able to
increase the signal amplitude to higher values and to accelerate the reaction
time. However, the hybridization signal was very low. They assumed that this
was because of steric hindrance of the capture molecules which hampered the
binding of the target DNA. The detection of DNA with two mismatching base
pairs was possible, but single nucleotide polymorphisms could not be measured.
These FETs offer the possibility to measure ex situ by comparison the signal
before and after the hybridization and in situ right when the hybridization
reaction takes place [156]. Both, the new FET and the new amplifier have been
the basis for a further development towards nanowire-based field-effect devices

with a high sensitivity and specificity and were used in framework of this thesis.

2.4.2 Silicon nanowire field-effect transistors

In 2009, an article about silicon nanowire field-effect transistors (SiNW FETS)
was published by Vu et al. [53]. Since they show a good biocompatibility, SINW
FETs can be used for a wide range of applications, like the detection of DNA
[37,38,40,157], proteins such as antibodies [41,158], cells [159] and other
biological substances [160]. They possess a high surface to volume ratio, and,
therefore, the sensitivity of the SINW FETS is ultrahigh. This is also caused by
the fact that their size is in the range of the biomolecules that need to be
detected. It was shown that label-free and fast real-time measurements can be
performed with a fully-electronic readout system [11]. Label-free tools do not
need fluorescence or any other labeling. This saves time and costs. Moreover,
this avoids that the labeling influences the evaluated signal in a wrong way.

Concerning its structure and its working principle, the SiNW FET can be regarded
as nanosized ISFET. The working principle is described more in detail in
Chapters 3.7.1 and 3.7.2. The SiNW FET consists of four terminals, which are

the source and the drain electrode, the back-gate and the front-gate electrode.
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The source and drain electrode are connected with the nanowire. The back-gate
electrode is coupled to the silicon substrate. To ensure the reliability of the
system by avoiding any leakage current, nanowire, source and drain electrode
are isolated from the silicon substrate by a silicon dioxide layer (Figure 8). For
this reason, the SiINW FET can be separately or in common controlled by the
back- or the front-gate mode. In conclusion, the drain-source current (Ips) can
be controlled by simultaneously or separately applying a voltage at the front-
gate (Vgg) or at the back-gate (Vgg) [54,161]. The experiments, presented in
this thesis were performed in the front-gate mode since it was shown before
that these SINW chips are more stable in this configuration since the back-gate
mode was not consistent [54]. This was caused by the disturbance of the
electrolyte solution during the exchange of the solution. Furthermore, higher
voltages had to be applied [54]. The front-gate electrode consisted of a
reference electrode immersed into an electrolyte solution. The silicon nanowire
serves as gate on which the capture molecules are immobilized. The problem
with SiNW FETs as biomedical platform is that there are certain parameters that
have to be kept constant during the experiments because those parameters can
influence the field-effect and, therefore, the measured results and the sensitivity
[36]. To avoid such negative influences, pH [53,162], the Debye length [163],
the size [35], the surface modification of the nanowire [164] as well as the
distance and the position of the reference electrode to the surface has to be
stable. In Figure 8, a schematic of a SINW FET is represented. In several
articles, it was shown that SiNW FETs offer the feasibility to differentiate
between perfect-match, mismatch as well as fully-mismatch DNA sequences
[37,38,40]. Due to all the beneficial characteristics of silicon nanowires, SINW
FETs may serve as future tool for biomedical purposes. To do a further step in
this direction, we implemented DNA- and immunoassays on our SiNW FETs. Our
SiNW platform showed a high sensitivity in general [53]. In initial experiments,
it was shown that pH changes, cell sealing, DNA and proteins can be detected
with this kind of sensors [39,53,157,165]. For the work represented here, the
goal was to establish a stable and reliable immobilization protocol for capture
DNA or antibodies and a stable and reliable binding/hybridization protocol for

target DNA sequences and antigens on our SiNW FETs.
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Figure 8: Schematic of a silicon nanowire field-effect transistor.

The single-stranded capture DNA (red) is directly immobilized on the nanowire with help
of a microspotter. The target DNA (blue) is slowly added. The pipette tip should not get in
contact with the sensor surface or the reference electrode because this would affect the
detected signal. At the front-gate, represented by the reference electrode, a certain
current is applied (Ves). To provide a current flow between source and drain, a voltage is
applied at source and drain (Vsand Vp).

Another aim was to transfer the established immuno- and DNA assays of the
company Euroimmun Medizinische Labordiagnostika AG, Lubeck, Germany, onto
our devices. For this purpose, the transistors were silanized with 3-
(glycidoxypropyl)trimethoxysilane (GPTMS) as a primer layer for further
attachment of bioreceptors. For the use of the devices in biodetection
experiments, a microspotter was used to site-specifically immobilize different
capture sequences on different sensors. This enables differential readout of the
sensor array. The results were evaluated by comparing the transfer
characteristic and the transfer function before and after each experimental step,
i.e. silanization, immobilization, blocking, addition of target DNA. The
concentration of target molecules was increased stepwise during the
experiments to see if differences in the concentrations can be measured, too.
The detection of hybridization/binding reactions was done in two different

manners:

1. DC readout: The DC readout is also called potentiometric readout, in
which the transfer characteristic of the transistor is measured [156]. The
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working principle is described more in detail in the ‘Material & Method’
chapter.

2. AC readout: this method is called impedimetric readout, which is not
completely correct, since, besides the impedance, also other effects
seem to influence this method. By performing the AC measurement the
transistor transfer function is recorded, as already reported in [156]. The

theory of this readout method is described further in the next chapter.

The sensitivity of the FET is limited by the diffusion of the target molecules to
the capture molecules, which can take several hours. This is mainly valid for low
capture molecules concentrations [24]. To enhance the sensitivity, an
integration of the SINW FETs into a microfluidic cartridge can be done. By using
microfluidics, the required volume can be reduced. Furthermore, there is the
possibility of a complete automatization of the chip systems since washing steps
and addition of target molecules can be done in distinguished compartments of
the microfluidics on the chip. The different compartments are separated so that
the reactions can take place in isolated parts. Due to the miniaturization and the
low volumes, the whole experimental procedure can be speeded up and material
can be saved, which reduces the costs [148,150,151]. In one publication,
microfluidic channel modifications as one of three strategies to increase the
performance of SiNW sensors were proposed [152]. Other problems like the
distance between reference electrode or avoiding contact between pipette and
sensor are solved. The chance to damage the nanowires, which are very fragile,
is reduced, too [152]. The article of Choi et al. can be recommended for a
further reading about different microfluidic configurations and their application
possibilities. They reviewed papers dealing with microfluidic-based sensors
published from 2006-2011 [150]. The summarized sensor platforms served for
the detection of DNA or proteins and detection limits in the picomolar range
were described. Those microfluidic sensor combinations will probably be the
future tools for point-of-care usage in biomedical analysis because of their easy

implementation and their small size which makes them portable [150].
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2.4.3 The electrical double layer

The working principle of field-effect transistors is mainly based on charges at the
interface between the solid silicon dioxide surface and the molecules in the liquid
buffer solution. van Hal et al. described in 1996, how the pH value of the
solution and the surface potential are related [166]. In aqueous solution,
hydroxyl groups are built up at the silicon oxide surface which can be either
protonated or deprotonated depending on the pH value of the electrolyte
solution. Since the isoelectric point (IP) of silicon oxide is in the range of 2.2 -
2.5, the surface is negatively charged at a pH higher than its IP. The isoelectric
point, also known as point of zero charge (pzc), corresponds to a pH where the
molecule or surface does not have an electrical charge. In consequence, the
silicon surface becomes negative at neutral pH values due to the deprotonation
of its hydroxyl groups (SiOH - SiO™ + H™) [54]. Hence, a surface potential W is
created at the oxide surface, leading to a charge difference between bulk and

surface which is in compliance with the Boltzmann theory [166]:

a_ —a _ ep Y (2.3)
Hs Hg KT
qys
Hy =pH; + (2.4)
PPs = PMe 5 3T
Here, aH+ is the activity of H*, pHs and pHg are the pH value at the surface and

i

in the electrolyte bulk, respectively, q is the elementary charge, k is the
Boltzmann constant and T is the temperature in Kelvin. By rearranging formula
(2.4), the Nernst equation, with which the surface potential can be calculated,

can be derived:
kT

ws =23—(pH; - pHy) (2.5)
q

The intrinsic buffer capacity B, defines the capability to neutralize small pH

changes at the surface. In doing so, charges are stored at the surface whereas

the bulk pH is not affected. B;. is given by:
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1 oo
Bint =T ° (2.6)
q opH

where 0y is the surface charge. In the electrolyte solution side at the oxide-liquid

interface, an opposite but equal charge is created due to the charge neutrality.
The double-layer capacitance Cp_ describes the capability of the bulk solution to
deliver charges to neutralize charge differences at the oxide surface which are

caused by changes in the surface potential.

90,

C. =
- oy

(2.7)

The sensitivity of the surface potential to changes in the surface pH can be

described by combining equation (2.6) and (2.7)

é‘l//S _ _qBint
a)HS CDL

The sensitivity of the surface potential towards changes in the bulk pH is given

(2.8)

by the combination of equation (2.5) and (2.8):

;LHSB :-2.305%T (2.9)

with

a= W (2.10)
R |

qzﬂint

o is a sensitivity parameter. It is dimensionless and ranges between 0 and 1:
o reaches almost 1 if the sensitivity is close to its theoretical maximum.
According to formula (2.8), the intrinsic buffer capacity is high whereas the
double-layer capacitance is low. With the site-dissociation model of Yates at al.
[167] and the multisite complexation model (MUSIC) of Hiemstra et al. [168],
the charging mechanism of oxides of the electrical double layer can be

explained. According to the site-dissociation model, the charging of an oxide
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surface relies on the equilibrium of the hydroxyl groups and the protons in the
bulk solution. In case of ISFETs, the top layer consists of silicon dioxide, where
hydroxyl groups are available on the surface. This hydroxyl groups act as
amphoteric groups and can donate as well as accept a hydrogen ion from the
bulk solution. This means, there is an equilibrium between the SiOH groups and

the hydrogen ions of the bulk solution, which dissociate as follows [54,166,167]:

SIOH <> SIO™ +H_,

_ _ _ . _ SIO” +H¢
with the dimensionless dissociation constant for acids Ka = (2.11)
SIOH
SIOH; < SiOH +H¢,
SIOH +H¢
with the dimensionless dissociation constant for bases Kb =—— . (2.12)
SiOH;

The dimensionless dissociation constants are not influenced by the ionization
state of the oxide surface. From the Boltzmann equation, the relation between
the surface activity and the bulk activity of the hydrogen ions can be derived.
The surface charge density relies on the dissociation of the surface groups and

can be calculated by:

aig -K,K,
o, = 0Ny

5 (2.13)
KK, + KbaH; +aH§
with Ns is the density of the available sites on the surface. As published in [166],
the intrinsic buffer capacity of an oxide, which depends on the pH of the

solution, can be derived by combining equations (2.6) and (2.13):

K.a’, -4K_K,a , -K_ K?
b HS a b HS a b
Bine = Ng 2.3a_, (2.14)
K.,K,+K,a , +a’ Hs
a b b ng Hg

with Ns, K; and K, are oxide dependent [166]. The MUSIC (Multisite
Complexation) theory of Hiemstra et al. considers crystallographic facts [168].
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According to this model, a silicon dioxide surface consists of siloxane and silanol
groups. This theory states that the SiO, has a very high dissociation constant
(pKp = -16.9). Moreover, Hiemstra et al. say that the pKp of the silanol groups is
about -1.9 so that their protonation is negligible. Therefore, the surface charge
density is only depending on the dissociation of individually coordinated, neutral

groups:
-K
a
0y =Ny ———— (2.15)
K,+a,.
Hg
In the MUSIC model, the intrinsic buffer capacity is given by:
Ka
B =Ng ————2.3a , (2.16)
(K,+a,,) s
S

Originally, the term “electrical double layer” was introduced by Georg Quincke to
describe two layers of oppositely charged ions, i.e. anions and cations in 1861
[169,170]. However nowadays, it is well known that this was just a simplified
theory [169]. By having a closer look to the history of theories about the
electrical double layer, it was Hermann Ludwig Ferdinand Helmholtz who first
developed a model for an electrical double layer in 1853. In this Helmholtz
theory, the electrical double layer is created by the charges inside the solid
surface and counterions on the surface. This is called the Helmholtz layer and
represents the simplest explanation of the electrical double layer. The
counterions are attracted by the electric field which is built up by the charge of
the solid surface [171]. In this theory, the double layer is regarded to be stiff
with a linear potential [172]. However, the capacitance of the double layer
cannot be described with this model since the bulk solution is influencing the
surface charge and, hence, the double layer capacitance. In the Gouy-Chapman
theory [173,174], the motion of the counterions due to thermal fluctuations in a
liguid and the development of a diffuse layer are included [171]. The ions in the
solution are attracted by counterions on the oxide surface as well as by
counterions in the solution itself. Based on the Gouy-Chapman model, the
Grahame equation was developed to calculate the charge density in the diffuse
layer [166]:
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oo, = —@KTaz,ny) sinh 2 3¥s (2.17)

2kT

with € is the dielectric constant of the bulk solution, g, is the dielectric constant
of vacuum, ng is the concentration of each individual ion in the bulk solution and
z is the valance of the ions. The capacity of the electrical double layer is given
as:

242
CoL =1/22 4 Zollo ogh Z9Ys (2.18)
KT 2kT

where z is the charge of the ion. The main problem of this model was that the

charges were considered to be point charges which can reach close to the
surface [166]. Therefore, the Gouy-Chapman model was further expanded by
Otto Stern who combined the Helmholtz and the Gouy-Chapman theory [175].
He considers the solid-liquid interface to be composed of an immobile layer and
a diffuse layer. The immobile layer, also called Stern layer, consists of the ions
inside the solid surface and the attracted counterions. The outer layer of ions is
in further distance to the Stern layer. The diffuse layer begins at the distance x4
from the surface. The Helmholtz plane is the distance of the center of the
counterions from the surface. This distance is caused by the hydration shell of
the ions, wherefore they cannot completely reach the surface. At the passage
from the immobile to the diffuse layer, the zeta potential ({) can be observed
[171]. In this theory, the capacitance of the double layer can be derived by:
-1
X, 2e2,2°9°n,

C. = Vs
e, kT 2kT

(2.19)

with x is the distance of the center of the charge from the surface [166]. In
Figure 9, an overview of the three different models of the electrical double layer
is given [176]. Depending on the concentration of the buffer solution, different
Debye lengths Ap can be observed: In high buffer concentration, where the ionic
strength is high, the Debye length is lower compared to low concentrated buffer
solutions. At a low Debye length, ion charges are shielded by their counterions.
At the Debye length, the number of positive charges is equal to the negative
charges, therefore the charge is neutralized. This screening effect is also known
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as Debye screening [163]. The Debye screening is a function of the electrolyte

concentration.
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Figure 9: Overview of the three different theories of the electrical double layer.
The simplest model is the Helmholtz in which the double layer is stiff with a linear
potential and built up by charges inside the solid surface and counterions on the surface
model. The double-layer distance is marked with 'd’” (a). In the Gouy-Chapman
explanation, the ions are attracted by counterions in the solution and on the oxide
surface. The charges are considered as point charges. A diffuse layer is created (b). In
the Gouy-Chapman-Stern model, an immobile Stern layer and a diffuse outer layer are
described. The Stern layer consists of the ions inside the solid surface and their
counterions with the inner Helmholtz plane (IHP), which marks the closest specifically
adsorbed ions. The diffuse layer is in further distance to the immobile layer. At the outer
Helmholtz plane (OHP), the diffuse layer begins (c). w is the potential at the electrode-
electrolyte interface and w, stands for the potential of the electrode. The picture is taken
from [176].

In a physiological environment, the Debye length amounts 1 nm [164] and in

distilled water it can be at maximum 680 nm [171]. It can be calculated by:

(2.20)
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where N, is the Avogadro constant, | represents the ionic strength and e stands

for the elementary charge [171]. The ionic strength is given as follows
1 n
| :EZcizi2 (2.21)
i=1

with ¢; being the molar concentration of the ion I in M (mol/l), z; meaning the
charge number of this ion. Since cations and anions are represented in this
equation the sum is multiplied with one half. Since the Debye length in
physiological solutions is about 1 nm [164] whereas the size of a DNA strand
with 20 base pairs amounts around 6 nm [97] and that of an antibody
approximately 10 nm [177], the biomolecules are bigger than the Debye length
and not detectable in full size with the reported sensors. This fact makes the
direct charge detection methods with potentiometric transducers (such as
ISFETs and SiNW FETs) a real challenge, since large molecules with distributed

charges are very difficult to detect in these methods.
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Chapter 3 - Materials and Methods

3.1 Chip fabrication

In framework of this thesis, two different kinds of field-effect transistors were
used. The first type was the microscaled ion-sensitive field-effect transistors
(ISFETs) and the other transistors were the nanosized silicon nanowire field-
effect transistors (SiNW FETs). The fabrication process is only briefly described,
in the following two subchapters, since the transistor productions was not part of
this thesis.

3.1.1 ISFETs

The ISFETs used in this work were fabricated at the Max-Planck-Institute for
Polymer Research in Mainz, Germany. The initial fabrication procedure was
described previously [28]. To achieve smaller gate sizes and a lower resistance,
Krause et al. modified this procedure in 2000 [178,179]. The ISFET fabrication
process is shortly summarized as follows: An n-doped silicon wafer was covered
with a 1000 nm thick oxide layer with help of thermal oxidation under wet
atmosphere. The drain and source regions were etched with buffered HF by
photolithography followed by ion implantation to perform boron doping to
achieve a p-channel transistor. Drain and source were covered with an oxide
layer of 400 nm thickness due to oxidation and diffusion. The gates were
photolithographically defined with buffered HF, where after an oxide layer of 250
nm was thermally deposited on this area under wet atmosphere. Afterwards,
low-pressure chemical vapor deposition (LPCVD) was applied to cover the wafer
with silicon nitride (130 nm thickness) followed by a plasma enhanced chemical
vapor deposition (PECVD) step to grow a 100 nm thick silicon oxide layer. This
oxide-nitride-oxide (ONO) stack minimized the risk for leakage currents and the
possibility of damages caused by an electrolyte solution and, therefore, served
as isolation layer. At the gate area, the PECVD oxide and the LPCVD nitride were
removed with buffered HF and isotropic chemical plasma etching, respectively.

Afterwards, the remaining wet oxide, which served as an etch stop layer before,
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was eliminated with ammonium-fluoride buffered HF. A 10 nm thick gate oxide
layer was deposited in dry oxygen atmosphere. In a final step, a 200 nm thick
aluminum film was evaporated to create the bond pads by lift-off. All ISFET
chips, used in this thesis, were p-channel transistors. The sensors had a 4 x 4
layout with a gate distance of 200 ym (Figure 10).

Figure 10: Microscopic picture of an ISFET.

On the left, an optical microscopy image of the 4 x 4 array of an ISFET can be seen.
Picture taken from [209]. The right picture shows a magnification of the transistor gate
area taken by SEM.

For this thesis, ISFETs with gate dimensions of 25 x 5 um2, 24 x 7 um2, 24 x 4
pm2, 16 x 7 ym2, 12 x 5 um2, 12 x 4 yum2, 8 x 7 ym2 and 8 x 6 ym2 (length
x width) were utilized.

3.1.2 SiNW FETs

The silicon nanowire field-effects transistors used for the experiments,
represented in this thesis, were all fabricated in the framework of another PhD
project performed by Dr. Xuan Thang Vu at the Peter Grinberg Institute-8 (PGI-
8) of the Research Center lJilich, Germany. For further information and
processing details, please refer to the PhD thesis [54]. The SiNW FETs used in
this study were p-type transistors with a layout of 2 x 28 nanowires per chip
(Figure 11). The complete size of the chip was 7 mm x 7 mm. All nanowires
possessed individual drain contacts and were connected with one common
source [39,53,157]. The dimensions of the nanowires varied from chip to chip.
For the performed measurements, FETs consisting of single nanowires with sizes
of 200 nm x 10 ym, 200 nm x 20 pm, 200 nm x 40 ym, 400 nm x 10 um, 400
nm x 20 ym and 400 nm x 40 pm (width x length of mask measures,
respectively) were applied. The actual size of the fabricated chips was thinner
than these measures due to the anisotropic wet etching procedure used during
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the process. Furthermore, chips with different number of nanowires per channel
were used in some experiments. The number varied from one to five nanowires
per channel. The dimensions for those chips were 200 nm x 10 pm and 400 nm
x 10 pym (width x length, respectively). Within a row of 28 nanowires, the
distance from nanowire to nanowire was 50 ym and the distance between the

two nanowire rows was 500 um.
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Figure 11: Schematic of a SINW array.

Figure a) shows a schematic of a 2 x 28 nanowire array chip. In b) and c) a magnification
of the nanowire area of two different types of chips can be seen. Figure b) shows an
overview of a FET consisting of single nanowires. In c), the magnification of a chip with
different numbers of nanowires per channel is displayed. The red structure in a) - c) are
the nanowires whereas the individual drains and the source are colored in light green. The

dark green square areas are the electrical contacts to the back gate, source and drain.

An optical microscopy image of a nanowire array and a single nanowire can be
seen in Figure 12. The size of the implantation area equaled the length of the
nanowire, whereas the opening of the gate was 2 pym bigger in both directions
compared with the nanowire length. The obtained nanowire structures had a
trapezoid shape caused by the wet etching and oxidation steps. With the applied
design it was possible to integrate the nanosized chips into a microfluidic
cartridge [39,53,54,157]. For the nanoimprint mold fabrication, wet oxidation
was used to thermally grow a 200 nm thick SiO, layer on a 4” wafer. After
having spin-coated a poly(methyl methacrylate) (PMMA) resist (thickness: 230
nm), the wafer was prebaked at 180 °C on a hot plate.

47



Chapter 3 - Materials and Methods

Figure 12: Microscopic picture of a silicon nanowire field-effect transistor.
An optical microscopy image of a 2 x 28 silicon nanowire array can be seen on the left.
The right figure displays a scanning electron microscopy (SEM) picture of a single

nanowire.

Electron beam lithography (EBL) was performed onto the PMMA resist to define
the contact lines and the nanowires followed by the developing of the resist.
With help of reactive ion etching (RIE) in CHF; plasma, the SiO, layer was over-
etched to receive a uniform structure. The excess PMMA resist was etched off by
using oxygen plasma. The height of the obtained structure was measured to be
170 nm with a roughness at the edges of about 10 nm. To avoid that the imprint
resist remained in the mold, the wafer was silanized with a fluorosilane
(1H,1H,2H,2H-perfluorooctyl-trichlorosilane (FOTCS)) to create an anti-adhesion
layer. The SiNW chips were fabricated in a top-down process on a silicon-on-
insulator (SOI) wafer (SOITEC, France), composed of a buried oxide (BOX) layer
(400 nm), a Si layer (360 nm, Si<100>, boron-doped) and a Si substrate
(boron-doped). The upper Si layer of the SOI wafer was thinned out by thermal
oxidation and wet etching, followed by the growth of a thin layer of dry oxide
(100 nm). This oxide layer was taken as hard mask for the anisotropic etching
with tetramethylammonium hydroxide (TMAH). The structures from the mold
were transferred onto the SOI wafer with thermal nanoimprint lithography (NIL).
The contact lines and nanowires were defined by NIL in one step. The residual
resist layer and the SiO, layer between the contact lines and the nanowires were
dry-etched by applying RIE. This SiO, layer served as a bond mask for the
following wet etching. With the TMAH solution, the Si was anisotropically etched
to transfer the structures of the mold onto the wafer. Afterwards, the mask
oxide was removed by HF etching. Low pressure chemical vapor deposition
(LPCVD) was performed to deposit silicon oxide (100 nm) on top of the
nanowires, following by an optical lithography step to structure the oxide in such

a way that it can be used as protection mask for the feed line implantation.
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Afterwards, the contact lines were implanted with boron ions to decrease the
serial resistance at source and drain. A very thin, dry thermal SiO, layer (8 nm)
was deposited before LPCVD to receive a front gate oxide. LPCVD was performed
to create a SiO, layer (270 nm) onto the wafer, which served as protection
against electrolyte solutions. Optical lithography and wet etching was performed
to open the bond pads and the gate area of the chip. The LPCVD oxide was wet-
etched chemically with 1 % HF. Finally, a stack of metals (Al 150 nm - Ti 10 nm
- Au 200 nm) was built up by a lift-off process on the contact pads. The ohmic
contacts were built by rapid thermal annealing. Plasma enhanced chemical vapor
deposition (PECVD) was applied to create an oxide-nitride-oxide (ONO) stack to

ensure a passivation against an electrolyte solution [39,53,54,157].
3.2 Chip encapsulation

For stable measurements in electrolyte solutions, the transistor chips needed to
be encapsulated. First, both sensors were carefully and alternately cleaned in
acetone and isopropanol, two times for 5 min, respectively. While the ISFETs
could be cleaned in an ultrasonic bath, the SiINW FETs were too easy to be
loosened and, hence, damaged during the sonication. Therefore, the nanowire
chips were only gently swayed. The sensors were afterwards dried with nitrogen.
To confirm that the chips were really clean, they were checked under the
microscope. In Figure 13, the raw material for the chip encapsulation (carrier,

glass ring and funnel) and an encapsulated SiNW FET are displayed.

Figure 13: From individual components to the encapsulated nanowire chip.
In this figure, the chip carrier, the outer glass ring, the custom-made funnel and a finished

encapsulated SiNW chip can be seen (from left to right).

The chips were then glued onto a 68-pin LCC carrier (LCC 0850, Spectrum, USA)
with epoxy glue (377 1LB kit, Epoxy Technology Inc., USA). The epoxy glue was
cured at 150 °C in an oven for 1 h. The devices were then bonded with 25 pm
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aluminum wires to the bond pads of the LCC carrier to create an electrical
contact between chip and carrier and, thus, be able to do electronic
measurements. A wedge-wedge bonder (West Bond Inc., USA) was used for this
purpose. In the following step, a custom-made funnel (Sylgard® 184 silicone
elastomer kit, Dow Corning, Germany) was carefully glued in the center of the
transistors without harming the nanowires by applying a silicone adhesive (96-
083 silicon adhesive kit, Dow Corning, Germany) and baked for 30 min at 120 °C.
To be able to do measurements in a liquid, a glass ring was glued onto the LCC
carrier with help of the silicone adhesive. The gap between the glass ring and
the funnel was completely filled with the silicone adhesive to prevent any short
cuts or leakage from the solution to the electronics. The silicone adhesive was
finally hardened in the oven at 130 °C for 1 h.

3.3 Characterization experiments

The basic experiments served as proof-of-principle experiments to clarify that
the sensors were working properly. Furthermore, those measurements were
done to gain more information about the used field-effect transistors and the
applied readout methods. For verifying that the DC readout was correct, stable
and reliable, pH solutions with different values and the layer-by-layer assembly
of polyelectrolyte multilayers were measured. The reliability of the AC readout
was examined by measuring buffer solutions with different conductivities. In the

following three subchapters, the experimental procedure is described.
3.3.1 pH measurements

pH measurements were done with the SiNW FET sensors. These experiments
were performed to clarify if the transistors were working properly. For this
purpose, the sensors surface was cleaned with Piranha solution, consisting of
hydrogen peroxide (H,0,) and sulfuric acid (H,SO,) in a ratio of 1:2, for 10 min
at 60 - 80 °C. Due to the Piranha solution, the surface was activated with
hydroxyl groups. No further modification of the sensor surface was done after
the cleaning. 100 mM phosphate buffer solutions, consisting of NaH,PO, and
Na,HPOQ,, with six different pH values were prepared: pH 4.5, pH 5, pH 6.0, pH

7.0, pH 8.0 and pH 9.0. Measurements were started with the lowest pH solution.
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Then the pH value was stepwise increased up to the highest value. In between
each measurement, the sensor was thoroughly cleaned with the respective
buffer solution that was measured in the following step. Depending on whether
the pH solution was acidic or alkaline, the oxide surface of the transistor was
either protonated or deprotonated due to its amphoteric groups. This caused a
change in the surface potential, as described in Chapter 2.4.3. The
corresponding results are shown in Chapter 4.1. According to the change in
threshold voltage, the sensitivity of the SiINW FET upon changing the pH was
calculated. It was reported to be 30 - 40 mV/pH on bare SiO, surfaces [180].
Besides the material, of which the surface was made, the degree of purity was
affecting the sensitivity to pH changes. Since only chips, which were already
used for other experiments, were available for the pH measurements, a lower

sensitivity was expected.
3.3.2 Conductivity measurements

Another set of basic experiments was done for the conductivity measurements.
For these experiments, four differently concentrated phosphate buffer solutions
with different conductivities were used. The experimental procedure was started
with the lowest buffer concentration, i.e. 0.15 mM, and then increased by three
orders of magnitude to 150 mM. Each buffer was measured with the transistor
devices by means of the transistor transfer function. Before reading-out the
buffer concentration, the chip was carefully rinsed with the respective buffer

solution so that the surface could adapt to the phosphate buffer conductivity.
3.3.3 Assembly of polyelectrolyte multilayers

The polyelectrolyte experiments were done as proof-of-principle experiments on
both platforms, the nanoscaled and the microscaled devices and served as
model system for the charged biomolecules. Polyelectrolytes are polymer chains
which possess ionizable groups and which are soluble in polar solvents such as
water. By diluting them in a polar liquid, the ionizable groups like amines or
sulfonates dissociate into positive and negative ions (amines: R— NH;Cl - R —
NH} + Cl™; sulfonates: R—SO0;M - R —S05; + M*) [171,181]. Depending on the

dissociation of the groups there are more or less charges in the solution [171].
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Polyelectrolytes can be composed of cations (polybases/polycations), anions
(polyacids/polyanions) or a mixture of anions and cations (polyampholytes). The
polyelectrolyte can be classified into natural, chemically modified and synthetic
compounds. There are homopolymers that consist of only one type of monomer
and copolymers, consisting of different types of monomers. Polyelectrolytes
have either a linear, branched or cross linked structure [182]. The best-known
example for a negatively charged polyelectrolyte is the deoxyribonucleic acid
(DNA). For the experiments shown in this thesis, poly(sodium 4-
styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) were used.
PSS belongs to the negatively charged polyelectrolytes whereas PAH is a

positively charged one. In Figure 14, both compounds can be seen.

1

|
&Wiﬁo_ \NH3+
Na* cr
PSS

PAH

Figure 14: Structural formula of PSS and PAH.
In this figure, the chemical structures of the positively and negatively charged
polyelectrolytes PAH and PSS are displayed. Picture adapted from [171].

In the first experimental step, the SiINW chip area was cleaned with a Piranha
solution, consisting of hydrogen peroxide (H,0,) and sulfuric acid (H,SO,) in a
ratio of 1:2, for 10 min at 60 - 80 °C. The Piranha solution also activated the
surface with hydroxyl groups. Two solutions composed of 50 uM PAH and PSS,
respectively, were prepared in 10 mM phosphate buffer pH 5.5. To assemble
polyelectrolyte multilayers, the activated nanowire array was firstly incubated
with PAH for 20 min., followed by the addition of PSS for 20 min. In between the
incubation with the two different polyelectrolytes, the chip was thoroughly rinsed
with 150 mM phosphate buffer pH 7, deionized water and 0.15 mM phosphate
buffer pH 7. This experimental procedure was repeated for seven times so that
14 monolayers of alternately PAH and PSS were obtained (Figure 15). The

formation of the polyelectrolyte multilayers is based on a layer-by-layer

52



Chapter 3 - Materials and Methods

adsorption where the positively charged PAH to the negatively charged nanowire
surface and the subsequent adsorption of the negatively charged PSS to the
positive PAH [54,171,183,184].

+ +

Figure 15: Schematic diagram of the assembly of polyelectrolyte multilayers.

The green coiled structures are the positively charged PAH and the purple structures
represent the negatively charged PSS. The construction of the multilayers is caused by
the attraction of opposite charges. The numbers of measurable layers with an electronic
readout system depends on the applied buffer since the ionic strength and the Debye
length influence the screening effect of the ions in the solution.

The transfer characteristic and the transistor transfer function were measured
after cleaning and activating the chip as well as after each addition of
polyelectrolyte. Furthermore, to study the influence of the ionic strength of the
buffer solution, the electronic readout was performed in 150 mM, 15 mM, 1.5 mM
and 0.15 mM phosphate buffer pH 7. At high salt concentrations, the charges of
the polyelectrolytes are shielded by counterions due to a small Debye length. In
consequence, the polyelectrolytes form coil-like structures and, hence, are
denser. In comparison to that approach, the polyelectrolytes are more stretched
out in buffers with low ionic strength since the charges of either the anions or
cations within a polyelectrolyte are repelling each other [171]. Due to the
shielding effect in high salt concentrations, the multilayer assembly should be
more likely observed in low buffer concentrations. Moreover, a higher number of
multilayers should be possible to detect electronically in solutions with low ionic

strength caused by a larger Debye length and, hence, a lower Debye screening.

3.4 Surface functionalization

For the DNA and antibody-antigen experiments, the transistor surface needed to
be functionalized to implement the assays. To clean the chip surface, the FET
was carefully cleaned with Piranha solution (H,0,:H,S0,4 = 1:2) for 10 min at 60

°C to maximum 80 °C. Besides cleaning the device, the acid also activated the
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surface, which became more hydrophilic due to an increased amount of hydroxyl
groups. To remove the cleaning acid, the transistor was properly rinsed with
deionized water followed by drying with nitrogen. Subsequently, silanization was
performed. For this purpose, 3-(glycidoxypropyl)trimethoxysilane (GPTMS,
Sigma-Aldrich, Germany) was used. GPTMS possesses an epoxy ring and
enables the deposition of homogeneous layers [185]. Furthermore, the amino
groups of a molecule can be directly bound to the epoxy ring. Therefore, the
epoxy ring needs to be opened, which can be done either by UV light or by
incubation with a solution owning a pH of 8.5 — 9. For the experiments reported
in this thesis, the capture molecules were diluted in 150 mM phosphate buffer
pH 8.6, consisting of NaH,PO, and Na,HPO,, to allow a binding between their
amino groups and the opened epoxy ring of the silane. The silanization process
was done under gas-phase conditions to avoid damaging of the encapsulated
material and to assemble a homogeneous layer. In doing so, a custom-made
vacuum chamber was used. This chamber consisted of a tightly sealed
desiccator connected to a plasma oven (PICO, diener electronic Plasma-Surface-
Technology, Germany) and a vacuum pump (Figure 16). The GPTMS itself was
injected in a special tube which could be connected to the desiccator. The
injection of the silane was done in a glove box with inert nitrogen atmosphere to
avoid that the silane groups of the silane were transformed to siloxane groups.
The silanization was performed for 2.5 to 3 h at 80 °C to 85 °C at a pressure of
130 mbar. After the silane modification of the chip surface, the transistor was
cleaned with water and the quality of the silanization was characterized by
determination of the contact angle. The contact angle was measured with an
optical contact angle measurement setup (OCA 15 plus, DataPhysics
Instruments GmbH, Germany) and the corresponding evaluation software (SCA
20, DataPhysics Instruments GmbH, Germany). In Figure 17, the OCA contact
angle measurement setup is displayed. With this surface characterization
method, it was possible to evaluate whether a homogeneous siloxane layer was
obtained. A benefit of this user-friendly method is that the determination of the
contact angle can be performed within some minutes. The contact angle was
characterized by pipetting one drop of a certain liquid with help of a syringe onto
the silanized device. Then the drop was recorded with a camera and the angle

was evaluated by the SCA software. The sessile drop method was chosen to
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measure the contact angle. For this purpose, the water drop was deposited onto

the silanized device and illuminated with a diffuse light source.

Plasma oven Desiccator
| 1

Figure 16: The silanization device.
The silanization was performed in a desiccator connected to a plasma oven and to a

pump, which was responsible for the application of a vacuum inside of the desiccator.

The recording of the drop was caught from the other side. With help of the
recorded picture, the basis line of the drop was set. The contour of the drop was
determined by the brightness difference of the drop and its surrounding area
[186,187].

Figure 17: Picture of the OCA 15 plus contact angle measurement setup.
The setup allows a precise determination of the contact angle of a surface by use of the
Young-Laplace fitting.

In 1805, Thomas Young established the equation for calculating the contact

angle or wettability of a liquid drop on an ideal solid surface:
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Y16 COSOch =Vss — Vs (3.1)

with ys, Ysg and ys. as the liquid-gas, solid-gas and solid liquid interfacial
energy, respectively, and with 8¢, as the contact angle [188,189]. To obtain
more accurate contact angle results, it was analyzed by applying the Young-
Laplace fitting, where the interface of the drop is modeled. The Young-Laplace

equation is given by

1 1

w2 2)
R R

With AP being the pressure across a curved liquid surface (Laplace pressure), y

being the interfacial energy, R; and R, being the primary radii of the drop

curvature [171,189]. By implementing several conversion of the Young-Laplace

equation, the contact angel B¢, is given by the following equations [189]:

d—X:cose or OI—Z=sin6? (3.3)
ds ds

The meaning of the parameters X, S and Z can be identified by the right

schematics in Figure 18.

Figure 18: Calculation of the contact angle.
On the left, all parameters that are included in the Young equation are shown. On the
right, the same is shown for the Young-Laplace calculation of the contact angle is

displayed.

All parameters were calculated automatically by the SCA software.
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3.5 Immobilization of capture molecules and binding

of target molecules

After a successful silanization with GPTMS, the immobilization of the capture
molecules needed to be performed. For this purpose, a microspotting system
was used (sciFLEXARRAYER S3, Scienion AG, Germany). A picture of the

microspotter and its components can be seen in Figure 19.

Liquid handling Micrsospotting system inside a closed
Humidifier unit housing
A
M -
l. ..
| 2
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e .
Fresh water Waste container Syringe pump Vacuum pump

Figure 19: Basic components of the microspotting system.

The microspotting setup is consisting of different components, including a humidifier to
produce a defined humidity inside a closed housing to prevent the evaporation of the
spotted probe molecules.

This microspotter is a piezo dispenser, with which the probes can be spotted

automatically. A big benefit of this system was that the spotting is performed in

a non-contact mode so that the surface of the chip was not affected. This was
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particularly important for the SiNW FETs since even a light contact might break
the tiny nanowire and, hence, destroy one of the transistor channels. It was
possible to immobilize the capture molecules on defined areas of the chip
surface, i.e. the transistor gates and nanowires. Furthermore, a site-specific
binding of the immobilized probe was feasible. In principle, the microspotter
could have also been used for the immobilization of different capture molecules
onto the same device since the probes could have been spotted with defined
distances to avoid cross-contaminations. However, this was not done in
framework of this thesis due to the lack of good SiNW FET devices. To prevent
the evaporation of the biomolecule solution, a humidifier was connected to the
inside of the microspotter housing. The humidity was adjusted to 65-70 % for all
experiments. Before the microspotting procedure could be started, the areas, on
which the molecules should been immobilized, had to be defined. Thereafter,
two to three drops were spotted, each with a volume of 250 to 300 pl. The probe
solution was only immobilized on certain sensor spots of the chip. The blank
sensor spots served as reference channels. Immediately after the microspotting
process, a microscopic image of the drops was taken to confirm that the
molecules were immobilized onto the desired areas (Figure 20). The
immobilization process was done overnight at 37 °C in a separate incubation
chamber. A humidity of 65 % was adjusted at the inside of this chamber to
ensure that the solution was not dried out during the immobilization.
Unspecifically bound molecules were eliminated by properly rinsing the chips.
Before adding the target molecule solution, the gate surface, to which no
capture molecules had bound, had to be blocked for 2 h at 37 °C, 65 %
humidity. Non-bound blocking molecules were washed away, followed by the
addition of the target solution. The binding of the target molecules was
performed for 2 h at 37 °C, 65 % humidity. Then, the chip was rinsed once
more to eliminate unspecifically bound molecules. The electronic readout was

done after

1. Silanization

2. Immobilization of the capture molecules
3. Blocking
4

Binding of target molecules

The measurements were done in 0.15 mM, 1.5 mM, 15 mM and 150 mM
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phosphate buffer pH 7.4, whereby the lowest concentration was used first,
continuing by increasing the concentration by a factor of 10.

Nozzle holder

A

Microscope
camera

Wellplate for Chip holder
capture solution

Figure 20: Main microspotter unit and microspotted probe solution.

On the left, the microspotting unit can be seen. In the right upper image, an ISFET
surface is displayed. The capture molecules were only spotted onto the upper eight
transistor gates. In the lower picture on the right side, the nanowire area of a SINW FET
is shown. The capture solution was spotted on the upper nanowire row. For both, the

ISFET and the nanowire FET, the lower gates served as reference channels.

In the chapters 3.6.1 and 3.6.2, the DNA assay and the antibody-antigen assay
are described in more detail. All applied capture and target molecules, the used
washing and blocking solutions as well as all appropriated concentrations are

summarized in the two following subchapters.
3.6 Biomolecular assays

After performing the basic experiments, biomolecular assays were established
on the platforms. For one assay the devices were used as DNA sensors, with
which the hybridization of single-stranded target DNA to the immobilized,
complementary capture DNA strand was detected. Moreover, the sensors also
served as immunosensors. Therefore, a monoclonal antibody was bound to the
gate area so that the binding and the detection of its specific antigen protein

was feasible. In the next subchapters, the experimental procedures for the
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assays are described in detail.

3.6.1 DNA assay

To establish a stable DNA assay, customized DNA sequences were used in first
experiments. The experiments with artificial DNA were performed on ISFETs and
SiINW FETs. The DNA sequences were purchased from Eurofins Genomics,
Germany and had a length of 20 base pairs. All applied, customized DNA
sequences, which were used for immobilization and hybridization, are

summarized in Table 2.

Name Sequence

Capture DNA | ssDNA 5’AC6-ATGAACACTGCATGTAGTCA-3’

Cy3 ssDNA | 5'Cy3-ATGAACACTGCATGTAGTCA-3'-AC6

Target DNA cDNA 5'-TGACTACATGCAGTGTTCAT-3’

Cy3 cDNA | 5'Cy3-TGACTACATGCAGTGTTCAT-3’

Table 2: Capture and target DNA sequences.
In Table 2, the customized DNA sequences used for immobilization and hybridization are
displayed.

The AC6 label represents the amino-modifier, which is needed for the binding of
the capture molecules to the silanized chip surface. For the immobilization,
single-stranded capture DNA (ssDNA) was attached to the transistor gates via
microspotting as described before. In doing so, 1 uM ssDNA was diluted in
150 mM phosphate buffer pH 8.5. The binding proceeded overnight at 37 °C at
a humidity of around 65 % in an incubator. Unspecifically bound molecules were
eliminated by rinsing the chips with 4x saline sodium citrate buffer (SSC), 1x
SCC, and deionized water. Afterwards, the surface was blocked to avoid
unspecific binding of the complementary target DNA (cDNA). For this purpose,
two different blocking agents were tested. First, 1 uM fully-mismatching DNA,
diluted in 1x PBS, was deposited to avoid unspecific binding of the target
molecules. However, this did not lead to desired results. Therefore, the blocking

step was also performed with bovine serum albumin (BSA, Sigma-Aldrich,
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Germany), which was diluted to a percentage of 1 % in 1x phosphate buffered
saline (PBS, Sigma-Aldrich, Germany, composition: 137 mM NaCL, 2.7 mM KClI,
8.1 mM Na,HPO, and 1.47 mM KH,PQ,). Blocking was done for 2 h at 37 °C, 65 %
humidity. Exceeding blocking molecules were washed away by using 1x PBS.
Single-stranded complementary target DNA was added in a concentration of 0.5
MM and 1 mM to hybridize with the ssDNA. In low buffer concentrations, where
the ionic strength is low as well, the electrostatic repulsion between two
complementary DNA strands is high wherefore the probability and the speed of
the hybridization process are reduced. This means that the annealing of two
single strands to one double strand requires more time [16,156]. Therefore, the
target molecules were diluted in 1x PBS, which corresponds to a concentration
of around 150 mM. Hybridization was first measured after the hybridization with
0.5 uM, followed by incubation with 1 uM cDNA. Each hybridization process was
performed for 2 h at 37 °C and a humidity of 65 %. In between the hybridization
steps, the chip was rinsed with 4x saline sodium citrate buffer (SSC), 1x SCC,
and deionized water. After each experimental step, the measurements were
done in 0.15 mM, 1.5 mM, 15 mM and 150 mM phosphate buffer pH 7.4 starting
with the lowest concentration. To evaluate the recorded results of the different
experimental steps, all obtained transfer characteristic and transistor transfer
function curves for each channel were compared, respectively. An overview of
the whole DNA assay is shown in Figure 21. To confirm that the electronic
results were really based on the immobilization and hybridization process,
fluorescence microscopy was performed. The experimental procedure and
applied molecule concentrations were the same as described before. To verify
the immobilization of capture DNA, cyanine 3 (Cy3)-labeled capture molecules
were microspotted onto silanized glass slides and FETs. Cy3 is a fluorophore
which belongs to the cyanine group. It is widely used for fluorescence
experiments in microarray technology [190]. The fluorescent dye has an
absorbance maximum of 550 nm and an emission maximum of 570 nm [191].
Fluorescence microscopy was performed with an inverted fluorescence
microscope (Olympus IX50, Olympus Optical CO. (Europe), GmbH, Germany).
Concerning the hybridization, non-fluorescent capture DNA was immobilized,
and Cy3-labeled cDNA was added. A fluorescence signal was only measured if

the immobilization or hybridization were successful. Besides experiments with

61



Chapter 3 - Materials and Methods

customized DNA sequences, initial trials with real DNA sequences were
performed. The measurements were only performed on ISFETs since no SiNW
FETs were available anymore. For this experiment, the HLA-B 27 assay,

provided by Euroimmun Medizinische Labordiagnostika AG, was utilized.
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Figure 21: Schematic of the experimental procedure of the DNA assay.

The ssDNA was immobilized onto gate 1, whereas no capture molecules were bound to
gate 2, which served as reference channel for the readout. Except for the precisely
microspotting of the capture DNA, both gates were treated under the same conditions.

As already described in Chapter 2.2.4, the membrane-associated glycoprotein
Human Leukocyte Antigen-B 27 (HLA-B27; B = isotype, 27 =variant) belongs to
the major histocompatibility complex class 1 [105]. Since HLA-B27 triggers an
immune reaction if a virus is resent, it plays an important role in the T-cell
mediated immune reaction [105]. There are several auto immune diseases
which are more likely to break out if people are carrier of the HLA-B27 allele:
Morbus Bechterew [108,109], Morbus Reiter [111], psoriatic arthritis [112],
juvenile idiopathic arthritis [113], uveitis [105], iritis [105], iridocyclitis [105]
and schizophrenia [117]. Furthermore, it is important to perform a HLA
typification before transplantations of bone marrow, organs and stem cells to
avoid a transplant rejection [118-121]. The experimental procedure and the
applied concentrations for the HLA-B 27 assay was the same as for the
customized DNA assay in this thesis. HLA-B27 detection was done to prove a
possible application of the SiNW FET platform for real patient monitoring.
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3.6.2 Protein assay

The protein brain-derived neurotrophic factor (BDNF) was applied for the
antibody-antigen experiments. This cytokine is important for various functions in
the central nervous system. It was shown that BDNF is involved in the
development of Parkinson’s disease [68], Huntington’s disease [78] and
Alzheimer disease [83]. BDNF and the related clinical pictures are described in
more detail in Chapter 2.1.3. The experimental procedure for the immune
sensing experiments was very similar to the DNA assay. Mouse anti-human
BDNF antibody (R&D Systems, Inc., USA) was immobilized onto the GPTMS
modified gate surface with help of the microspotter. For this procedure, 1 ug/mL
antibody was diluted in 150 mM phosphate buffer pH 8.5. The binding process
was done overnight at 4 °C. To eliminate excess capture antibodies, the chip
was carefully rinsed with 150 mM phosphate buffer pH 7.4, deionized water and
0.15 mM phosphate buffer pH 7.4. Free regions of the transistor gate were
blocked by using either 5 % skimmed milk (Sigma Aldrich, Germany) or 1 %
BSA, both diluted in 1x PBS. Blocking was done for 2 h, at room temperature.
Afterwards, the chip was washed with 150 mM phosphate buffer pH 7.4,
deionized water and 0.15 mM phosphate buffer pH 7.4. Four different
concentrations of the target antigen BDNF (R&D Systems, Inc., USA) were
added successively. In the beginning, the lowest concentration of 1 pg/mL
(~ 35.7 fM) was applied, followed by 5 pg/mL (~ 178.5 fM), 10 pg/mL (~ 357 fM)
and 50 pg/mL (~ 1785 fM). The binding proceeded for 2 h at room temperature.
Finally, the chip was rinsed once more with the buffer mentioned above. Like
before, the electronic readout was performed after each experimental step in the
four differently concentrated phosphate buffers (0.15 mM, 1.5 mM, 15 mM and
150 mM; pH 7.4) and the received results of each channel were compared. An
overview of all steps of the protein assay is shown in Figure 22. Fluorescence
imaging was used to verify the successful antibody immobilization and antibody-
antigen binding. To confirm the binding of the capture molecule, the Alexa
Fluor® dye 488 goat anti-mouse (GAM 488) IgG antibody was used as a
secondary antibody. The absorbance maximum of Alexa488 is reported to be
485 + 11 nm. It emits green light with a wavelength of 530 + 15 nm [192]. The

incubation with the secondary antibody was performed after the blocking step in
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the dark for 1 h, at room temperature. Unbound fluorescent molecules were

rinsed away with 150 mM phosphate buffer pH 7.4 and deionized water.
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Figure 22: Schematic of the experimental procedure of the BDNF assay.

Here, the experimental steps of the antibody-antigen assay are shown in a schematic.
Like for the DNA experiments, only on the upper sensor area capture antibody was
immobilized whereas the lower sensor area served as reference sensors. Except for the

immobilization, both areas were treated equally.

Fluorescence microscopy was performed with an inverted fluorescence
microscope (Olympus IX50, Olympus Optical CO. (Europe), GmbH, Germany).
To verify the BDNF binding to its capture antibody, 2 ng/mL BDNF (~ 71.8 pM)
was bound to 2 pg/mL (~ 71.8 nM) BDNF antibody after having blocked the
surface. The binding was performed for 2 h at room temperature. Then, 25
ng/mL biotinylated mouse anti-human BDNF detection antibody was attached for
2 h at room temperature. To be able to perform fluorescence microscopy,

streptavidin-ALEXA 488 was bound for 30 min at room temperature.
3.7 Electronic readout system

As mentioned in the previous chapters, electronic measurements were done
after each experimental step. Therefore, an FET amplifier system was used,
which was already described more in details in previous reports
[39,156,193,194]. The working principle of both, the ISFET and the SiNW FET
readout system, was similar, whereas the resistance of the resistor in the

transimpedance amplifier defining the amplification factor was different. In the
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ISFET setup, a 10 kQ resistor was built in. In contrast to that, a bigger resistor
(500 kQ) was integrated in the feedback loop of the transimpedance amplifier to
measure the much smaller currents (PA range) of the SiINW FETs. Simultaneous
measurements of up to 16 channels could be done with this amplifier setup.
Furthermore, a differential readout with reference channels could be performed.
The temperature of the FETs was precisely controlled to be 25 °C by a heating
plate, which was incorporated in the system. This was important for stable and
reproducible measurements since the temperature has an influence to the
results since ISFETs and SiNW FETs are known to be temperature sensitive
[20,29,195-197]. At high temperature, there is also the risk that proteins and
DNA denaturize caused by the thermal effects on the secondary and tertiary
structure of the proteins and the DNA double strand [198-201]. Measurements
were done by using the front-gate mode, which can be established by applying a
gate voltage via a liquid-junction Ag/AgCl reference electrode (DRIREF-2SH,
World Precision Instruments, Inc., Germany) immersed into the buffer solution
[157]. The reference electrode had to be kept in a stable position during the
measurements to avoid an undesirable influence of the movement of the
reference electrode on the measured data. Especially in diluted buffer solutions,
even a slight movement could have caused a change in signal since the distance
between reference electrode and gate influences the impedance signal and,
hence, can also be applied for conductivity examinations of an electrolyte
solution [54,202]. The front-gate readout was implemented with a fixed back-
gate bias as described in [39,53,54,157]. As mentioned before, the transfer
characteristic curves were measured after each experimental step in four
different phosphate buffer concentrations (0.15 mM, 1.5 mM, 15 mM, 150 mM;
pH7.4, respectively), starting from the lowest concentration. The pH value of all
solutions was kept stable since the pH of the solution affects the obtained results
[46,53,203-205]. Besides the pH, the Debye length and its corresponding
screening effect inside the electrolyte solution also influences the received data
[163,206].
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3.7.1 DC readout: Transfer characteristic

The transfer characteristic (TC), also known as DC readout, is given by the
drain-source current (Ips) as a function of the front-gate voltage (Vi) at a
constant drain-source voltage (Vps). By measuring the TC, the change of
threshold voltage (V1) upon binding of charged molecules can be evaluated. Per
definition, the threshold voltage is the minimum gate voltage, which needs to be
applied to create a conducting channel between source and drain electrode
[152]. For the ISFETs and the SiINW FETs, which can be treated as a long-
channel version of an ISFET, the V1 can be calculated by following equation [20]:

ﬁ_QOX — Qss _ Qs
CO COx

VTH = Eref Yt Xol — +2¢F (3.4)

X
with E. is the potential of the reference electrode, Wg stands for the surface
potential, xs, denotes the surface dipole potential of the solution at the gate
oxide-electrolyte interface, Ws; describes the silicon work function, g means the
elementary charge, Qox marks the fixed oxide charge, Qss represents the surface
state density at the silicon surface, Qg implies the depletion charge in silicon, Cox
entails the capacitance of the gate oxide and ®f is the potential difference
between the Fermi level in silicon between source and drain and Fermi level of
the intrinsic silicon. Except the surface potential Ws, all other terms of this
equation are constant during an electrochemical measurement. Ws is the only
variable and is changed upon binding of charged molecules to the sensor
surface, like DNA or proteins. In conclusion, the change in Vqy is proportional to
the change in Ws. Either an accumulation or depletion of hole carriers on the
gate surface is obtained depending on the charge of the binding molecules.
Negatively charged molecules lead to an accumulation whereas positive charges
result in depletion of the hole carriers in a channel of a p-type FET. If positively
charged molecules bind to a gate, Ws is changed and, therefore, V14 is shifted to
lower values. The surface potential can be determined by changes in
conductivity or capacity [16]. In 2009, it was shown in proof-of-principal
experiments that this theory can be verified experimentally [53]. For this
purpose, they used positively and negatively charged polyelectrolytes to

assembly polyelectrolyte multilayers.
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Figure 23: Measurement setup and exemplary TC readout.

In the left image, the amplifier system for SINW FET can be seen. The measuring box for
the ISFETs differs only in the feedback resistance of the integrated resistor. On the right,
a characteristic measurement of an ISFET is displayed. The readout of 16 channels can be

done simultaneously.

These experiments were repeated in the framework of this thesis to obtain a
better understanding of the working principle. The corresponding results are

shown in section 4.1.2.

3.7.2 AC readout: Transistor transfer function

The detection of the transistor transfer function (TTF) is another possibility to do
the readout with the field-effect arrays. In doing so, the TC needs to be
measured first to be able to set the working point at maximum
transconductance (Figure 24) [207]. A stable voltage, vgim, With a sinusoidal
shape of 10 mV is applied at the reference electrode. After the application of a
stimulus, the change in current response, Alps, can be recorded as TTF. The
frequency recording was done from 1 Hz to 1 MHz. Molecule detection based on
the TTF sensing was described in several publications even though the theory,
on which the TTF relies, is still under discussion [32,33,208-213]. Per definition,
the transfer function H(w) is the mathematical representation between the input

(vstim) @nd the output signal (vo) of a frequency-dependent system:
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H (a)) — VOUt(a))

(3.5)
Vstim (w)

The silicon nanowires are contacted and operated as long-channel ISFET

devices.
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Figure 24: Determination of the working point.

In order to perform TTF measurements, the transfer characteristic needs to be recorded
first to choose the working point at the highest transconductance gn,. The 16 channels of a
SiNW FET are set to the same working point because of the common source of the
channels. Picture published before in [207].

As reported previously, the impedance of the system is changed upon the
attachment of molecules onto the gate surface. The impedance can be described
in a first approximation by the capacitance Cg;, and the resistance Rg;,. In Figure
25, a simplified schematic of the equivalent circuit, with which the TTF of a SiNW
FET can be described, can be seen. The capacitance and resistance are in
parallel to each other [32,156,210,211,214]. Furthermore, in our more
complicated model, the capacitance of the common source contact lines C¢ s is
in parallel to the capacitance of the drain contact line Ccp. The capacitance of
the oxide layer Cpo,, the resistance of the reference electrode Rge and the
resistance of the electrolyte solution Rg are in series to Cgi, and Rgi,. In general,
the transconductance g,, of a field-effect transistor is defined as [215]:
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= Olos _ Tos. (3.6)
aVGS VGS

with ips the small-signal drain-source current and vgs the small-signal gate-
source voltage. To define the TTF spectra, it is necessary to take the parasitic
parameters Cc cs and C¢p into account [216,217]. This can be done by following
equation, in which the contact line capacitance C is evaluated from the size of

the non-encapsulated chip area and the chip design

EnEcin A
C= 0¢Si0,

3.7
q (3.7)

where g is the electric constant, €50, means the relative permittivity of SiO,, A
stands for the area of the passivation layer and d represents the thickness of the

SiO, passivation layer. The small-signal output voltage v, can be calculated by:

Vout =-Ri DS :_H(a))ves (3.8)

Due to binding of biomolecules, like e.g. DNA, on the transistor gate, i.e. the
nanowire, the impedance of the sensor is changed and the transconductance
becomes frequency-dependent [156,215]. The TTF for the simplified circuit is
given by:

1+ joRye,C

H i =
Uo) = Her. (C

Mem 3.9
+C0x) ( )

Mem Mem

with j standing for the imaginary unit, w being the angular frequency and Ryem
and Cyem the resistance and the capacitance of the molecule membrane,
respectively. As previously shown by Bergveld et al. [215], the two time
constants T; and T, can be evaluated from the idealized theoretical transfer
function H(jw):

7, =Ry, (Cg, +Co,) =7, + R, Co, (3.10)

7, = RgoCaio (3.11)
with T, representing the relaxation time of the biomolecule.
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Figure 25: Electronic circuit to explain the TTF.

Here, a simplified schematic of the SiINW FET is shown. With the corresponding electronic
circuit, the TTF method can be explained. A constant voltage (V) is applied at the front-
gate. The capture molecules, described as capacitance (Csi,) and resistance (Rgj), are
directly attached to the nanowire surface. When the target molecules bind to the capture
molecules, the impedance of the system changes which leads to a change in the TTF
curve. Picture taken from [207].

In Figure 26 a, it is shown how the very simplified TTF looks in theory. The left
curve shows the TF for a bare device and the right curve after having attached
biomolecules. The shift between these two curves can be described by the cut-
off frequency, which depends on the solution and the density of the
biomolecules. From the cut-off frequency, it is possible to estimate the
concentration of the biomolecules [33][210]. The shape of the real TTF curve,
recorded by our system, depends on additional parameters like the reference
electrode resistance Rgg, the solution resistance Rs,, the capacitances of the
contact lines (Cccs, Cep) and of the gate oxide Coy (Figure 26 b). PSPICE
modeling of ISFETs was done for TTF measurements of cells [218]. In previous
publication, a PSPICE model was used to describe the TTF spectra of the applied
SiNW FETs [217]. The parasitic parameters and the operational amplifier
influence the TTF spectra. Since the g, value of a SINW FET is smaller than that
of an ISFET, the TTF spectra of the nanowire devices are different compared to
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the microscale FETs [216,219]. In Figure 26 b, it is visible that a peak-like
increase or decrease at elevated frequencies is recorded in the TTF

measurements of the utilized SiINW devices.
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Figure 26: The theoretical and the real TTF curve.

In (a), a simplified electronic circuit to explain the TTF method is shown. It is further
displayed how the TTF of this simplified circuit not including the contact lines would look
in theory. The left and right curves are without and with attached biomolecules,
respectively. The picture is adapted from [211]. In (b), a real TTF recording is shown in
which reference electrode resistance Rgre, solution resistance Rs,, capacitances of the
contact lines (Ccsci, Ccp) and the frequency bandwidth of the transimpedance amplifier
influence the result. In contrast to the theoretical TTF spectra, a peak-like decrease or
increase of the TTF amplitude at elevated frequencies can be recognized. This decrease or
increase is affected by the impedance of the biomolecule layer. Figures published in
[207].

In the frequency range of 50 - 800 kHz, variations of the TTF spectra are
noticeable, which are caused by the amplifier design and its bandpass

characteristics as well as by the large parasitic values of the contact lines of the
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nanowire platform [207]. In order to be able to derive conclusions about the TTF
behavior, the TTF amplitudes of the different experimental steps were compared

at a frequency of 100 kHz.
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Chapter 4 - Proof-of-principle experiments

Before establishing assays on the SiNW platform, initial measurements were
done to study how the sensors behave under different conditions. This should
also help for a better understanding of the working principle of the biosensors.
For this purpose, pH measurements were performed on the silicon nanowire
field-effect transistors. The aim was to display the change in V14 upon increasing
the pH value of the buffer solution by detecting the transfer characteristic (TC)
of the sensor. In a second set of experiments, conductivity recordings were done
in different concentrated buffer solution. This was done to identify how the ionic
strength of the applied test liquid is affecting the obtained results. In doing so,
the impedimetric readout method by measuring the transistor transfer function
(TTF) was evaluated for micro- and nanoscaled transistors. Moreover,
polyelectrolyte multilayers were built up on our readout platform. The objective
of these experiments was to work out how the TC and the TTF evolve after
successive binding of positively charged and negatively charged biomolecules
and to investigate if the charge influences the TTF as well.

4.1 pH sensing

The sensing of variations in pH attracted a lot of attention in the last decades,
since it can be used in biomedical applications to monitor biochemical reactions.
There are assays with which bacteria [220] or viruses [46] can be determined
by measuring variations in pH. The detection of pH changes is also used in
agriculture and for environmental purposes [221]. In framework of this thesis,
pH measurements were performed as proof-of-principle experiments to gain an
in-depth understanding of the behavior and working principle of the applied
SiINW FETs. The main advantage of using SiNW FET in contrast to the larger
ISFETs is their small size enabling measurements even underneath single cells
and their low yW power range.

In initial tests, pH sensing was done on cleaned SiNW FETs to analyze how the
transfer characteristics behave upon the addition of buffer solutions with

increasing pH value. For this purpose, six phosphate buffer solutions with
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different pH values were used on p-type SiNW FETs. The surface of the nanowire
devices was firstly cleaned like described in Chapter 3.4. After that, the
measurements were started by adding a solution with a pH value of 4.5. The pH
was successively increased to 5.0, 6.0, 7.0, 8.0 and 9.0. The chip was cleaned
with the subsequent pH solution in between each experimental step. The TC was
measured after the addition of each pH solution. In our measurement setup, a
stable liquid-junction Ag/AgCl reference electrode was used to bias the SIiNW
FET. The change in proton concentration, contained in the electrolyte solution,
changes the protonation level of the surface groups. This results in a charge
accumulation in the transistor channel, which changes the threshold voltage of
the sensor [222]. One exemplary measurement at Vps = -3 V in linear scale is

displayed in Figure 27.
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Figure 27: pH dependent TC measurements.

Change of the TC caused by different pH values at Vps = -3 V. The transfer characteristic
is shifted to more positive values (from left to the right) due to an increase in negative
charge on the sensor surface. This is caused by the release of protons from the hydroxyl

groups on top of the device into the bulk solution.

An increasing pH value leads to a shift of the voltage to more positive values.

The reason for this is a change of the charges on the sensor’s surface at the

oxide-electrolyte interface, which leads to a shift of the flatband voltage within

the transistor [54]. As described in paragraph 2.4.3, the surface of the field-

effect sensor is made of silicon dioxide. If the SiO, surface gets into contact with
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aqueous solutions, like the phosphate buffer solution, silanol groups (Si-OH) are
built up [223] and, hence, hydroxyl groups are formed on top of the silicon
dioxide layer. The hydroxyl groups at the oxide surface are amphoteric groups,
which means that can be protonated and deprotonated, which leads to pH
dependent changes of the surface potential [224]. In consequence, an
equilibrium between hydroxyl groups on the device and the hydrogen ions of the
bulk solution exists [54,166,167]. As already mentioned, the SINW FETs can be
considered as nanoscale ISFETs [154] and, hence, the same equation as for the
microscale devices can be taken into account [225]. With the site-binding
model, the principle of the pH sensitivity of oxide-terminated surface can be
described [167]. This model was later on transferred onto ISFETs [226,227].
The threshold voltage Vyy of both devices is given by

Vi =Vo - (4.1)

with g as the surface potential of the transistor and V, as constant voltage. The
change in surface potential can be calculated as follows

k,T
Ay = 2.305b?ApHBU,k (4.2)

Here, a is the sensitivity factor and g the ionic charge, T the temperature in
Kelvin and k, the Boltzmann constant. The change in surface potential of a SiO,
substrate as a function of the pH change is depending on its surface groups, the
ionic strength and the composition of the applied buffer [161]. For an ideal oxide
surface with a sensitivity factor « =1, a maximum sensitivity at room

temperature can be assumed

Vs -2.3oszT ~60mV (4.3)
ApH g q

with Nernstian behavior. However, as shown in previous examination, silicon
dioxide is not an ideal pH sensing surface in comparison to Ta,Os, which
possesses almost Nernstian characteristics [53]. Furthermore, silicon dioxide
displays a large hysteresis compared to other gate oxides like SisN4, Al,O3 or the

already mentioned Ta,0s5 [227,228]. For silicon dioxide surfaces, it is well known
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that point of zero charge (PZC), at which the net surface charge is zero, is at
pHpzc 2.2 [205]. PZC can be calculated with the following equation

pK, + pK
pH pPzC Z#b

with PK, =-logK, and pK, =-logK, (4.4)
where K, and K, are dimensionless dissociation constants for acids or bases. At
pH values higher than the pHpzc, the silicon dioxide surface becomes negative.
This means that upon increasing the pH value in the solution, the hydroxyl
groups start to release hydrogen ions, i.e. protons, to the solution [205].
Therefore, the surface of the nanowire platform gets more negatively charged.
The higher the pH value of the introduced solution, the more protons are
released from the hydroxyl surface and the more negative charges are available
at the FET surface. This induces a change in the surface potential and a shift in
threshold voltage [54]. The change in surface charge at the oxide-electrolyte
interface influences the change of the surface potential, which can be calculated
by the Grahame equation (2.17). This leads to a change in flatband voltage of
the device, which results in a shift of the transistor’s transfer characteristic upon
pH variation [54]. In Figure 27, the shift of the transfer characteristic and the
corresponding shift of the threshold voltage of a p-type nanowire transistor
caused by pH changes are displayed. By increasing the pH value of the solution,
the flatband voltage of the device is shifted to higher voltages. In case of p-
channel FETs, the Vig is negative which induces a depletion of charge carriers in
the nanowire channel upon increasing the pH [54]. By calculating the change in
mV/pH, the sensitivity of a sensor can be determined which describes the signal
change caused by a variation of the pH value. The sensitivity of the devices used
in this thesis, was calculated to be only 34 mV/pH, which corresponds to an « -
value of 0.57. This value is slightly lower than usually reported for surfaces
made of SiO, [166]. As reported by Bousse already in 1982, impurities, like dust
or dirt particles, influence the sensitivity towards pH changes [229]. Due to the
fact that no fresh sensors were used for these basic experiments, this result is in
good agreement with the sensitivity of 30 - 40 mV/pH reported earlier [229].
Due to the lack of new fabricated sensors, the pH measurements were
performed on SiNW FETs, which were already applied in previous biomolecular

experiments. Furthermore, the pH measurements were performed on the bare

76



Chapter 4 - Proof-of-principle experiments

SiO, surface without any modification. In a previous publication, in which the
same type of chips was used, a sensitivity of new SiNW FETs of 41 mV/pH with
an o value of 0.69 was reported [53]. Like mentioned there, the sensor,
nevertheless, showed the typical p-type behavior upon changing the pH value of
a buffer solution.

To increase the sensor’s sensitivity to pH changes, it is possible to modify the
surface by performing silanization before measuring the pH. In several
publications, it was shown that the surface modification with the amino siloxane
(3-aminopropyl)triethoxysilane (APTES) leads to a higher sensitivity to pH
changes in the electrolyte solution [230-232]. This can be explained by the
possibility to undergo protonation and deprotonation of the amino group in
dependence of the pH at the sensor surface. Furthermore, amino (-NH,) and
silanol (-SiOH) groups are available on the surface after APTES silanization. Both
groups possess different dissociation constants [231]. As described by Cui et al.,
the -SiOH groups are deprotonated to SiO™ at high pH values. This leads to an
accumulation of hole carriers in the p-type transistor and to a shift of V4 to
lower values. The amino group is protonated to -NHs* at low pH values, which is

accompanied by a depletion of hole carriers [231].
4.2 Conductivity measurements

Conductivity measurements were performed to test the influence of the ionic
strength of an applied buffer solution on the shape of the TTF. The same
experiments were done on ISFETs and on SiNW FETs (Figure 28). The influence
of the ionic strength onto the TTF measurements is described in a subsequent
chapter. For this kind of experiments, four differently concentrated phosphate
buffer solutions were prepared. The TTF measurements were started with 0.15
mM phosphate buffer. The buffer concentration was increased by a magnitude of
10 till a maximum concentration of 150 mM was reached. In between the
measurements, the chip was carefully rinsed with the buffer, in which it was
measured in the following step. In Figure 28, two exemplary TTF readouts of the
four buffer solutions can be seen. The measurements in Figure 28 a were done
on an ISFET and in Figure 28 b on a SiNW FET. The shift in TTF is in good
agreement with what was published in literature before [54,179,202]. By

evaluating the cut-off frequency, it was clearly visible that it is shifted to higher
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frequencies with increasing buffer concentration. This is caused by a change in
resistance which is lower in solutions with high ionic strength [202]. The shift of

the cut-off frequency can be observed for the nano- and the microscaled

devices.
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Figure 28: Exemplary transistor transfer function of conductivity measurements.
The TTF was measured in four different buffer concentrations on an ISFET and a SiNW
FET. The buffer has different conductivity values, which varied by a factor of 10,
respectively. The arrows in (a) and (b) indicate the direction of increasing ionic strength.
In (a), the conductivity measurements performed on an ISFET are shown, in (b), the

results for the nanowire device is displayed.

However, it is more pronounced for the ISFETs, since the TTF curves measured
on the SINW FETs mostly had this bump characteristic at a frequency of around
10 kHz. This bump is most likely caused by the operational amplifier of the
readout system in combination with parasitic parts of the chip such as contact
line capacitance and resistance [217].
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4.3 Assembly of polyelectrolyte multilayers

Another set of initial experiments was performed to gain further information and
understanding about the working principle of the nanowire transistors. Besides
pH measurements, the assembly of polyelectrolyte multilayers was performed to
investigate the behavior of the field-effect transistor upon binding of positively
and negatively charged molecules. Per definition, polyelectrolytes are polymers
which possess chargeable groups [181]. These polymers release counterions due
to dissociation which is caused by solving them in e.g. water and which results
in a charged chain inside the polyelectrolyte [181]. These experiments were

performed on ISFETs and on SiNW FETs for comparison.
4.3.1 DC readout of polyelectrolyte multilayers on ISFETs

The sensors were cleaned with Piranha solution as described in Chapter 3.4 prior
the incubation with the first polyelectrolyte solutions. By doing layer-to-layer
adsorption, the sensor was alternately incubated with positively and negatively
charged polyelectrolytes. The silicon dioxide surface is negatively charged at a
pH higher than 3.5. In consequence, it is feasible to first electrostatically bind
positively charged molecules on top of the surface to which a polyelectrolyte
with negative charged can be adsorbed [233]. For this purpose, the cationic
poly(allylamine hydrochloride) (PAH) and the anionic poly(sodium 4-styrene
sulfonate) (PSS) were applied. When dissolved in water, the negatively charged
PSS is completely charged over a wide range of pH [234,235] whereas PAH is
only charged at neutral and acidic pH values. At a pH above 10, it becomes
neutral [234,235]. The assembly of the polyelectrolyte multilayers was
performed in 10 mM phosphate buffer pH 5.5, while the measurements were
done in four differently concentrated phosphate buffer solutions (0.15 mM, 1.5 mM,
15 mM, 150 mM). In between the different experimental steps, the transistors
were cleaned thoroughly with deionized water to eliminate excess
polyelectrolytes, unspecifically bound to the sensor surface.

It is known that the conformation and the adsorption strength of the
polyelectrolyte are depending on the salt concentration in the buffer solution
[171]. As reported in previous publications, the polyelectrolytes exhibit a linear,

stretched conformation when dissolved in buffers with low ionic strength [17]. In
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higher salt concentrations, where the Debye length is relatively small, the
polyelectrolytes are coiling up because their charges are screened by the
counterions from the buffer solution [171]. This means that the thickness of the
polyelectrolyte layer depends strongly on the ionic strength of the applied buffer
solution [233,236]. At low buffer concentrations of around 6 mM, the thickness
of either a single PAH or PSS layer is assumed to be around 0.5 nm according to
literature [17,237]. Because of the Debye screening effect, a decrease in signal
strength is expected upon assembly of polyelectrolyte multilayers. The signal
strength is depending on the distance to the sensor surface. This relies on the
shielding effect of the biomolecule charges by counterions in the buffer solution.

The Debye screening length is given by

ek T
A o= [ZZ07b (4.5)
° V2N, e’

where € is the dielectric constant of the bulk solution, g; is the dielectric constant
in vacuum, k, and N, are the Boltzmann and Avogadro constant, respectively, e
is the elementary charge and | is the ionic strength [171]. Since the
measurements were conducted in phosphate buffer solutions with ionic
strengths of 0.15 mM, 1.5 mM, 15 mM and 150 mM, Debye lengths of
approximately 17 nm, 7.5 nm, 2.5 nm and 0.75 nm resulted according to
equation 4.5, respectively. The assembly of the polyelectrolyte multilayers was
monitored by measuring the TC and the change in threshold voltage after each
polyelectrolyte deposition. Besides that, the transistor transfer function was
recorded as well to analyze whether charges also have an influence on this
readout mode. An exemplary DC readout of the assembly of the polyelectrolyte
multilayer on ISFETs can be seen in Figure 29. It is one exemplary result for the
measurement performed in 0.15 mM buffer at Vps = -3 V. Eight polyelectrolyte
layers were assembled in total onto the cleaned chip and the positively charged
PAH and the negatively charged PSS were alternately adsorbed. The following
TC curves are displayed in Figure 29: cleaned chip (black curve), first
polyelectrolyte layer (PAH; red curve), second layer (PSS; light green curve),
third layer (PAH; dark blue curve), fourth layer (PSS; light blue curve), fifth
layer (PAH; pink curve), sixth layer (PSS; purple curve), seventh layer (PAH;
dark green curve) and eighth layer (PSS; grey curve).
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Figure 29: Exemplary TC measurements of polyelectrolyte multilayers on ISFETs.
These exemplary results were measured in 0.15 mM phosphate buffer at Vps = -3 V. After
having cleaned the chip (black line), the polyelectrolyte multilayers were assembled as
follows: first layer PAH (red), second layer PSS (light green), third layer PAH (dark blue),
fourth layer PSS (light blue), fifth layer PAH (pink), sixth layer PSS (purple), seventh
layer PAH (dark green) and, finally, eighth layer PSS (grey). The inset, the magnification
of the curve is shown.

For all four buffer concentrations, which were used on the microscaled device,
the same effects were observed: The adsorption of the positively charged PAH
charged lead to a shift of the TC to lower voltages, whereas the incubation with
the negatively charged PSS shifted the TC to more positive values. This
observation agrees with published data [17]. In Figure 30, the evaluated TC
results for the change in the front gate voltage, AVgs, are shown. The
corresponding mean values of each polyelectrolyte layer and the number of
experiments (n) can be taken from Table 3. As can be seen by the evaluation,
there is the tendency that the signal strength decreases with increasing buffer
concentration which is in agreement with the already mentioned Debye
screening effect.
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Figure 30: Assembly of polyelectrolyte multilayers on ISFETs - AV evaluation.
In this figure, the exemplary AVes results of the polyelectrolyte assembly for all four
buffer concentrations can be seen. For the calculation of AVes, the results measured for

the clean chip are taken as baseline.

In 150 mM buffer, the 4" layer of PAH and PSS, meaning layers seven and
eight, were not detectable anymore. For the other buffer concentrations, both
layers were still measurable. According to literature, the signal strength should
decrease with increasing number of layers. This effect could not be clearly
verified within these proof-of-principle experiments. One reason might be that
the mean values for several chips are demonstrated in Figure 30 and Table 3.
Another explanation could be that only eight layers in total were adsorbed to the
chip surface. It was not tested how many layers would have been detectable

with our sensors.
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150 mM 0.15 mM
buffer 15 mM buffer | 1.5 mM buffer buffer
clean 0 mVv 0 mVv 0mVv 0 mVv
1t layer -22.1mV -32.4mV -41.9 mV -37.2mV
(PAH) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
2" layer 6.8 mV 24.3 mV 46.6 mvV 61.3 mV
(PSS) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
3" layer -3.8mVv -21.8mv - 44.4 mV - 54.4 mV
(PAH) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
4" layer 4.8 mV 18.3 mV 34.5 mV 55.3 mV
(PSS) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
5% layer -0.7 mV -13 mv -30.9 mVv -49.9 mV
(PAH) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
6" layer 6.0 mV 20.6 mV 38.2 mv 51.3 mV
(PSS) (n= 3, 27 chan) | (n= 4, 47 chan) | (n= 4, 47 chan) | (n= 4, 47 chan)
7™ layer -14.6 mV -27.5mV -45.1 mVv
not detectable
(PAH) (n= 3, 34 chan) | (n= 3, 34 chan) | (n= 3, 34 chan)
8™ layer 15.5 mVv 36.2 mV 64.7 mV
not detectable
(PSS) (n= 3, 24 chan) | (n= 3, 24 chan) | (n= 3, 24 chan)

Table 3: Assembly of polyelectrolyte multilayers on ISFETs — mean AVg; values.

The mean values of the change in threshold voltage for the microscaled devices are

displayed in this table. Furthermore, the number of experiments and the total number of

measured channels (chan) are written in brackets.

These experiments only served for a better understanding of the sensors upon

binding of charged molecules. Furthermore, the intention was to examine how

the different buffer concentrations influence the signal strength.

4.3.2 DC readout of polyelectrolyte multilayers on SINW FETs

The same polyelectrolyte experiments were performed on the nanoscaled

transistors. SINW FET devices with different nanowire size and different numbers
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of nanowires per channel were used in framework of these experiments.
Assembling the polyelectrolyte multilayers was conducted under the same
experimental conditions: Eight polyelectrolyte layers were adsorbed onto the
cleaned nanowires and the measurements were performed in four different
buffer concentrations, i.e. 0.15 mM, 1.5 mM, 15 mM and 150 mM phosphate
buffer. In Figure 31, an exemplary TC result of the assembly of polyelectrolyte

multilayers is represented.
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Figure 31: Exemplary TC readout of polyelectrolyte multilayers on SiNW FETs.
The measurement was performed in 0.15 mM phosphate buffer pH 7.0 at Vps =-3 V. The
black TC curve was measured after having cleaned the device. The polyelectrolytes were
alternatingly adsorbed onto the chip to obtain eight multilayers in total. The adsorption
was started with PAH (first layer; red curve) followed by a PSS layer (second layer; light
green curve). Layer three (PAH; dark blue), four (PSS, light blue), five (PAH; pink), six
(PSS, purple), seven (PAH; dark green) and eight (PSS, grey) were added successively.

The displayed measurements were done in 0.15 mM phosphate buffer pH 7.0 at
Vps = -3 V. In the right lower inset, a magnification of this exemplary readout is
shown to obtain a better overview of the V4 change after each experimental
step. As shown in Figure 29 for the ISFETs, the black TC curve was measured

after cleaning of the chip. Then, the transistor was alternately modified with four
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layers of PAH and of PSS, respectively, to obtain eight polyelectrolyte layers
(first layer — 1. PAH (red curve), second layer — 1. PSS (light green), third layer
- 2. PAH (dark blue), fourth layer — PSS (light blue), fifth layer — 3. PAH (pink),
sixth layer — 3. PSS (purple), seventh layer - 4. PAH (dark green) and eighth
layer - PSS (grey)). The same observation was made as with the microscaled
transistors: The adsorption of the positively charged PAH polyelectrolyte led to a
change of the flatband voltage to lower Vg values, whereas the addition of the
negative PSS molecules shifted the TC back to higher Vi values. These results
are in agreement with previous studies [53,54]. In Figure 32, the AVig results
for the assembly of polyelectrolyte multilayers on SiNW FETs are represented.
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Figure 32: Assembly of polyelectrolyte multilayers on SiNW FETs - AVg
evaluation.

To draw conclusions about the assembly of polyelectrolyte multilayers, AVrs was
evaluated for all four buffer concentrations. Therefore, the results measured for the clean

chip served as baseline.

For this evaluation, several experiments were compared and the corresponding
mean values, the number of experiments as well as the associated number of
channels can be taken from Table 4. As mentioned before, nanoscaled devices
with different nanowire dimensions and different numbers of nanowires per
channel were used and, finally, compared. Since the obtained signal is also
depending on the wire dimensions and the amount of wires per channel, there is
only the tendency that the signal intensity decreases with increasing number of

polyelectrolyte layers and increasing thickness of the biomolecule layer.
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However, this tendency is in agreement with previous publications [183,184].
Furthermore, it is preferable to use freshly encapsulated chips, which were not

used for any experiments before, to ensure that no remaining biomolecules from

previous trials are present on the surface.

150 mM 0.15 mM
buffer 15 mM buffer | 1.5 mM buffer buffer
clean 0 mVv 0 mVv 0mVv 0 mVv
1%t layer -16.0 mV -16.4 mV -11.1 mVv -1.6 mV
(PAH) (n=6, 34 chan) | (n=7,65chan) | (n=7, 65 chan) | (n=7, 71 chan)
2" layer 4.7 mV 13.7 mV 32.7 mV 38.7 mv
(PSS) (n=6, 34 chan) | (n=7,65chan) | (n=7, 65 chan) | (n= 7, 71 chan)
3" layer -20.8 mV -28.1 mV -47.3 mV -56.7 mV
(PAH) (n= 6, 34 chan) | (n=7,65chan) | (n=7, 65 chan) | (n= 7, 71 chan)
4™ layer 13.3 mV 21.1 mVv 43.5 mV 34.3 mV
(PSS) (n= 6, 34 chan) | (n=7,65chan) | (n=7, 65 chan) | (n=7, 71 chan)
5% layer -6.2 mV -16.7mV -40.5 mV -47.0 mV
(PAH) (n= 2, 9 chan) (n=5, 53 chan) | (n=15, 53 chan) | (n=5, 55 chan)
6™ layer 15.6 mV 10.9 mV -30.8 mV 60.5 mV
(PSS) (n= 2, 9 chan) (n=5, 53 chan) | (n=15, 53 chan) | (n=5, 55 chan)
7™ layer -10.6 mV -13.5mV -17.1 mVv -38.9 mV
(PAH) (n= 2, 9 chan) (n= 2, 23 chan) | (n=5, 53 chan) | (n= 5, 55 chan)
8" layer 2.7 mV 10.5 mVv 21.2 mV 28.5 mV
(PSS) (n=2,9chan) | (n=2,23chan) | (n=5, 53 chan) | (n=5, 55 chan)

Table 4: Assembly of polyelectrolyte multilayers on SiNW FETs - mean AVgs
values.
In this table, an overview of AVes caused by the assembly of polyelectrolyte multilayers in

different buffer concentrations is given. The experiments were implemented on SiNW FETs.

To really examine this effect and to derive a final conclusion, more

polyelectrolyte layers would have been needed to find out how many layers can
be detected

in which buffer concentration. As already mentioned these
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experiments served as initial trials to gain more information about the difference
of the signal strength in the different concentrated buffers. There is a clear
tendency that the signal is more pronounced in lower buffer concentrations as in

high-concentrated solutions.
4.3.3 AC readout of polyelectrolyte multilayers on ISFETs

Besides measuring the change in threshold voltage upon binding of the charged
molecules, the change in transconductance, Ag,, was also detected. For this
purpose, the transistor transfer function (TTF) was recorded by performing the
AC readout. This was done for both, the ISFETs and the SiINW FETs, to examine
if the charge of the molecules influences the TTF and the Ag.,. In Figure 33, an
exemplary TTF measurement of the assembly of polyelectrolyte multilayers on
an ISFET device is displayed.

g, (mS)
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Figure 33: Exemplary TTF readout of polyelectrolyte multilayers on ISFETs.

Here, an exemplary ac readout of polyelectrolyte multilayers is represented. The
measurement was done right after the TC detection and the determination of the
respective working point. The TTF was measured after each experimental step, which

means after leaning and after depositing of eight polyelectrolyte layers.
For the evaluation of the TTF curves, no suitable model was available. Therefore,
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a certain frequency range was examined and analyzed to derive conclusions
about the measurements. This frequency of interest was set around the
maximum change of the TTF curves of the different chips, which was observed
at 10° Hz. The statistics of the assembly of eight polyelectrolyte layers are
shown in Figure 34 and Table 5. The g, measured after cleaning the chip
served as baseline. Then, Ag, of two following steps was calculated and
plotted (Figure 34).

0.1

0.05 -

Ag,, (mS)

Figure 34: Assembly of polyelectrolyte multilayers on ISFETs - Ag. evaluation.

In this figure, the statistical evaluation of the AC-results of the assembly of in total eight
polyelectrolyte layers is represented. The evaluation of Ag, was done at 100 kHz. The
experiments were performed on ISFETs.

The corresponding Ag,, values are shown in Table 5. The measurements were
done in four different buffer concentrations. Due to the different conductivities
within the different buffers, the highest signal strength was obtained in the
lowest concentration and, in consequence, the lowest intensity in the highest
concentrated solution. The experiments and the corresponding statistics were
performed on four different chips with 54 working channels. For the statistical
evaluation, Ag,, was calculated at a frequency of 100 kHz. It can be seen that
the g, value is changing upon binding of molecules. However, no meaningful
order of the different steps and, hence, the different charged molecules can be
observed. Nevertheless, it seems that the change of transconductance is the
same for 15 mM and 150 mM phosphate buffer, as well as for 0.15 mM and
1.5 mM buffer.
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150 mM 0.15 mM
buffer 15 mM buffer 1.5 mM buffer buffer
0 mS 0 mS 0 mS 0 mS
clean
(n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
1t layer -0.049 mS -0.069 mS -0.11 mS -0.16 mS
(PAH) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
2" Jayer 0.035 mS 0.032 mS 0.016 mS 0.0039 mS
(PSs) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
3" Jayer -0.036 mS -0.017 mS 0.03 mS 0.088 mS
(PAH) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
4" Jayer 0.03 mS 0.008 mS -0.048 mS -0.1 mS
(PSS) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
5% Jayer -0.003 mS -0.016 mS 0.01 mS 0.007 mS
(PAH) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
6™ layer -0.001 mS 0.01 mS 0.016 mS 0.017 mS
(PSS) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
7' layer -0.039 mS -0.026 mS -0.037 mS -0.009 mS
(PSS) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)
8™ layer 0.033 mS 0.017 mS 0.0005 mS -0.003 mS
(PSS) (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan) | (n= 4, 54 chan)

Table 5: Assembly of polyelectrolyte multilayers on ISFETs — mean Ag., values.

Here, the calculated Ag., values of the ac readout of eight polyelectrolyte layers are

shown. The total number of evaluated chips was 4 with 54 working nanowire channels.

The results show the same tendency for all four buffers till the second

polyelectrolyte layer, i.e. PAH. Starting from the third to the fifth multilayer, the

results are opposite for the two highest compared to the two

lowest

concentrations, whereas from the sixth to the eight layers, the same tendency

was again observed for all buffers. It might be that the conductivity difference

influences these results, but in order to derive meaningful conclusions about the

observed phenomena, simulations need to be performed. Nevertheless, it seems
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that the charge of molecules also influences the TTF measurements on ISFETs,

in particular when the thickness of the layer is in the range of the Debye length.
4.3.4 AC readout of polyelectrolyte multilayers on SiNW FETs

Since the charge seems to affect the transconductance of a microscaled field-
effect device, it was assumed that the nanowire platform is influenced by this
parameter as well. Therefore, the same measurements were implemented on
SiNW FETs, too. In Figure 35, an exemplary TTF result derived from a SiNW FET

can be seen.
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Figure 35: Exemplary TTF readout of polyelectrolyte multilayers on SiNW FETs.

In this figure, the TTF results of the assembly of polyelectrolyte multilayers are shown.
The measurements were performed in 0.15 mM phosphate buffer pH 7.0. The
conductivity of the buffer was adjusted and kept stable during the measurements to

avoid the influence of any conductivity changes.

For the evaluation, the g, recorded for the cleaned, blank chip was set as
baseline and the Ag,, values were calculated like it was done for the ISFET data,
before. In Figure 36, the statistical evaluation of the change in transconductance

is shown.
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Figure 36: Assembly of polyelectrolyte multilayers on SiNW FETs - Agn
evaluation.

In this figure, the evaluation of the AC readout of polyelectrolyte multilayers is

represented. The measurements were performed in four different concentrated buffers.

The statistics was done for six chips in total. The corresponding mean Agp,
values are displayed in Table 6. As mentioned previously, the signal strength
was increasing with decreasing buffer concentration. In contrast to the results
for the experiments, performed on ISFETs, the change in conductance showed
the same tendency for all polyelectrolyte layers and for all buffer concentration,
except of the fourth and the eighth PE layer, where the shift in g,, measured in
1.5 mM buffer was opposite to the other buffer concentrations. By comparing
the results for both applied platforms, a same tendency was observed until the
second layer for all buffer concentrations, and until the fourth layer when
comparing the ISEFT results for the two highest concentrated buffers with the
nanowire data. In a future project, these examinations for the SiNW FETs are
further examined, which include the modeling and simulation of the data. The
polyelectrolyte measurements, presented in this subchapter, were performed to
confirm the possibility that the applied platforms can be used for the detection of
biomolecules like DNA or proteins. They were performed to document how the
sensor behaves upon binding of negatively and positively charged molecules and
how the transfer characteristics and the transistors transfer function are
changed due to different charges. It was shown that the flatband voltage is

changing accordingly to the charge of the biomolecules attached to the nanowire
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for both,

the micro-

and the nanoscaled platform. Moreover, the Debye

screening effect was observed, which needed to be taken into consideration for

the following bioassays that were established on the nanowire chips.

150 mM 0.15 mM
buffer 15 mM buffer 1.5 mM buffer buffer
0 mS 0mS 0 mS 0mS
clean

(n= 6, 55 chan) | (n= 6, 61 chan) | (n= 6, 69 chan) | (n= 6, 70 chan)

1t layer -0.086 mS -0.41 mS -1.6 mS -2.47 mS
(PAH) (n= 6, 55 chan) | (n= 6, 61 chan) | (n= 6, 69 chan) | (n= 6, 70 chan)

2" Jayer -0.019 mS 0.19 mS 0.11 mS 0.64 mS
(Pss) (n= 6, 55 chan) | (n=6, 61 chan) | (n= 6, 69 chan) | (n= 6, 70 chan)

3 layer -0.053 mS -0.83 mS -0.24 mS -0.45 mS
(PAH) (n=6,55chan) | (n=6, 61 chan) | (n=6, 69 chan) | (n= 6, 70 chan)

4" Jayer -0.27 mS -0.2 mS -0.83 mS 0.06 mS
(PSS) (n=6, 55 chan) | (n=6, 61 chan) | (n=6, 69 chan) | (n= 6, 70 chan)

5t Jayer 0.9 mS 1.12 mS 1.91 mS 2.13 mS
(PAH) (n=6,55chan) | (n=6, 61 chan) | (n=6, 69 chan) | (n= 6, 70 chan)

6™ layer -0.1 mS -0.3 mS -1.1mS -1.94 ms
(PSS) (n=6, 55 chan) | (n=6, 61 chan) | (n=6, 69 chan) | (n= 6, 70 chan)

7' layer 0.027 mS -0.016 mS 0.13 mS 0.04 mS
(PSS) (n= 6, 55 chan) | (n=6, 61 chan) | (n= 6, 69 chan) | (n= 6, 70 chan)
8™ layer 0.067 mS 0.21 mS -0.31 mS 0.06 mS
(PSS) (n= 6, 55 chan) | (n= 6, 61 chan) | (n= 6, 69 chan) | (n= 6, 70 chan)

Table 6: Assembly of polyelectrolyte multilayers on SiNW FETs - mean Agn,

values.

The Agm values were all evaluated at a frequency of 100 kHz. The TTF curve measured

after cleaning the chip served as baseline. In order to determine the shift of the gm values,

two TTF curves at 100 kHz were subtracted.

A change in g, was observed after each polyelectrolyte deposition. Since the

conductivity of the buffer was adjusted before the experiments and kept stable

during the measurements, an influence of changes caused by the buffer solution
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itself can be excluded. Furthermore, it might be that different effects are
influencing the TTF results for the micro- and nanoscaled devices, since the
obtained results for both platforms were slightly different. It is assumed that the
parasitic parameters for each device type play a role, which can only be followed

up by experiments with more devices available in future [238].
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Chapter 5 — DNA experiments

After having verified with the proof-of-principle experiments that the sensors are
able to detect charged molecules, assays were performed with artificial DNA
sequences and two complementary HLA-B27 DNA sequences, provided by
Euroimmun Medizinische Labordiagnostika AG. A typification of HLA-B27 is for
instance important for organ transplantation to verify that donor and recipient
are matching. Carriers of the HLA-B27 allele were shown to possess a higher risk
to suffer from several autoimmune diseases. The respective results of the assays

are represented and discussed in this chapter!.
5.1 DNA fluorescence reference experiments

To verify that the immobilization of the capture DNA sequence was successful,
fluorescence-labeled DNA was bound to the epoxy-terminated surface. For this
kind of experiments, silanized glass slides and SiNW FETs were used. For the
surface functionalization and modification, the same protocol was used as for the
electronic measurements: Before immobilizing the capture DNA overnight, the
chips were cleaned carefully with deionized water after GPTMS silanization. To
remove unspecifically bound capture molecules, the devices were thoroughly
rinsed with 2x SSC, 1x SSC and deionized water, they were dried with nitrogen
and fluorescence microscopic pictures were taken. In basic experiments,
different concentrations of the capture molecule were immobilized on glass
slides to check if there are differences in the obtained fluorescence intensity.
10 nM, 100 nM, 500 nM and 1 uM of single-stranded capture molecules were

bound to the epoxy surface for doing a comparison of the fluorescence signal

! Parts of this chapter were published in

T.C. Nguyen, M. Schwartz, X.T. Vu, J. Blinn, S. Ingebrandt, “"Handheld Readout System For
Field-Effect Transistor Biosensor Arrays For Label-Free Detection Of Biomolecules.” Physica
Status Solidi (A): Applications and Materials Science, 212 (6), 1313-1319 (2015).

M. Schwartz, T.C. Nguyen, X.T. Vu, M. Weil, J. Wilhelm, P. Wagner, R. Thoelen, S.
Ingebrandt, “"DNA Detection With Top-Down Fabricated Silicon Nanowire Transistor Arrays
In The Linear Operation Regime.” Physica Status Solidi (A): Applications and Materials
Science, 213 (6), 1510-1519 (2016).

M. Schwartz, T.C. Nguyen, X.T. Vu, P. Wagner, R. Thoelen, S. Ingebrandt, “Impedimetric
Sensing Of DNA With Silicon Nanowire Transistors As Alternative Transducer Principle.”
Physica Status Solidi (A): Applications and Materials Science, 1700740 (2018).
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afterwards. The capture ssDNA was amino-modified at 3’ and Cy3-labeld at 5'. The
corresponding sequence and modifications can be taken from Table 2. In Figure 37,
the fluorescence images of the different capture molecule concentrations and the

statistical evaluation of the fluorescence signal are depicted.
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Figure 37: Fluorescence reference control of DNA immobilization on glass slides.
4x4 spots of 1 uM, 0.5 uM, 0.1 uM and 0.01 uM capture ssDNA site-specifically
immobilized via microspotting onto a silanized glass slide (a), magnification of one single

spot of each concentration (b), statistical evaluation of the fluorescence intensity (c).

For the evaluation and calculation of the fluorescence strength, the program
Image J (https://imagej.net) was used. With Image J, it is possible to calculate
the corrected total fluorescence (CTF) of a fluorescent area. In doing so, the
outer shape of the fluorescent area was marked and the integrated density

(IntDen) of this area is calculated by the program by

IntDen = (Area of fluorescent spot) x (mean fluorescence of spot) (5.1)
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It can also be described as the number of pixels of the selected area. To
differentiate between real fluorescence and background signal, an area
(=background), which is not or only weakly fluorescent, is marked and CTF is

also calculated as follows [239-241]

CTF = (IntDen fluorescent spot) - (Area fluorescent spot x mean fluorescence
background) (5.2)

As expected, the fluorescence intensity is decreasing with decreasing DNA
concentration because also the number of fluorophores, which means the total
amount of fluorescently labeled molecules, is reduced. This is in agreement with
literature [242]. The same DNA sequence was also immobilized onto silanized
SiNW FETs. The applied concentration was 1 pM. In Figure 38, one result of the

fluorescence microscopy can be seen.

6009000000000

Figure 38: Fluorescence reference control of DNA immobilization on SiNW FET.

In this picture, a fluorescence image of a successful immobilization is represented. For
this purpose, 1 uM of capture ssDNA was site-specifically micro-spotted onto the sensor
area of a GPTMS silanized SiINW FET. Fluorescence microscopy was performed with an
inverted fluorescence microscope (Olympus IX50, Olympus Optical CO. (Europe), GmbH,
Germany).The white circles indicate the nanowire area.

Since the fluorescence signal is clearly visible after thoroughly washing to
remove excess capture DNA, it was concluded that the immobilization process
was successful. After verifying the immobilization, the hybridization protocol was
tested as well. Amino-modified ssDNA was bound to a GPTMS silanized glass
slide. Hybridization was performed with 100 nM, 500 nM and 1 uM cDNA_Cy3 as
described in Chapter 3.6.1. The whole sequence of the used DNA is shown in
Table 2. In Figure 39 a, the fluorescence images are shown. The result for 1 uM
is represented on the left, 500 nM in the middle and 100 nM on the right side.
The corresponding CTF results can be taken from Figure 39 b.
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Figure 39: Fluorescence reference control of DNA hybridization on glass slides.
Fluorescence image of a successful hybridization with 1 uM (left), 0.5 uM (middle) and 0.1
UM (right) FM-DNA, which was performed on a silanized glass slide (a), statistical
evaluation of the fluorescence intensity of the hybridization with both concentrations (b).

It is clearly visible that the fluorescence intensity is decreasing with decreasing
cDNA concentration due to a lower amount of available fluorophores [242]. The
hybridization was also confirmed on the nanowire FETs (Figure 40).

Figure 40: Fluorescence reference control of DNA hybridization on a SINW FET.
In this fluorescence image, a successful hybridization with 1 uM complementary FM-DNA
can be seen. An inverted fluorescence microscope was used (Olympus IX50, Olympus

Optical CO. (Europe), GmbH, Germany). The white circles indicate the nanowire area.

1 uM capture DNA was immobilized after silanization on the nanowire chips.
Afterwards, hybridization was performed with 1 uM Cy3-labeled cDNA. The
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fluorescence images showed that the hybridization on SINW FETs was

successful.

5.2 Detection of artificial DNA with ISFETs

In a few trials, the immobilization of single-stranded capture DNA and the
hybridization with complementary fully-matching DNA (cDNA) was performed on
microscaled FETs. The corresponding DC and AC results by measuring the
transfer characteristic and the transistor transfer function, respectively, are

summarized and discussed in the following two subchapters.
5.2.1 DC readout of DNA immobilization and hybridization

Before implementing experiments with artificial DNA sequences on the nanowire
platform, initial trials were performed on ISFETs to establish the basic assay
principle. The ISFETs, used for these measurements, had gate dimensions 16 x
7 um2 and 12 x 4 ym2 (length x width), respectively. The chips were cleaned
and silanized with GPTMS as described in the Material & Methods section.
Afterwards, a single-stranded, artificial DNA sequence (ssDNA) was site-
specifically immobilized on the sensor surfaces by means of microspotting. The
remaining sensor surface was blocked with 1 % BSA to avoid unspecific binding.
Hybridization was done with the complementary, single-strand DNA (cDNA). The
applied DNA sequences and the respective modifications are represented in
Table 2. After the hybridization, the DNA double strand was denaturized into the
single strands by heating up the sensor to 90 °C. The DC readout by recording
the transfer characteristic (TC) was performed after each experimental step in
1.5 mM phosphate buffer pH 7.2. In Figure 41 a, an exemplary TC measurement
can be seen. In Figure 41 b, the statistics for eight channels of one chip is
shown. For data evaluation, the TC received after silanization was set as
baseline. For calculating the change in threshold voltage, AVqy, the working
point was determined and, subsequently, the Vqy value of one TC curve was
subtracted from the Vqy value of the following TC curve at the previously
determined working point. In doing so, a mean immobilization signal of + 29 mV
was measured, while the BSA blocking led to a change in Vyy of +13 mV. The
hybridization caused another change of +13 mV.
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Figure 41: Exemplary DC detection of the immobilization and hybridization of
artificial DNA on an ISFET.

In (a), an exemplary TC readout of the DNA assay, performed on one chip, is displayed.
The DC measurements were performed after silanization, immobilization, blocking,
hybridization and denaturation. The figure shows the TC curve detected at Vps = - 2 V. In
(b), the statistical evaluation of the whole chip is shown. In doing so, the change in Vy
was calculated at the steepest point of the TC curve (= working point). The results were
published in [230].

The TC curve itself shifted to more positive values after immobilization, blocking
and hybridization. This is in agreement with previous publications [24,203-205]
and the fact that DNA molecules and BSA are both negatively charged at pH 7.2.
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After denaturation, the TC curve was almost overlapping with the TC curve,
recorded after immobilization. This is the expected effect, since the DNA double
strand is denaturized into two single strands. Compared with the GPTMS curve,
a shift of + 28 mV was calculated, whereas the AVyy after immobilization was
previously reported to be + 29 mV. This can be explained by removing the
complementary single strand from the immobilized DNA sequence and by also
removing the blocking agent BSA. Furthermore, the approximate surface density
of the immobilized DNA molecules was calculated. Since the buffer, in which the
TC curve was measured, had a concentration of 1.5 mM, a Debye length of 7.5
nm was expected according to equation (2.20). A DNA sequence of 20 base
pairs has a length of about 6.5 nm [230]. This means that the utilized DNA
sequences are completely within the Debye length and, hence, the 20 negative
elementary charges per one single-strand can be measured. With help of the
Grahame equation, the change in surface potential upon binding of charged

molecules can be calculated according to the Debye-Hiickel theory [243]

o, 2kT

\8kTeye,n, ) €

with €y for the dielectric constant of the measuring solution, gy for the

W, =sinh™

(5.3)

permittivity of free space and ng for the ionic strength of the applied measuring
buffer. The change in V14, which is caused by the change in surface charge opna
due to the DNA binding, can be estimated with help of the following equation
[24]

2KT| . %o _sinh Y —Zo ~ %ona
e J8KTey, &N, V8KTe, &N,

Since the maximum surface charge density gy is reported to be 0.8 C/m2 [244],

(5.4)

the surface charge density for the immobilized DNA molecules, opya, amounts to

0.346 C/m2 with a AV, of - 29 mV. In literature, surface charge densities of 10°

- 10! DNA strands per cm2 can be found for silicon dioxide silicon nitride

surfaces [245-247]. Moreover, it was reported that the surface density is

influenced by the used surface material and the surface modification. As already

mentioned, a DNA single-strand of up to 20 base pairs possesses 20 negative
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charges. In consequence, this led to 10> DNA molecules per cm2 (= 1 DNA
strand per 9.25 nm?2) for the experiment, reported here. The reason for the high
yield in molecule density might be the epoxy silane that as used since the
density of DNA molecules on GPTMS modified surfaces is usually higher than on
APTES functionalized surfaces [230,246].

5.2.2 AC readout of DNA immobilization and hybridization

The recording of the transistor’s transfer function (TTF) was always done after
each step of silanization, immobilization, blocking and hybridization. The used
DNA strands were artificial and, hence, the assembly of the base pairs was
synthesized according to the customer request. The sequence can be taken from
Table 2. The experimental procedure was the same as reported before. One

exemplary TTF measurement is displayed in Figure 42.
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Figure 42: Exemplary AC readout of artificial DNA immobilization and
hybridization implemented on an ISFET.

In this figure, the TTF results for the immobilization and hybridization of two
complementary DNA sequences are shown. The change in g, value was calculated at a
frequency of 50 kHz. It was evaluated that the transconductance is decreasing after each

additional biomolecule binding which is in agreement with previous publications [156].
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The change in transconductance, Ag,,, was evaluated at a frequency of 50 kHz.
The immobilization of 1 uM single-stranded capture DNA leads to a decrease of
the g, of 20 uS. The blocking caused a Ag,, of 10 uS. The hybridization reduced
the transconductance about 4 pS to lower values, in comparison to the blocking
step. In conclusion, the transconductance is decreasing after each experimental
step and, hence, after every biomolecular attachment. This observation is in
agreement with papers published before [156]. Due to the additional
biomolecules on the transistor surface, the capacitance of the field-effect device
is increased, leading to a change in impedance. This effect is based on the
resistance of the biomolecule membrane, Rg;,, which becomes higher because of
an increase of the resistance to charge transfer. The difference in protonation
and deprotonation of single-stranded and double-stranded DNA molecules are
reported to be the reason for this change in resistance [156]. Moreover, the two
time constants 1; and T, are shifted to higher values (see equation (3.10) and
(3.11)).

5.3 Detection of artificial DNA with SINW FETs

After these proof-of-principle experiments, which showed that the readout
principle of our transistors was working, first measurements on artificial single-
stranded DNA sequences were performed on the nanowire platform. In doing so,
the immobilization of a single stranded DNA sequence onto the sensor surface
and the hybridization process of a target DNA strand to a complementary
capture DNA strand, which was immobilized on the sensors surface before, were
detected. Furthermore, the change of Vq4 and g, in dependence of different
buffer concentrations as well as the influence of the nanowire size on the shape
of the transfer characteristic were examined. All measurements were conducted
in the DC and the AC readout mode of our setup to gain as much information of
the processes on the gate area as possible. The overall aim of these experiments
was to establish a stable procedure for the detection of the hybridization
process. Afterwards, this experimental protocol was applied for the
establishment of a real DNA assay. The assay of choice was the HLA-B27 assay

of the company Euroimmun Medizinische Labordiagnostika AG.
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5.3.1 DC signal strength in different buffer concentrations

Another aim of this thesis was to examine the influence of the Debye length and
its corresponding screening effect on the performed recordings. For this
purpose, the measurements were performed in four different buffer
concentrations, starting with the lowest concentration of 0.001x PBS. Then, the
concentration was stepwise increased by one order of magnitude, respectively.
The comparison of exemplary TC results is shown in Figure 43 a. The TC data
obtained after the silanization with GPTMS (solid lines) was set as baseline and
served as reference curves. The results achieved after the immobilization with
capture DNA molecules (dashed lines) were compared to the reference data
[248]. The smallest change of about 64 mV was obtained for the 1x PBS buffer
(black solid and black dashed lines), whereas it was increased to 114 mV and,
hence, the highest change in the lowest buffer concentration (red solid and red
dashed lines). In 0.01x (light blue solid and light blue dashed) and 0.1x PBS
(green solid and green dashed) the signal was almost the same, but lower than
for the lowest concentration and higher than for the 1x PBS buffer [248]. The
obtained results and observations are in agreement with earlier published data
[163]. In low buffer concentrations, the Debye screening is less pronounced due
to a relatively high Debye length. Hence, a higher signal can be recorded
because less charges are neutralized by their counterions [45,163,249]. It was
previously shown that the negative charge of the DNA backbone is screened by
counterions in highly concentrated buffer solutions [250,251]. In Figure 43 b,
the statistical evaluation of the obtained data is displayed. In doing so, a two-
tailed pared t-test was performed. The t-test is used to compare the means of
one variable between two groups. With a paired t-test, one of the characteristics
of the first group can be interconnected with one of the characteristics of the
second group. A two-tailed t-test divides the significance in such a way that half
of the significance is in one direction (or tail) of the statistical distribution and
the other half in the other direction (or tail) [252-254]. The statistics indicate
that the signals are not fading as much as expected from the pure Debye
screening effect. The reason might be an overlapping of a shift in Vqy and an
increase in TC curve steepness for some measurements, which might lead to

larger signal amplitudes.
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Figure 43: DC measurements in different buffer concentrations.

(a) Exemplary TC measurements in four differently concentrated PBS buffers (0.001 x
PBS = red solid and dashed curves; 0.01 x PBS = light blue solid and dashed curves; 0.1
x PBS = light green solid and dashed curves; 1 x PBS = black solid and dashed curves),
(b) statistical evaluation of the TC measurements (n = 6). The results were published in
[248].

Both parameters were discussed more in detail in Chapter 4.3. Nevertheless, the

statistics show that the signal decreases with increasing buffer concentration.
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5.3.2 DC readout of immobilization and hybridization signals

In further DNA experiments, a comparison of the performed experimental
results was done.

Therefore, the DC readout was done after each surface modification step, i.e.
silanization, immobilization, blocking and hybridization with 0.5 uM
complementary DNA. An exemplary result for the electronic TC recordings is
displayed in Figure 44 a. The extraction of the data was done at a working point
of Vig = -3 V. The experiments were done in 0.001x PBS. Upon binding of the
biomolecules, the TC is shifted, which reflects a change in surface potential and,
therefore, in V4. This behavior is well known and can be observed in all kind of
solution-gated, field-effect based biosensor devices independent of their size. In
more detail, the surface potential Ws and Viy are changing because of the
negative charge of the DNA backbone. The immobilization of 1 uM capture DNA
(red curve) changed the V4 to the positive side in comparison to the bare
nanowire (black curve). By comparing immobilization to the hybridization with
0.5 mM fully matching DNA (FM-DNA) (dark blue curve), the voltage is again
shifted to more positive values. Moreover, as already described in the
subchapters 4.3 and 5.3.1, a stepwise increasing steepness of the TC
characteristics can be observed. The reason might be an additional accumulation
of charge carriers inside the nanowire region. In the following subchapter, this
steepness changing effect will be described more precisely [248]. The statistical
results are displayed in Figure 44 b. An average shift of 158 mV was detected
for the immobilization process and 209 mV for the hybridization events (n = 6),
which are both very high values compared to publications with ISFET devices
[17,250]. By evaluating the significance of the two processes, it was seen that
only the immobilization seems to be significant (two-tailed, paired t-test),
whereas the hybridization is not due to a high standard deviation [248]. From
the evaluated results and the shown plots, it can be concluded that the strength
of the Vy shift is strongly correlating with the chosen working point, meaning
the choice of Vps and Vgs to read the record Ips. In earlier publications, the
reason for the conductance change in the nanowires was already discussed [46-
48,231]. For the approach presented in this thesis, this means that the relative
conductance change AG/Gy and the absolute change of the wire’s conductance
AG are functions of both parameters Vps and Vgs. It is clearly visible that the
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recorded data is strongly depending on an arbitrary choice of the front-gate

potential and the bias voltage.
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Figure 44: TC measurements of DNA immobilization and hybridization.

(a) In this figure, an exemplary result of the TC curves measured in 0.001x PBS after
different experimental steps is represented: GPTMS (black), capture DNA (red), blocking
with 1% BSA (green), hybridization with 0.5 mM cDNA (dark blue). It was examined that
the binding of DNA is shifting the threshold voltage of the device and causing an
increased slope of the characteristic lines (refer to grey lines) simultaneously. (b) The
statistical evaluation of the electronic data is shown in the lower figure (n = 6). The value

after silanization served as a baseline and was set to zero. The figure was published in

[248].

By using uncharged PNA (peptide nucleic acid) molecules as capture molecules
instead of the negatively charge DNA single-strand, it would probably be
possible to increase the measured Vq4 shift for a better reproducibility of the
hybridization signals [248]. Nevertheless, our results are in full agreement with
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data published earlier [165]. The results demonstrate the potential of the silicon

nanowire platform towards biomedically relevant DNA bioassays.

5.3.3 Influence of the nanowire size on the transistor’s transfer

characteristics

In this subchapter, the focus is set on the already mentioned steepness change
of the TC curve where Ips versus Vgg of different nanowire dimensions is
analyzed. To compare the TC steepness behavior depending on the nanowire
width, sensors with two different nanowire dimensions were used. The first set
of nanowires had widths of 200 nm and lengths of 10 um, the second type were
400 nm wide and 10 pm long. Concerning the experimental procedure, both
devices were treated in the same way. In the performed assays, it was observed
that the TC was steeper in thinner than in wider wires. It was assumed that the
charger carrier density inside the nanowire depletion area was increased. The
results for one exemplary measurement of a chip with a nanowire width of 400
nm can be seen in Figure 45 a and an exemplary TC plot for a device with a 200
nm wide nanowire is displayed in Figure 45 b. In these graphs, a comparison of
the results measured after immobilization and hybridization was done. The
difference in steepness of the immobilization curve is clearly visible by
comparing both plots [248]. To derive further conclusion about the received
data, a statistical evaluation was performed by calculating the change in V4 at
two different Ips values. The corresponding statistic is represented in Figure 45
c. The statistic was calculated for 28 nanowires with a width of 200 nm and a
length of 10 um and for 13 nanowires with the width of 400 nm and the length
of 10 um in 3 independent experiments. The evaluated result clearly indicated
that the shift in V14 is more pronounced at low Ips values than at high Ips values
in thinner wires. As mentioned before, this observation possibly relies on an
increase of the charger carrier concentration inside the nanowire area due to an
additional charge injection from the source and drain contact sides [248]. Many
other researchers in the field operate the SiNW FET devices in subthreshold
regime, where this effect adding to the classical Vy shift of standard ISFET
devices might be more prominent and result in the reported higher sensitivities
of these nanoscale devices.
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Figure 45: The influence of the Ips onto the TC shape.

The behavior of the TC curves after silanization (black) and immobilization (red) are
shown for a chip with a width of 400 nm and a length of 10 um (a). The same is
displayed for a 200 nm wide and 10 um long chip (b). Furthermore, a fit of the TC curves
in (a) and (b) was done to work out the steepness difference more clearly. Due to the
fits, it is visible that, in thinner wires, the slope and, hence, the steepness of the dc
curve is different to the shift of wider nanowire FETs, where it is parallel. The obtained
results were further confirmed by doing statistics (n =28 for chip 2 x 10 and n =13 for

chip 4 x 10) (c).The figure was taken from [248].

Further details are discussed in a publication of our group [248]. Simulations

were performed by a colleague and are detailed in a related thesis work [255].

Liu and Dutton described in a theoretical work a similar effect of a change in

operation regime [256]. In this publication, a theoretical description of an

experimental work published earlier was performed [164]. Upon binding of
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biomolecules, a change in operation regime from accumulation to flatband and,
then, to depletion mode, was described there. The examinations of the authors
were done on highly doped wires (10'® 1/cm3). In contrast to this, the wires
used for this thesis possess highly doped source and drain contacts (10> 1/cm?3)
and, hence, are not directly comparable to the ones used in Ref. [164]. This high
intrinsic doping could be the reason for the strong influence on the TC steepness
and could also explain why the effects are depending on the nanowire width. To

analyze this phenomenon further, a simulation was created (Figure 46).
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Figure 46: Simulation of the steepness effect in the TC characteristics of thin
nanowires.

As discussed before, this effect can be seen more clearly in the thinner nanowires. We
assume that in thinner structures the charge injection effect upon biomolecule binding is
much more effective than in wider wires. The simulation shown in this figure was done for

a 200 nm wide and 10 ym long nanowire. The results were published in [248].

As mentioned previously, the results are discussed more in detail in a publication

of our group [248]. Further simulation was done by a colleague in framework of
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another related thesis [255]. Like discussed before, the TC steepness change
upon biomolecule binding can be fitted by increasing the charge carrier
concentrations. In the schematic, the highly doped source and drain contact
sides are indicated to which this effect is attributed. If the charge carrier effect
scales with smaller nanowire lengths as well, this might be an explanation for
the improved sensitivity of silicon nanowire transistors in comparison to ISFETSs,
which was published earlier [35]. The highly sensitive sensors could then be
used for biomedical examinations, where very low analyte concentrations need
to be detected. Another conceivable application is the early-stage detection of
diseases, such as cancer, where an early treatment might be lifesaving. To proof
this assumption and to do more systematical investigations, more
measurements need to be performed, in which the nanowire widths and lengths

are varied systematically [248].

5.3.4 The impedance of the biological membrane

Several parameters influence the impedance of the biomembrane located on the
SiNW chip surface. The dielectric property of the interface layer and the charges
of the adhered molecules are only two examples. For ISFETs, a model to
describe the change of interface impedance for protein layers was
demonstrated. The potential changes upon attaching of the biomolecules were
defined by a Donnan potential [257]. The bound proteins were regarded as
biological membrane layer at the gate oxide. In this thesis, a similar principle is
considered to be valid for the DNA molecules on the nanowire surface. In Figure 47,
a schematic of a biological membrane on top of a nanowire is shown which is
either formed by single-stranded DNA molecules (upper picture) or DNA double
strands (lower picture). The DNA membrane is expressed as phase m with a
resistance value Rgj, and a capacitance value Cg;,. Besides that, a phase s is
proposed which is referred to the solution [207]. The binding of single-stranded
DNA molecules is creating an interface layer of approximately 1 — 2 nm. Due to
their negative charges at neutral pH of the solution, a surface charge density is
occurring and anions as well as cations are attracted from the solution leading to
a compensation of these charges and to a potential drop between phase m and
phase s [207]. This is called Donnan potential W, and, in equilibrium of the
electrochemical potential of ions in phase m and s, Wy can be calculated by
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with W, and Ws being the electrical potentials in phase m and phase s,
respectively, cs representing the salt concentration in the electrolyte solution
and cgj, standing for the effective fixed charge concentration inside the biological
membrane [207,257]. Due to the formation of the DNA double strand upon
hybridization with complementary DNA, the molecules are straightened up,
whereas the single-stranded DNA molecules can have a coil-like structure on the
sensor surface (upper picture Figure 47). This stiffening is increasing the
thickness of the layer to 3 - 5 nm and also Cgj,. Furthermore, the charge
distribution is changing which is resulting in an enhanced ionic diffusion towards
the oxide surface and in a change of the Donnan potential. Schasfoort et al.
discussed in their publication that the change in threshold voltage AVy4 of an
ISFET upon attachment of proteins is caused by the change of the Donnan
potential AW, at the biomembrane/solution interface and by a change in the
surface potential AWs at the oxide/biomembrane interface [257]. AVqy is then

give by
AV, =(1—a)AY, (5.6)

with o representing the dimensionless sensitivity factor with a value of 0-1,
which was already introduced in Chapter 4.1. As mentioned there, « would
equal 1 for an ideal oxide surface with Nernstian behavior [166]. In contrast to
an ideal pH sensor, an « -value below 1 would be profitable for a large Donnan
effect, which is achieved for SINW FETs with SiO, as gate oxide. In 2011, it was
shown that molecules, which are not present within the Debye length, are
influencing AVqy due to this effect [258]. In a publication about impedance
modeling of FET-based devices, ionic conduction caused by ion diffusion in the
electrolyte solution and by electrons and holes in the semiconductor as well as
displacement currents for capacitive coupling were defined for diluted buffer
solutions and low DNA concentrations [259]. The effect of the salt adsorbed onto
the insulator was not included and the electrolyte showed a more complex
influence than the shift of V;y as expected from the Donnan theory. They

introduced a decrease in capacitance in accumulation mode or an increase in
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moderate to strong inversion mode of the device. Das published in 2014 that it

is also necessary to identify if the pH value is influencing the charge of the

biolayer by protonation or deprotonation [260].
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Figure 47: Model of the biological membrane composed of DNA molecules.

In the upper schematic, the biological membrane consists of negatively charged single-

stranded capture molecules, which results in a thickness of approximately 1 - 2 nm. The

hybridization with complementary DNA increased the layer dimension to 3 — 5 nm (lower

picture). Picture taken from [207].

To summarize this briefly, it can be noticed that the impedance of a FET-based

DNA biosensor is affected by a wide range of parameters and conditions:

e pH, temperature and ionic strength of the used buffer solution

e DNA length and density on the sensor surface

e DNA layer thickness, which is depending on if the DNA is present as

single-strand or double strand
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e Charges and pH dependency of the biomolecule
e Surface modification, i.e. silanization

e Gate oxide material

e Operation mode and doping level of the sensor
e Local dielectric constants in the biomembrane

In the framework of this thesis, the effect of the ionic strength of the buffer
solution on the impedance was evaluated. The corresponding results are shown

in the following subchapter.
5.3.5 g, in different buffer concentrations

For the transfer characteristic measurements, it is known that the buffer
concentration influences the signal strength due to a shielding effect of the ions
inside the electrolytes solution [163]. To examine whether the Debye length also
affects the TTF measurements, silanization and immobilization was measured in
four different buffer concentrations (0.001x PBS, 0.01x PBS, 0.1x PBS,
1x PBS). In Figure 48 a, the results of ac measurements in the different buffer
solutions are represented. It can be seen that the TTF behaves similar to the DC
measurements and is affected by the Debye length as well [207]. The highest
signal was monitored in the lowest buffer concentration (0.26 uS) whereas the
signals were smaller in lower PBS solutions. This is in agreement with the DC
results shown in Chapter 5.3.1 and with the transfer characteristic behavior
reported in several publications [45,163,249]. The statistical evaluation of the
electronic results supports those observations, too. However, the statistical data
show that even though the highest signal is obtained in the lowest buffer
concentration, the signal is not fading with decreasing buffer concentration
[207]. Indeed, there are very high standard deviations which can also be the
reason for this observation. The high standard deviation can be caused by the
different number of wires per channel, the multiple uses of the sensors and the
different characteristic of the channels within a chip. This variation in
characteristic can also be accompanied with a difference in channel sensitivity.
The two-tailed paired t-test was used to test if the results are significant. A

significance change in g,, was examined for each of the four concentrations.
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Figure 48: AC measurements in different buffer concentrations.

(a) TTF measurements performed in four different PBS concentrations. The solid line
represents the TTF measured after silanization, the dashed lined displays the TTF
obtained after immobilization of the capture DNA sequence. The black solid and dashed
curves resulted by measuring both experimental steps in 1x PBS, the green solid and
dashed line was recorded in 0.1x PBS, the light blue curved represent the measurements
done in 0.01x PBS and, finally, the red TTF curves were derived by measuring in 0.001x
PBS. (b) Statistical evaluation of the TTF (n = 6).The results were published in [207].

These results indicate that the Debye screening effect influences the AC readout,
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too. This means that the shielding of the negative charges at the DNA backbone
is also measured by recording the TTF.

So far, it was only assumed that the Debye length influences the DC
measurements, where the ions are shielded by counterions in the electrolyte
solution. The higher the applied buffer concentration is, the lower is the Debye
length. At frequencies higher than 100 kHz, the amplitude variations are even
more pronounced. It is known that particularly ionic interactions are affecting
the measurements at frequency ranges below 1 MHz [261]. As shown in Figure
47, the dielectric property €g;, of the biomembrane could also play a role due to
the surface architecture. Nevertheless, also in physiological buffer regime, the
DNA is still detectable in AC mode. It seems, however, that the shift is turning
into the opposite direction with higher ionic strength. The exact mechanism
needs to be clarified once more sensors will be fabricated in our group. Since it
is possible to detect the analytes in physiological buffer solutions by using the
AC mode, this readout method is promising towards a direct target molecule

detection complex matrix such as tears, saliva, liquor or blood.

5.3.6 AC readout of immobilization and hybridization signals

In the next step, the hybridization was detected by the previous described TTF
method. After each experimental step, the TTF was measured in 0.001x PBS so
that we were able to compare the shift in g,,. In Figure 49 a, the comparison of
the electronic results for the TTF spectra are shown. We compared the g,, after
silanization, immobilization, blocking, hybridization with concentration 1 (0.5 pM)
and hybridization with concentration 2 (1 pM) (n = 6 nanowires). Therefore, the
TTF measured after GPTMS silanization was set to zero to serve as baseline. To
further compare the results, the change in g, (Ag.,) between two following
experimental steps was calculated. The comparison of the TTF spectra after
silanization (GPTMS) and after site-specific immobilization of 1 uM capture DNA
resulted in a shift of 0.16 uS to a higher g,, value. An increase of 0.87 puS was
evaluated after blocking with 1 % BSA solution. The hybridization with 0.5 uM
cDNA led to a shift of about 1.72 pS to lower values whereas Ag,, of about
2.42 uS to higher values was achieved after hybridization with 1 mM cDNA.

Since the g, value is not stable after the second hybridization, it can be
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assumed that the nanowire area was not saturated by the lower target molecule
concentration. In Figure 49 b, the statistical evaluation is shown.
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Figure 49: Differential plot of DNA immobilization and hybridization.

Differential plot of the AC readout in 0.001x PBS after different experimental steps:
GPTMS (black), capture DNA (red), blocking with 1 % BSA (green), hybridization with 0.5
UM cDNA (dark blue) and 1 uM cDNA (light blue) (a), statistical evaluation of the
electronic data (n = 6) (b). The results were published in [207].

The calculated standard deviation is better than the standard deviation achieved
for the same measurements achieved with the dc-readout (see Chapter 5.3.2).
It might be that the standard deviation can be decreased further by using SINW

FETs with similar characteristics of the different channels. Moreover, SiNW FETs
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with different number of wires per channel were applied and the chips were used
for several experiments, which is also affecting the standard deviation. In an
ideal case, a new sensor with similar characteristics should be used for each
experimental trial to obtain a smaller standard deviation. So far, it is assumed
that the change of the transistor’'s transfer function is due to a change in
impedance when biomolecules bind to the sensor surface [32,33,156,211,213].
Our results suggest that it is predominantly caused by a capacitance change
based on the binding of electrically charged molecules. This results in a change
in transconductance. The immobilized charges may influence the TTF spectra as
well. This is also supported by the results shown in section 5.3.4, which were
performed in different concentration of buffer solution. There, it was shown that
the Debye screening is also affecting the TTF. To verify, which parameters and
effects influence the TTF, simulation, fittings and further experiments on new
transistors need to be performed in future experiments in our group. However, it
can be assumed that this readout principle leads to clearer and bigger signals,
which makes it a promising method for biomedical applications. In combination
with the DC readout, a double verification of the results would be achieved to

reduce false-positive or —negative recordings.
5.4 Detection of HLA-B 27 - Preliminary results

As described in Chapter 2.2.4, HLA-B27 is a glycoprotein of the major
histocompatibility complex and involved in the T-cell mediated immune reaction
[105]. Diseases as Morbus Bechterew, Morbus Reiter and other forms of arthritis
are related to the hereditary characteristic of HLA-B27 [108,109]. After having
shown that the detection of artificial single-stranded DNA sequences can be
performed with our ISFET and silicon nanowire platform, a real assay was tested
in a couple of proof-of-principle trials on the microscaled chips. Due to a lack of
the SINW FETs, it was not possible to test this assay also on the nanoscaled
device. In doing so, a HLA-B27 assay was transferred onto our sensor. The DNA
components of the assay were kindly provided by Euroimmun Medizinische
Labordiagnostika AG.
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5.4.1 HLA-B27 detection on ISFETs — DC & AC readout

As already mentioned in Chapter 2.2.4 and 3.6.1, the HLA-B27 detection is
important for the determination of HLA-B27 related disease and also crucial
before implementing bone marrow, organ or stem cell transplantation. For this
reason, measurements of a HLA-B27 related DNA sequence were performed on
ISFETs. The applied sequence was 20 base pairs long. In brief, the experimental
procedure of the assay was done as following: After having silanized the
transistors with GPTMS, 1 uM single-stranded capture DNA was site-specifically
immobilized onto the gate area by means of microspotting. In the following step,
the free binding sites on the sensor surface were blocked with a 1 % BSA
solution. Finally, the target sequence was applied to detect the hybridization
with the complementary capture DNA. The detection of all experimental steps
was done in 0.15 mM phosphate buffer pH 7.4. An exemplary, preliminary result

of the experiments at Vps = - 3 V can be seen in Figure 50.
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Figure 50: Exemplary DC readout of the HLA-B27 assay performed on an ISFET.
In this figure, the different steps of the HLA-B27 assay, measured by recording the TC
curve of an ISFET, are represented. The TC curves were all measured at Vps = - 3 V. Due
to the negative charge of capture, blocking and target molecules, V4 is shifted to more
positive values. This is in agreement with previous publications, which dealt with the
hybridization of artificial DNA on field-effect based devices [54,165,230].
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After immobilization, the AV, is 24 mV to more positive values. The blocking
with 1 % BSA causes a shift of 78 mV. The strongest change in Viy was
observed after the hybridization. It was calculated to be 156 mV. Since DNA and
BSA are both negatively charged at pH 7.4, the V14 shift to more positive values
can be explained. These observations are in good agreement with previous
publication, which dealt with the immobilization and hybridization of DNA
strands [54,165,230]. The experiment was repeated on some other chips, on
which the signal change was measured to be in the same direction and about
the same magnitude. The only difference between the measurements was the
signal intensity and, hence, the AV:4. Nevertheless, the preliminary
measurements and the corresponding results indicate that the experiment with
the HLA-B27 DNA seems to work on our microscaled platform. However, for a
profound conclusion more experimental trials need to be performed in further
projects, also in order to a significant statistical evaluation. Once the assay is
reliably established on the ISFETs, it can be transferred onto the nanowire
device. In Figure 51, the corresponding TTF can be seen as an exemplary result
for the HLA-B 27 measurements on ISFETs. Comparing the TTF curve at a
frequency of 30 kHz, it is shifted to lower values after each experimental step.
After immobilization of the HLA-B27 capture sequence, Ag,, = 32 uS, after
blocking it is 190 uS and after hybridization with the target DNA, Ag, was
calculated to be 264 pS. It seems that the transconductance is decreased
because of an increased capacitance and a change in impedance, caused by the
binding of more molecules during the experiment. This effect was already
described in a publication of our group before, where a similar experiment was
performed [156]. The change of the TTF curve for a fully-mismatched, a one
mismatch and a perfect match DNA sequence was detected and, hence, the
possibility for point mutation detection was demonstrated [156]. The authors
explained that DNA molecules are difficult to be protonated or deprotonated,
wherefore the resistance of the charged transfer would be increased, which
leads to a higher membrane resistance of the biomolecule, Rg,, in the
electrically equivalent circuit. In consequence, the time constants T; and 1, (see

equation (3.10) and (3.11)) should be shifted to more positive values.
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Figure 51: Exemplary AC readout of the HLA-B27 assay performed on an ISFET.
Here, the HLA-B27 assay measured by the AC readout is shown. The biggest change in gm
was evaluated to be at 30 kHz. The experiment was performed on ISFETs and recorded in
0.15 mM phosphate buffer pH 7.4. Similar to an earlier publication by our group, the
transconductance decreases after each experimental step [156].

In summary, these preliminary data indicate that the silicon nanowire platform
can be used for the detection of medically relevant DNA sequences. By reducing
the concentration of the target analytes further, it could be evaluated if the
sensors can be used for the measurements of ultralow molecule concentrations.
By combining the two readout methods, it would also be possible to obtain more

reliable results compared to individual transducer principles.
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Chapter 6 - Protein assays: Detection of BDNF

Besides the establishment of a DNA assay, protein experiments were conducted
with the sensors. For this purpose, parts of an ELISA assay were transferred
onto the nanowire platform as described in Chapter 3.6.2. With this ELISA Kkit,
purchased from R&D systems, Inc., USA, it is possible to detect the brain-
derived neurotrophic factor (BDNF), a neurotrophin, which plays an important
role in the central and peripheral nervous system. A reduced BDNF level is
related to Alzheimer’s or Parkinson’s disease. Moreover, it is involved in many
more severe clinical patterns and, hence, it would be of great benefit to detect a
decreased BDNF concentration as soon as possible and as easy as possible.
Therefore, a fast and sensitive detection of a pathologic BDNF level could be an
important step towards an early-stage determination of different disease. The
BDNF concentration is normally determined in human serum.

The BDNF experiments were performed on ISFETs and on SiNW FETs. In doing
so, the DC and AC readout were implemented by measuring the TC and the TTF
of different experimental steps. Furthermore, different target protein
concentrations were applied, and the detection was done in different buffer
concentrations. For the nanowire platform, a multivariant data analysis of the
obtained results was applied to gain more information and to demonstrate how

the two readout methods could be combined for evaluation of the recordings.
6.1 Optical reference experiments with BDNF

To verify that the applied immobilization and protein binding protocol is working,
fluorescence-based experiments were performed. The optical result is displayed
in Figure 52 a and b. For the immobilization verification, 2 pg/mL mouse anti-
human BDNF (BDNF specific capture antibody) was immobilized overnight at
room temperature on epoxy modified SINW FETs. Blocking was done with 1 %
BSA for 30 min at room temperature. To allow fluorescence microscopy, goat
anti-mouse (GAM)-ALEXA 488 antibody was bound for 30 min at room
temperature. For the initial proof of the BDNF binding, 2 pg/mL BDNF specific
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capture antibody was immobilized on GPTMS silanized SiINW FETs as a first step.

Afterwards, the surface was blocked with 1 % BSA as described before.

a) D))

100 pm 100 pm
I I

Figure 52: Optical reference experiments of the BDNF assay.

The fluorescence result of the immobilization of the BDNF specific antibody is shown in
(a). The antibody was successfully immobilized on some of the nanowires and parts of the
surrounding area. In picture (b), a successful binding of BDNF to its capture molecule can
be seen.

After the binding of 2 ng/mL BDNF (~ 71.8 pM) for 2 h at room temperature, 25
ng/mL biotinylated mouse anti-human BDNF detection antibody was attached for
2 h at room temperature. Streptavidin-ALEXA 488 was bound as fluorescent

dyed molecule for 30 min at room temperature.

6.2 DC and AC readout of BDNF on ISFETs

The BDNF assay kit was chosen because BDNF has various functions in the
human body. A malfunction or a limited production of the antigen is described to
be involved in different severe diseases like Alzheimer’s, Parkinson’s or
Huntington’s disease. More details about the biomolecule are described in
Chapters 2.1.3 and 3.6.2 of this thesis.

The intention was to study whether it is feasible to detect concentrations of the
target antigen, which are in the range of the detection limit of the commercially
available antibody-antigen assay. In the framework of these experiments,
concentrations as low as 1 pg/ml (~ 35.9 fM BDNF), 5 pg/ml (~ 179.5 fM),
10 pg/ml (~ 359 fM) and 50 pg/ml (~ 1.8 pM BDNF) of the target molecule
BDNF were applied. The BDNF experiments were performed on the microsized
FETs by recording the potentiometric and the impedimetric curves. The
measurements were performed in 0.15 mM phosphate buffer pH 7.0 with
controlled pH and conductivity. At pH 7.0, the neurotrophic factor is reported to
be positively charged due to an isoelectric point (IP) of pH 9.99 [262]. The
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obtained data of each experimental step, including silanization, immobilization,
blocking and the binding of the four target protein concentrations, were plotted
in one graph to allow a comparison. For this purpose, one step was also

compared with its previous one. In Figure 53, an exemplary TC plot can be seen.
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Figure 53: BDNF assay on an ISFET - DC evaluation.
In the inset, it is visible that only the immobilization leads to a shift of V. All other steps

only lead to tiny changes, which were not significant.

It is visible that only the immobilization can be detected with the used ISFETSs.
Further experiments on more chips led to the same results. A slightly different
observation was obtained after having evaluated and compared the TTF data.
The AC readout was done right after each DC measurement. The results of the
TTF recordings are displayed in Figure 54. In contrast to the DC results, the
blocking and the binding of 1 pg/mL and 5 pg/mL BDNF could be detected,
whereas the binding of the two higher BDNF concentrations only lead to a tiny
change. However, the mentioned shifts are only small and not significant in
comparison to the GPTMS baseline. The extracted DC results indicate that it is
not possible to detect very low protein concentrations with the microsized
platform. Even 50 pg/mL BDNF were not measurable with the devices as well.
Furthermore, the change in transconductance was only visible by a magnification
of the evaluated plots. The measured changes were not significant. The limit-of-
detection of the commercial ELISA kit is reported to be 30 pg/mL (~ 1.08 pM)
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BDNF. This means that the used DC mode performed on ISFETs is not as
sensitivity as the optical assay.
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Figure 54: BDNF assay on an ISFET - AC evaluation.

By looking at the inset, it can be seen that the immobilization, blocking and the
binding of 1 pg/mL as well as of 5 pg/mL BDNF lead to a shift of V. All other steps only
lead to a tiny change.

Therefore, further experiments were done on the nanowire FETs, since those
biosensors were reported to be capable to detect ultralow molecular
concentrations [11,35,36]. Nevertheless, the recordings show the remarkable
potential of the SiNW FETs for their application as a biomedical readout tool.
Since it was possible to detect concentrations in the fM regime, it can be
assumed that the biosensors possess the potential for an early-stage detection
of diseases, where very low analyte concentrations need to be detected. This
would be helpful for an early treatment of the patient and could at best save

lives.

126



Chapter 6 - Protein assays: Detection of BDNF

6.3 BDNF readout on SiNW FETs

6.3.1 DC readout of BDNF on SiNW FETs in different buffer

concentrations

One aim of the study was to detect the influence of different buffer
concentration on the measured signal. In doing so, four different phosphate
buffer concentrations were applied. The initial concentration was 0.15 mM which
was then stepwise increased by a factor of ten to the final buffer strength of
150 mM. The results for one exemplary DC measurement are shown in Figure
55. For all four buffer concentrations, the TC detected after GPTMS served as
base lines (solid lines) and were compared with the signal obtained after the
binding of 50 pg/ml BDNF (dashed lines). As it can be seen in Figure 55, the
highest signal was obtained by measuring in the lowest concentrated solution
(red solid and red dashed lines). The signal decreased with increasing ionic
strength. For 15 mM and 150 mM phosphate buffer, the signal strength was the

lowest. These results are agreement with the previous published data [163].
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Figure 55: Exemplary result of TC measurements in different buffer

concentrations.
The detection was done in 0.15 mM, 1.5 mM, 15 mM and 150 mM phosphate buffer.
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As reported for DNA molecules, where the negative charge of the phosphate
backbone is shielded by counterions [45], the positive charges of the proteins
are screened by counterions as well. However, there was still a measurable shift
in the TC, even though the Debye screening effect is relatively large in highly
concentrated solutions. As commonly known, the Debye screening has a strong
influence on the measured signal gained by the DC readout. In our experiments,
we wanted to investigate the effect on the received signal strength to derive
conclusions whether a clinically relevant concentration of BDNF could still be
measurable in highly concentrated salt solutions. This is of interest since the
Debye screening effect of blood is also high and comparable with our highly
concentrated buffer solution. The ionic strength of blood is reported to be around
0.16 M in literature [263]. We obtained the typical effect of an increasing signal
strength with decreasing buffer concentrations. Nevertheless, our results
indicate that 50 pg/ml (~ 1785 fM) of BDNF can still be measured in solutions
with high ionic strength. Lang et al. tested the serum BDNF level of 118 healthy
patients with an age of 42.1 + 13 years [264]. The serum level of the nerve
growth factor was around 16.3 + 7.3 ng/mL. They also discovered that this
serum concentration is depending on the age and decreases with increasing age.
However, there is no gender specificity. Since the clinically relevant
concentration of BDNF is reported to be in the range of ng/ml, the limit of
detection of our system is much lower than the relevant concentration. In
consequence, we assume that our SiINW FETs might be applicable as diagnostic
tool for the detection of clinically relevant BDNF levels in highly concentrated
buffer solution. By performing several optimization steps, it might even be
possible to directly measure the analyte in human liquids. As discussed in a later
chapter of this thesis, a differential readout of devices of electronically
comparable sensors of a chip and multiparametric detection with precise control

of side parameters is advised.

6.3.2 Immobilization of capture molecules and BDNF binding: DC

readout

The aim of the experiments was to establish an antibody-antigen assay onto our
silicon nanowire platform. Furthermore, the goal of implementing the assay on

SiNW FETs was to be able to compare the results with the results obtained on
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the microscaled ISFETs later on. A particular point was the sensitivity of both
platforms. In this chapter, the focus is set on the DC readout of the
experiments, which was performed by measuring the transfer characteristics of
the SiNW FETs. The DC readout was done after each experimental step to allow
a comparison of the received data. In doing so, we measured the TC after
silanization, immobilization of mouse anti-human BDNF antibody, blocking and
binding of four different BDNF concentrations. The different target molecule
concentrations were successively added. In comparison with the blank device,
on which only the surface modification with the silane GPTMS was done (black
curve), the TC shifted to more negative values after the immobilization with the
capture antibody (red curve). The shift was about 15 mV in average. The
blocking step resulted in a shift of 60 mV (green curve). The binding of the four
different BDNF concentrations led to a change of around 130 mV (dark blue
curve), 133 mV (light blue curve), 144 mV (pink curve) and 155 mV (dark green
curve), respectively. In Figure 56 a, an exemplary graph for the experiment is
shown. Since the isoelectric point of BDNF is reported to be around 9.99 [262],
BDNF is positively charged when it is diluted in a buffer solution with pH 7.0.
Hence, the observed shifts to more negative values were in agreement with
what we expected. To be able to make a more general statement on our
measurements, we did also a statistical evaluation of the complete data set. The
statistics can be seen in Figure 56 b. The values obtained after the GPTMS
silanization served as baseline. The immobilization, the blocking step and the
binding of 1 pg/ml BDNF showed a significant change in V4. It was possible to
immobilize the mouse anti-human BDNF antibody to our epoxy siloxane modified
SiINW FET surface. Furthermore, it was feasible to detect BDNF down to a
concentration of 1 pg/ml BDNF, which is equal to ~35.7 fM BDNF. This
concentration is lower than the concentration, which can be detected with a
commercially available ELISA assay, where the limit of detection is reported to
be approximately 30 pg/ml at low optical density. This shows that our SINW FET
sensors are highly sensitive for biomolecular detection. The addition of higher
BDNF concentrations, lead to a change of the TC to more negative values as
well. However, this shift was evaluated not to be significant. We assume that
this can be explained by the fact that the different concentrations were

successively added without regeneration of the chip in between the different

129



Chapter 6 - Protein assays: Detection of BDNF

molecule concentrations. Moreover, it might be that all binding sites of the

capture molecule were already saturated by the target antibody.
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Figure 56: BDNF assay on a SiNW FET — DC evaluation.

Exemplary transfer characteristic of a SiNW FET after different experimental steps:
GPTMS (black), capture molecules (red), blocking (green), binding of 1 pg/ml (dark blue),
5 pg/ml (light blue), 10 pg/ml (pink) and 50 pg/ml BDNF (dark green). The transfer
characteristics is shifted to more negative values due to a positive charge of capture and
target molecules at pH 7.0 (a). Statistical results of the DC measurements. The value
after silanization served as baseline. It can be seen that the immobilization, the blocking
and the binding of 1 pg/ml BDNF are significant (two-tailed paired t-test) (b).

To verify this, further experiments need to be done, where only one target

molecule concentration is applied per chip. To compare the sensitivity of a
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commercial BDNF ELISA kit with the SiNW platform used in this thesis, the
change in V4 was plotted against the optical density. The result can be seen in

Figure 57.
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Figure 57: BDNF assay - Commercial ELISA kit versus SiNW FET DC recording.

In this figure, the change in Vry measured in 1.5 mM and 150 mM phosphate buffer on
SiNW FETs, was plotted against the optical density derived by a commercial ELISA Kkit.
The BDNF detection seems to be more sensitive with the SINW FET in comparison to the

commercial available optical method.

The plotted values of the optical density were taken from the data sheet of the
applied ELISA kit. In doing so, the TC data obtained after measuring in 1.5 mM
and 150 mM phosphate buffer were used for comparison. The limit of detection
for the ELISA kit is mentioned to be at 30 pg/mL. With the SiNW FET, it was
possible to detect BDNF concentrations down to 1 pg/mL by performing the DC
readout. This is about 30x lower than the limit of detection of the utilized ELISA
kit. Therefore, the nanowire platform seems to be more sensitive than the
optical method. Moreover, since the minimum concentration, which could be
detected with this device, was not yet determined, it is possible that even lower
concentrations than 1 pg/mL are measurable. This is another indication that the
silicon nanowire biosensor platform could be used to determine very low target
molecule concentrations and, hence, for an early-stage diagnostic at the onset
of a disease progression.

131



Chapter 6 - Protein assays: Detection of BDNF

6.3.3 Immobilization of capture molecules and BDNF binding: AC

readout

To gain further information about the BFND assay, AC measurements were done
as well. Like performed for the other biomolecular assays, the TTF was
measured subsequently after the DC readout and for each experimental step.
After the experiment was finished, the data were evaluated, and all received
curves were plotted in one graph to allow a comparison of the different steps. An
exemplary graph of one channel for one whole experiment is shown in Figure 58
a. For the statistical evaluation, the TTF measured after the silanization was set
to zero and served as baseline. By comparing the obtained data at a frequency
of 100 kHz, the following examinations were done for this exemplary
experiment: After immobilization (red curve), the TTF is shifted about 0.52 uS to
a higher g,, value compared to the curve after silanization (black). The g,, value
after blocking (green) was heightened to 1.03 pS. Then it was decreased to 0.62
MS after the binding of 1 pg/mL BDNF (dark blue) and even further decreased to
0.34 pS after 5 pg/mL BDNF (light blue). The addition of 10 pg/mL BDNF (pink)
led to an increase of the transconductance to 0.42 uS, whereas it was lowered
to -0.048 uS after having bound 50 pg/mL target analyte (green). The statistical
extraction can be seen in Figure 58 b. The statistic showed that it seems that all
experimental steps were significant (two-tailed paired t-test). This examination
indicated that recording the TTF is as well much more sensitive than the limit-of-
detection of the ELISA kit. Furthermore, in comparison to the DC results, there
is the tendency that the AC readout is more sensitive to the binding of the target
analyte BDNF. Indeed, it was not possible to detect the binding of all four BDNF
concentrations with the potentiometric method, but the statistical evaluation
showed that the results after 5 pg/mL, 10 pg/mL and 50 pg/mL BDNF were not
significant. In contrast to this observation, these results were strongly significant
by performing the AC measurements. This is also leads to the conclusion that
not all binding sites of the capture molecules, located on the nanowire, were
occupied and that the sensor surface was not saturated yet. It can be excluded,
too, that a shift of the reference electrode or a change of conductivity of the
measuring solution influenced the results, since both parameters were kept

stable during the experimental procedure.
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Figure 58: BDNF assay on a SiNW FET — AC evaluation.
In (a), an exemplary TTF evaluation of one channel is shown. It can be seen that the curves
shift after each experimental step (immobilization, blocking, 1 pg/mL BNDF, 5 pg/mL BDNF,

10 pg/mL BDNF and 50 pg/mL BDNF). In (b), the statistical evaluation for eleven
channels of one chip is displayed.

A second chip, in another independent experiment, showed the same tendency.
In this trial, the experimental procedure was the same as for the chip, shown in

this thesis. The parameters, such as the position of the reference electrode and
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the composition of the buffer, were also identical and kept stable. The only
differences were the dimensions of the nanowires on the chips and the obtained
signal strengths. Therefore, both chips were not considered in the statistics
represented here. Nevertheless, these observations show the advantage of the
AC readout for biomedical assays, in which the detection of low concentrations is
needed. However, to verify these examinations more experiments with further
chips need to be performed. As for the DC readout, the results for the AC
detection were compared with those of the ELISA. The corresponding evaluation

can be seen in Figure 59.
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Figure 59: BDNF assay - Commercial ELISA kit versus SiNW FET AC recording.

The shift in transconductance measured in 1.5 mM and 150 mM phosphate buffer on
SiNW device was evaluated against the optical density result of a BDNF ELISA kit. Like
shown for the DC detection, the AC readout of nanowire FETs seem to be more sensitive
than a standard ELISA kit. This could be of great interest for the early-stage detection of

diseases.

For this purpose, a comparison of the Ag,-values measured in 1.5 mM and 150
mM buffer solution was plotted versus the optical density of the commercial
ELISA kit. Similar to the observation with the DC method, the measurement of
the TTF by performing the AC method seems to be 30x more sensitive than the
optical assay. By comparing the DC with the AC readout, the results seem to be
almost the same. To derive further conclusions about the sensitivity of both
readout methods, the applied concentrations need to be further decreased. By
doing so, it should be possible, to determine the ultimate limit-of-detection of
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the nanowire platform. These data support the previously postulated assumption
that the SiNW FETs can be applied as biomedical platform for the detection of
low biomolecule concentrations. Due to a combination of the DC-and AC-method
the results could become more significant and, therefore, more reliable. This
would be an important step towards an application in the medical field, where

reliable results avoiding false positive and — negative detections are crucial.

6.3.4 DC and AC readout of BDNF in balanced salt solution -

Preliminary results

In the experiments previously reported in this thesis, the measurements were
performed in phosphate buffer, which only consisted of two components, i.e.
Na,HPO, and NaH,PO,4. In a first trial, the BDNF readout was done in Hank's
balanced salt solution (HBSS). This solution possesses a physiological pH and
the salt concentration is isotonic. It is most commonly used in cell cultures as
buffer system to ensure cell growth. In contrast to phosphate buffer, it consists
of more than two ingredients which could unspecifically bind on insufficiently
blocked sensor areas. HBSS contains following components: NaCl, KCI, CaCl,,
KH,PO,4, MgS0O, x 7H,0, MgCl, x 6H,0, Na,HPO, x 2H,0, glucose and NaHCOs.
Therefore, this experiment represents a first step towards measuring in
synthetic serum and, finally, in human serum or whole blood.

To examine whether it is still possible to detect BDNF in a measuring solution
consisting of various components, the same experimental procedure was used
as described in Chapter 3.6.2. The applied concentrations and analytes were the
same as well, only the phosphate buffer was exchanged against HBSS. The
exemplary DC and AC results of one channel are represented in Figure 60 a and
b, respectively. The TC measurements showed the same tendency as those,
which were done in the two components buffer. After each step, the curves are
shifted to more negative values, which is in agreement with the positive charge
of the used biomolecules. In contrast to the Viy results, the change in the gn
value was different compared to the measurements performed in phosphate buffer
reported in Chapter 6.3.3. As shown for the measurements in phosphate buffer,
the g, value of the TTF is increased after immobilization of the capture
molecule. Opposite to the blocking results in phosphate buffer, the AC curve is

lowered after blocking.
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Figure 60: Exemplary DC & AC readout results of BDNF in physiological HBSS.
In (a), the TC results for one BDNF experiment made on a SiNW FET are displayed,

whereas the corresponding TTF results can be seen in (b).

The subsequent binding of 1 pg/mL and 5 pg/mL BDNF in HBSS lead to a rise of
the g, value to higher values, respectively, whereas the same concentrations
decreased the g,, value in phosphate buffer. The attachment of 10 pg/mL BDNF
in HBSS decreased the TTF and 50 pg/mL BDNF increased the TTF. The reason
for these observations can be the difference in conductance and components of
the HBSS buffer, in which the BDNF binding was done. The evaluation indicates
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that, besides the BDNF binding to the specific capture antibody, some
ingredients of the applied buffer bound unspecifically to not completely blocked
areas on the nanowire surface. The evaluated results give another hint that the
AC readout is more sensitive than the DC mode and the evaluated data indicate
that the sensors can be used in physiological buffer solutions. As already
mentioned before, this could be a first step towards measuring in complex

matrix such as blood, tears, saliva or liquor.
6.4 Advanced BDNF data analysis

In the last subchapter of this thesis, the focus is set on a multivariant data
analysis and a classification of the previously presented BDNF results. The
rational is to combine the AC and the DC data in a combined analysis to increase
the reliability of the assay.

Besides evaluating AVqy and Ag.,, more variables can be extracted from the
measured raw data so that a multivariant data analysis is created. The idea of a
multivariant data extraction is to cancel out influences of side parameters within
a measurement and to gain further information about the target. The
multivariant data analysis should help to eliminate sensor variations by
considering the different variables of the measurements and, hence, to increase
the reliability. Furthermore, statistical deviations should be reduced to a
minimum. It should be feasible to determine different concentrations of one type
of molecules in the measurement solution. The ultimate goal would be to
identify an unknown molecule or substance in an arbitrary solution including its
concentration. Moreover, a classification of the BDNF data was done with help of
machine learning. In doing so, various classification trees had to be created to
distinguish between the experimental steps and the applied concentrations.
Finally, the accuracy of this classification model was determined by using the K-

fold cross validation method.
6.4.1 Multivariant data analysis

For all calculations, the results measured after silanization were set to zero and
served as baseline. In the framework of this thesis, the following DC variants

were extracted and calculated with a custom-made Matlab program:
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1. Viy: The threshold voltage, V14, was described in more detail in Chapter
3.7.1. In short, it is the parallel shift between two TC curves. For the
determination of this shift, the steepest slope of the baseline curve was
evaluated (Figure 61 a) [16,20][152]. Unit = mV

Al g
AV

: This variant is derived from the first derivation of the TC curve.

The steepest point of the TC of the baseline corresponds to the

maximum derivative. Furthermore, the Ips value at that steepest slope is

Al

needed to determine of the TC curve of the experimental step.

GS

Al

s of the baseline

Al g .
Then A| —— | can be calculated by subtracting
GS

VGS

Al 5

from of the experimental step (Figure 61 a and b) [265-267].

GS

Unit = nanoSiemens (nS)

Al
3. (TDS : The first derivation of the TC of the baseline and the TC of
A GS
max

the experimental step is calculated. Then, the highest point of both
derivatives is set and subtracted from each other (Figure 61 c) [265-267].
Unit = nS

To aid for a better overview of the individual parameters, a schematic was

prepared as an example (Figure 61).
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Figure 61: Overview of the DC variants of the multivariant data analysis.

In this schematic, the variants of the DC mode for the multivariant data analysis are
displayed. The black curve (=baseline) was measured after silanization and the red curve
(=experimental step) after the incubation with 10 pg/mL BDNF on SiNW FETSs.

Besides these three DC parameters, four AC variables were evaluated. For a better

139



Chapter 6 - Protein assays: Detection of BDNF

understanding, all the variants of the AC readout are represented in a schematic in

Figure 62.
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Figure 62: Overview of the four AC variants of the multivariant data analysis.
In this figure, a schematic explanation of amplitude, peak slope, surface and cut-off

frequency, which were evaluated for the multivariant data analysis are shown.
The variables can be described as follows:

1. Amplitude Ag,: The transconductance, g.,, was already described in
chapter 3.7.2. To calculate the amplitude, the g,,—-value at the highest
point of the TTF curve was determined and subtracted from the zero
line [156,211,215,216]. Unit = pS

2. Surface: For evaluating the surface, the trapezoid rule was used, which
is only an approximation of the complete surface [268]. In doing so, the

surface of a trapezoid was calculated by
surface=(b - a)(wj (6.1)

Since the whole TTF curve consists of 41 measuring points, the surface
of 40 trapezoids was determined and summed. Unit = pS-Hz

3. Peak slope: To extract the peak slope, a first degree polynomial fit, also
known as linear fit, was done between two measuring points of the TTF
[211]. The peak slope corresponds to the slope of this fit and was
calculated as

140



Chapter 6 - Protein assays: Detection of BDNF

A
slope = _ A9 (6.2)
Afrequency
Unit = uS/Hz

4. Cut-off frequency 7, : Similar to the peak slope determination, a linear fit

between two measuring points of the TTF curve was done after the

resonance peak started. The frequency at which the fit met the zero line

was evaluated to be the cut-off frequency 7, [156,211,269]. Unit = Hz

For calculating the A-values, all variants were subtracted from the baseline.
Afterwards, radar plots were created, which are a typical tool in multivariant
data analysis [270-273]. In one radar plot, the previously mentioned variants of
the AC and DC readout were gathered so that a seven-axle radar plot was

resulting (Figure 63).

Apeak slope (uS/Hz) -1.25 — Immobilization
Ag (US) Block
M405 |— 1pg/mLBDNF
5 pg/mL BDNF
—10 pg/mL BDNF
—50 pg/mL BDNF

Acut-off _ 0
frequency '~

(log(Hz))

AV_ (mV)

A(AILJAV () (nS)

1257 A(Al AV ) . (nS)
47500- Asurface (uSHz)

Figure 63: Multivariant data analysis of BDNF detection — seven-axle radar plot.

The evaluation of all seven variants from DC and AC recording are plotted against each
other. For the multivariant analysis, the BDNF data was used. The different steps of the
assay were compared whereby the GPTMS results served as baseline and were set to
zero. Except amplitude and transconductance, the unit of each parameter is different and,

hence, the scale is varying form variant to variant.

The mean values of all experimental steps and the respective variant are

displayed in Table 7.
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Immo- 1 5 10 50
DC variants bili- Block pg/mL pg/mL pg/mL pg/mL
zation BDNF BDNF BDNF BDNF
AVyy (mV) 15 60 130 133 144 155
Al
A| —-DS | (ns) 5.4 31.7 - 88.7 -26.4 -15.0 25.3
AVgs
Al
A[iJ (nS) 43| 274 -1213 -69.6 -43.5 71.1
AVGS max
AC variants
Agm (HS) 0.52 1.03 0.63 0.34 0.42 - 0.048
Apeak slope
-0.52 -1.24 -0.77 -0.42 -0.47 0.16
(HS/Hz)
Acut-off frequency
-0.006 | -0.045 -0.41 -0.037 -0.047 -0.016
(log(Hz))
Asurface (HSHz) 30046 47307 12259 -3901 -3032 -22054

Table 7: Mean values of all variants of the multivariant data analysis.
In this table, an overview of the mean values of each variant is represented for every
experimental step of the BDNF data set. As mentioned above, the GPTMS data served as

baseline and, hence, was set to zero.

In Figure 64 a, the parameters derived from the DC readout are plotted in a
triaxial plot and in Figure 64 b, the four variants evaluated from the AC results
are represented in a four-axle plot. This is done to receive a better overview of
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the two different readout methods. To be able to compare the individual

variables of the DC and AC modes, the seven-axel plot is preferred.

a) 90K A(AlJAV ) (nS)
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X
— 1 pg/mL BDNF
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Figure 64: Multivariant data analysis — triaxial TC and four-axle TTF radar plot.
To obtain a better overview of the seven parameters of the multivariant data analysis, the
seven-axle plot was separated into two radar plots. The triaxial plot is composed of the
variants of the DC readout (a), whereas the four parameters of the TC evaluation are
shown in the four-axle plot (b).

The change in threshold voltage, AVyy, was already described in Chapter 6.3.2.
Therefore, it is only briefly summarized in this section. By evaluating AVqy, it
was possible to detect the binding of the BDNF-specific capture antibody to the

epoxy siloxane and the blocking of the unmodified sensor surface. Moreover,
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1 pg/mL of the target protein BDNF was measured with the nanowire platform

and evaluated to be significant.

Al
Regarding the mean values for A(ij, it can be seen that the
GS

immobilization caused an increase of the parameter as well as the blocking step,

which further rose the value. After the binding of the first BDNF concentration

|
A[ij dropped to lower number and then increased again with increasing
GS

BDNF concentration. This is in good agreement with the previously reported

AV results, since both parameters are directly correlated with each other.

Almost the same tendency was observed for A(A\I/ij . After immobilization
GS ./ max

and blocking, the variant rose to higher values, whereas it dropped after the

binding of 1 pg/mL BNDF. The incubation with 5 pg/mL and 10 pg/mL BDNF lead

to an increase, but the attachment of 50 pg/mL BDNF decreased the parameter

back to more negative values. This outlier can be explained by noise. Due to a

high noise level at the highest point of the first derivative of the TC baseline, this

Al
highest point is set to a false value which is resulting in a wrong A(V—DS .
A GS
max

The change in transconductance, Ag,,, was discussed more detailed in 6.3.3 and,
hence, the results of this parameter are just shortly reviewed here. By
performing the AC readout, it was possible to significantly detect the
immobilization, blocking and the binding of four different BDNF concentrations.
This implicated that reading-out Ag,, might be more promising than calculating
AV since it seemed to be more sensitive to changes on the sensor surface.

The results evaluated for Apeak slope and for the Acut-off frequency showed
that both variants dropped after immobilization of the capture molecule and
even decreased further after blocking the remaining free space on the sensor
surface. Then, the values rose back to higher values after binding of 1 pg/mL
and 5 pg/mL target protein. The parameters slightly decreased back to more
negative values after 10 pg/mL BNDF and significantly increased to positive

values after the attachment of 50 pg/mL molecule.
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In case of Asurface, the value is increasing after immobilization and the
subsequent plotting, respectively, whereas it is decreasing after the binding of 1
pg/mL and 5 pg/mL BDNF. The attachment of 10 pg/mL target molecule raised
the parameter back to higher values and the last concentration caused a
decrease again.

For all AC variants, the evaluated values indicate that the binding of 10 pg/mL
BDNF seems to be an outlier. The reason can be a slight error during the AC

recording, which influenced the results false-positively.

6.4.2 Classification and accuracy

To classify the results and to differentiate between the different experimental
steps, further statistical evaluation was done. In doing so, supervised machine
learning was implemented to be able to predict, which data is read into the
program [274]. For this purpose, the program is fed with known data and known
results to identify specific patterns in data with the help of adaptive algorithms.
The more input data is given to the program the better is its prediction ability
[275]. According to the definition of MathWorks, supervised learning is
separated into classification and regression. Classification is e.g. used for spam
filtering to differentiate a class from various other classes to an observation. In
the case of this thesis, this means that with the classification, the different
experimental steps can be differentiated. In comparison to that, regression is
applied to make predictions about continuous measurements for an observation
[275]. When taking a concentration-dependent measurement into account, this
means with regression a precise declaration of the concentration can be done
(e.g. 15 pg/mL target molecule), whereas with classification the value is only
predicted within a specific frame (e.g. 10 pg/mL to 49 pg/mL target molecules).
However, to be able to implement a regression model, much more input data
would be needed than for the classification algorithm.

In the framework of this thesis, a first classification was performed to
demonstrate the proof-of-concept. The chosen statistical model is based on
classification trees consisting of about 30 different trees (Figure 65). The trained
program runs through the different classification trees, with which it is possible
to predict which experimental data is imported into the program. Therefore, the

program starts from the root (= start point), runs through the different
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classification trees and ends at a leaf node that tells which experimental step
was imported (= response). For this purpose, different parameters need to be

answered with ‘true’ or ‘false’ so that a decision is made.

0.15 mM buffer

Ag,, < 0.76

AVry Ag,,<0.32

5 pg/mL AV

1 pg/mL
I BDNF <-0.045

BDNF

50 pg/mL
BDNF

150 mM buffe
A(lps/Vas) A(lps/Vgs) Immobi-
<-0.087, lization

10 pg/mL 1 pg/mL
BDNF BDNF

Figure 65: Classification tree to differentiate the BDNF data.
30 classification trees are used to determine the individual experimental steps of the

BDNF results and to distinguish between the applied BDNF concentrations.

Depending on these decisions, the classification tree is followed until the final
leaf node is reached [276,277]. The classification is done by majority votes,
which means that the parameter with the highest concordance and the most
matches is chosen and evaluated to be the predicted class. Therefore, the trees
are also called ‘bagged trees’. To derive conclusion about the reliability and
stability of the applied model, i. e. the classification tree, the accuracy of this
method was determined. By evaluating the accuracy, it is possible to estimate if

a model can deliver a mean result close to the true value [278]. If the resulting
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mean value is in approximation to the true value, an assay is accurate. For this
purpose, the method k-fold cross validation was applied [279,280]. K stands for
the number of subsets, in which the complete data set is separated. Usually, k
amounts 5 or 10, but also other numbers are possible [280]. This technique
differentiates between training and cross-validation set. The training set is used
to train the program with a data set in order to implement a prediction
algorithm. The reliability of this prediction algorithm is evaluated by cross-
validation. Therefore, the cross-validation set consisting of experimental data is
needed. It estimates how precise the program responses to unknown
(untrained) data predicted by the algorithm [280]. The advantage of the k-fold
validation is that the complete experimental data can be utilized to train the
program. This is beneficial since no possibly important data characteristics or
patterns are lost [280]. The BDNF results were composed of 70 data sets which
were divided into 5 subsets (k = 5). This means that 14 data sets are within one
subset. One of the five subsets was applied as validation set to validate the
model and the remaining four subsets were taken as training set to train the
model. This validation and training procedure was done five times so that the
validation was done once for every subset [281]. The obtained accuracy results
are shown in Figure 66. The statistic is composed of a y-axis, which represents
the actual true classes, and an x-axis, where the predicted classes are displayed.
The true positive rate (TPR, upper value) and the false negative rate (FNR, lower
value) for each step is represented on the right side in Figure 66. Both rates are
given in %-values. However, the performed statistics with the BDNF data set
from this thesis is only a first step towards the classification of the given
experimental steps. In a next step, regression models would need to be created.
Within these regression models, only the concentration-dependent steps would
be considered, and it would be performed to derive more exact conclusions
about the unknown concentration. In doing so, more data than produced in the
framework of this thesis would be necessary to create a reliable model. In the
end, the final goal would be to import a data set of an unknown target analyte
with an unknown concentration and use the classification and regression models
to identify the analyte and its concentration. In future, this type of data analysis

will be applied for the combined DC and AC readout of our sensor.
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Figure 66: Accuracy of the classification model.

In this figure, the statistical evaluation of the accuracy of the whole model is shown.
Besides the accuracy of the model for each single step, the overall accuracy and the
overall error can be evaluated with the applied k-fold cross-validation method.

With this thesis, the large influence of the side parameters temperature, pH and
ionic strength was cancelled out. By eliminating these side parameters, the
multivariant data analysis offers a more robust and reliable readout, which is
crucial for the application in the biomedical field, where clear and trustworthy

results are essential.
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Chapter 7 — Conclusions and outlook

7.1 Conclusions

Before establishing the bioassays onto the silicon nanowire field-effect
transistors, three different kinds of proof-of-principle experiments were
performed. In this initial research, the working principles of the DC and AC
readout mode for SiNW FET sensors were studied in depth:

First, the changes of flatband and threshold voltages upon variation of the pH
were investigated. These experiments were only performed with the nanowire
device platform. The achieved results showed that, as expected for p-type
transistors, the flatband voltage was shifted to higher values with increasing pH.
This effect was caused by the deprotonation of the hydroxyl groups on the
sensor surface due to high pH values. The pH induced and dependent formation
of charges on the surface were leading to a change in the surface potential and,
therefore, to a shift in the flatband voltage and the transfer characteristic. In a
previous work, a sensitivity of 41 mV/pH with an « value of 0.69 was reported
[54]. In this thesis, a sensitivity of only 34 mV/pH and an « value of 0.57 were
obtained. Usually, both values are a slightly higher for SiO,-based surfaces
[166]. The reason could be that the sensors, used for the pH measurements,
were already applied in various biomolecular experiments before. Furthermore,
impurities on the sensor surface affected the results as well. However, the
typical p-type sensor behavior upon changing the pH value of a buffer solution
was also observed in the experiments in this thesis work.

In a second set of proof-of-principle experiments, conductivity measurements
were done to study the influence of the ionic strength of a buffer solution on the
transistor transfer function. This set of tests was performed on the micro- and
nanoscaled FETs. With increasing buffer concentration, the TTF was shifted to
higher frequencies, caused by a decrease in resistance. This was in a good
agreement with previous publications [23,54,202].

A third kind of proof-of-principle experiment was the assembly of polyelectrolyte
multilayers by means of the well-known layer-to-layer deposition. Comparisons

of the transfer characteristics were done after adsorption of each polyelectrolyte
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layer since this readout is charge sensitive. It was verified that the flatband
voltage is shifted to lower values after binding of positively charged polymer
molecules, whereas the adsorption of negatively charged polyelectrolytes shifted
the flatband voltage to more positive values. This was in good agreement with
previous publications [53] and proved that the applied SINW FETs are charge
sensitive. Furthermore, it was observed that the obtained signal strength was
depending on the number of polyelectrolyte layers and, hence, on the distance
to the sensor surface [17]. Besides the DC readout, the AC results were
evaluated in this thesis was well. From the extracted data, it seems that both,
the conductivity as well as the charge of the molecules influences the TTF
measurements. However, it was also shown that the results for ISFETs and
SiNW FETs are slightly different. It is possible that different effects are affecting
both platforms, most likely the difference in parasitic parameters including
contact lines and on-chip capacitance.

By measuring different pH values, different conductivities and the assembly of
polyelectrolyte multilayers, it was shown that the used micro- and nanoscale
devices were working reliably and stable and, hence, could be used for the

detection of different biomolecules.

The immobilization and hybridization of artificial DNA was performed on ISFETSs.
Since DNA is negatively charged at a pH of 7.2, the TC curve shifted to more
positive values. This observation was also reported before in [24,202,203,205].
Furthermore, denaturation was done after hybridization. After denaturation, the
TC curve was almost shifted back to the values after immobilization, which
indicated that the separation of the DNA double strand into two single-strands
was successful and that the immobilization of the capture sequence was stable.
Finally, the density of immobilized capture molecules was calculated to be 1013
DNA molecules per cm?. Since epoxy silane was used instead of the amino silane
APTES, this high yield can be explained. The AC readout showed the typical
decrease in transconductance with each biomolecule layer, which was reported
before [156].

To summarize the DNA experiments performed with the top-down processed
SiNW FETs, the typical effects of a charge-based detection and a dependence of
the signals on the buffer concentration used for recordings were observed. As
reported in previous studies, the signal strength is enhanced in lower buffer
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concentrations due to a weaker Debye screening effect. Upon binding of
biomolecules, the transfer characteristic of the devices is shifting because of the
change in surface potential, which was previously described for ISFET devices.
As expected, the negatively charged DNA strands shifted the Viy to more
positive values. Therefore, we can be sure that the observed effects in these
experiments were caused by the DNA molecules attached to the sensor surfaces.
Furthermore, a second effect of the nanowire devices in the potentiometric
readout was observed in DNA detection experiments. A change in the steepness
of the transfer characteristic curves was obtained besides the shift in the
threshold voltage upon biomolecular binding. This additional effect was clearly
more pronounced in thinner than in wider nanowires. For the former ones, the
shift and shape of the TC characteristics is steeper in comparison to the latter
wires, where the shift between two TC curves is more parallel. By modeling, we
concluded that this effect relies on an accumulation of charge carriers inside of
the nanowires which is more affected in the thinner wires. This examination
strongly points toward a charge injection effect from the highly doped source
and drain contact sides. This could also be another explanation why nanowire-
based FETs are more sensitive than the microscaled ISFETs. However, more
investigations need to be performed to verify these observations.

The study shows that for experiments with SiINW FET sensors in linear operation
regime, the selection and the stabilization of the working point is extremely
important and directly influences the amplitude of the recordings, especially, if a
time-dependent readout was used like done by many others in the field. For a
final proof of our hypothesis, a systematic variation of the sizes of our top—-down
fabricated SiINW FETs in terms of width and length would be necessary. In an
ideal case, this would reach down to the ultra-small size of the bottom-up grown
devices in CVD processes (typically 10 nm in diameter) [46,231].

With the results, reported in this thesis, it was shown that the Debye screening
also seems to influence the AC readout like it was previously published for the
potentiometric measurements with nanowire FETs [163]. By calculating the
signal change for two experimental steps measured in four different buffer
concentrations, it was evaluated that the highest signal was obtained in the
lowest buffer concentration, whereas the lowest signal was determined in the

buffer with the highest ionic strength. It is assumed that variations of charges in
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the biological membrane affect the interface impedance, too. However, this
change is based on wide range of parameters. Furthermore, the evaluation of
the obtained TTF spectra recordings showed that it is possible to distinguish
between the different steps of a DNA hybridization assay. In doing so, the
immobilization and the hybridization with two different target molecules
concentration were successfully detected with the TTF method. The calculated

differences in transconductance were evaluated to be statistically significant.

After having successfully detected the immobilization and hybridization of
artificial DNA, first trials with HLA-B27 DNA sequences, provided by Euroimmun
Medizinische Labordiagnostika AG, were implemented. Carriers of the HLA-B27
allele have a high risk for different auto immune diseases as Morbus Bechterew
[108,109], Morbus Reiter [111], schizophrenia [117], various inflammatory
diseases [105,112,113]. Both, the preliminary DC and AC results, indicate that
the assay can be detected on the microscaled platform, which is an important
step towards the application of the platform towards its usage as biomedical
tool.

Besides performing DNA assays, the microscaled field-effect based devices were
used for the detection of the protein BDNF. BDNF was found to be related to
Parkinson’s disease [68], Huntington’s disease [78] and Alzheimer disease [83].
Since the limit of detection of the applied ELISA assay was reported to be 30 pg/mL,
1 pg/mL, 5 pg/mL, 10 pg/mL and 50 pg/mL BDNF were used to verify if the
readout with the ISFETs was possible. However, the implemented trials showed
that only the immobilization of the capture antibody was successful, whereas the

protein binding itself could not be detected.

The top-down fabricated SiINW FETs were also used as immunosensors to detect
low concentrations of the clinically relevant neurotrophic factor BDNF. It was
possible to immobilize the mouse anti-human BDNF antibody to our epoxy silane
modified transistor surface. The electronic detection of the BDNF antigen was
firstly performed by measuring the potentiometric mode. Like reported for the
microscaled ISFETs, the typical shift in threshold voltage upon binding of the
biomolecules was measured. The binding of the target molecule led to a shift in
the TC to more negative values. Since the isoelectric point of BDNF is reported
to be around 9.99 [262], BDNF is positively charged when it is diluted in a buffer
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solution with pH 7.0. Furthermore, it was possible to detect BDNF down to a
concentration of 1 pg/ml BDNF (35.7 fM BDNF), which is lower than the
concentration, which can be detected with a commercially available ELISA assay.
It was also feasible to detect 1 pg/mL BDNF with the AC method. The statistical
evaluation showed a significant change after the binding of the target analyte.
This means that both readout methods were evaluated to be more sensitive than
the used commercial BDNF ELISA kit, which had a limit-of-detection of 30 pg/mL
BDNF, meaning that the applied nanowire platform is at least 30x more
sensitive than the optical assay. To investigate the ultimate sensitivity of the
device, the concentration of the target molecules would need to be decreased
further. Furthermore, the evaluated results reveal that the nanowire devices are
also more sensitive than the microscaled ISFETs, which is in good agreement
with the beneficial properties of the nanosized sensors [231,282,283]. The
addition of higher BDNF concentrations led to a change of the TC to more
negative values as well. Besides that, it was possible to detect low
concentrations of BDNF (50 pg/ml (~1.79 pM) BDNF) physiological buffer
solutions. The ionic strength of the used solution was about 150 mM, which is in
the range of the ionic strength of human blood [263]. This indicates that our
silicon nanowire devices might be a potential tool for the detection of clinically
relevant BNDF concentrations in high buffer strength. However, more
experiments, in synthetic plasma and real human blood need to be performed to
verify the results. Moreover, the reported observations indicate that our
nanowire readout platform possesses the potential for a sensitive detection of
biomolecules. The SiNW FETs might be a suitable as tool for biomedical
purposes, e.g. as immunosensors, and they might serve as platform for the

detection of ultra-low molecule concentrations.

In preliminary tests, the BDNF assay was also performed in HBSS as a first step
towards measuring in synthetic serum. These results led to the conclusion that
the detection of the BDNF binding could be successfully done with the AC and
the DC mode. However, to verify the results, further experiments need to be
performed.

The studies presented in this thesis work were continued in a biomedical startup.
A patent was published, in which it was shown that measurements of C-reactive

protein in 200 mM buffer were possible [284]. Even though the results are not
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published, promising experiments with glucose, proteins and DNA were
performed, in which the biomedically relevant analytes were successfully
measured in synthetic and human serum.

In the last section of the thesis, a multivariant data analysis of the BDNF data
was performed. The obtained parameters were plotted in one seven-axle radar
plot composed of three DC variants and four AC variants. The change in V14 and
the change of the first derivation of the transfer function curve showed a
concentrations-dependency of the assay. By evaluating the change of the
derivate of the transfer function baseline at the steepest slope, it was visible
that the addition of 50 pg/mL BDNF led to an outlier, which was reasoned by a
high noise level of the first derivative. The four AC variants showed all the same
tendency. For these values, a concentration-dependency was recognized as well.
However, the addition of 10 pg/mL led to an outlier, which could most likely by
explained by an error during the measurement. With help of a classification
model, consisting of 30 classification trees, it was possible to distinguish
between the individual experimental step and the applied buffer concentrations.
The overall accuracy of the classification model was evaluated to amount 94.7 %.
The obtained results and information can be used to increase the accuracy of the
applied model in future trails and, hence, decrease the error, simultaneously.
Moreover, by producing more experimental data, it could be verified if the shift
of the different parameters and the respective experimental step behave
linearly. This would be especially beneficial for concentration-dependent

measurements.

As an overall conclusion, very low molecule concentrations down to the fM-
regime were detected with the silicon nanowire platform in physiological test
buffer solutions. Therefore, this platform might offer the possibility for the
detection of ultralow analyte concentrations in complex matrix. The sensors
represent a promising candidate for early-stage detection of biomarkers. It was
possible to detect target biomolecules with DC- and AC-methods,
simultaneously. It is suggested to combine both methods to achieve more
meaningful and reliable results.

Furthermore, the results from biomedically relevant bioassays in this thesis
showed that the analytes can also be measured in highly concentrated buffer

solutions. These observations indicate that it might be feasible to directly
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measure in human liquids after optimization of the surface modification and
functionalization. With the help of the multivariant data analysis, outliers of the
BDNF assay were determined, a classification model was created to distinguish
between different experimental steps and applied concentrations and the
accuracy of this model was calculated. Furthermore, several side parameters
were cancelled out. With this novel procedure a more robust, stable and reliable
biosensor could be developed in future. This thesis demonstrated that the SiNW
FET platform is an innovative, prime candidate for the future application as

readout tool in medical diagnostics.

7.2 Outlook

A more exact model for SOI sensors would be necessary in future experiment to
be able to do a more precise description for the influence of the nanowire
dimensions on the TC characteristics. In further trials, the sensors dimensions
should be systematically varied in width and in length to validate the proposed
hypothesis and to examine the effects in potentiometric readout more precisely.
It might be feasible that this effect could be used to explain the higher
sensitivities of nanowire devices compared to microscale ISFET devices, which
were previously reported by other groups. Moreover, it would be possible to
detect lower concentrations of the analyte by further scaling down the device
dimensions and, hence, lower volumes of the probe would be needed for the
detection. This would be of great benefit for biomedical purposes and would
enable the usage of this top-down processed SiNW FET platform for diagnostic

applications in biomolecular research.

Besides recording the TC characteristic, measuring the TTF spectra of a
biomolecule assay on SINW FETs is an auspicious readout principle. By
controlling the influencing side parameters (e.g. pH and ionic strength of the
buffer solution, biolayer dimension etc.), this method might be promising to
achieve more reliable and stable results in combination with the potentiometric
recording. Since it was possible to distinguish different experimental steps of a
bioassay by performing AC measurements in physiological buffer concentration,
this readout could be applicable for the detection of analytes in patient samples.

However, further tests in physiological solutions and, finally, in human liquids
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need to be performed. This will also include several optimization steps in terms

of surface chemistry and system integration.

We assume that our nanowire devices are suitable for the detection of clinical
relevant BNDF concentration in high buffer strength, such as available in blood.
Nevertheless, more experiments, in synthetic plasma and real human blood
would need to be performed to verify the results. It would also be necessary to
investigate if the transistor's specificity is good enough to measure the

biomolecule of interest out of a pool of different components.

Furthermore, the results obtained in the framework of this thesis reveal that
SiINW FETs are applicable for the detection of ultralow biomolecule
concentrations. The concentration of the applied target molecules would need to

be decreased further to investigate the ultimate sensitivity of the device.

To verify the results of the multivariant data analysis, more measurements
should be performed. To gain further information about the individual variants,
simulation and modeling would need to be done. The final goal of the
multivariant data analysis, the classification and the regression model is to be
able to identify an unknown target molecule and its applied concentration. In
doing so, the programming and development of a neuronal network would be
feasible with which different structures could be recognized. In the end, a library
of various parameters would be built up, which would allow gathering more
information about the unknown target molecule, for example like surface
activity, charge, size, layer thickness. This would also help to identify if an
analyte of interest is present in its native or in a mutated form, which would be

further beneficial in medical diagnostics and in the treatment of diseases.
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Liquid-gas interfacial energy

185



List of Symbols
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Solid-gas interfacial energy

Solid-liquid interfacial energy

Dielectric constant of the bulk solution
Dielectric constant in vacuum

Dielectric constant of the biomolecular layer

Dielectric constant of the oxide

Dielectric constant of the solution
Dielectric constant of the measuring solution

Zeta potential

Contact angle

Debye length

Carrier mobility

Surface charge density

Surface charge density of DNA

Time constant

Potential difference between Fermi level in silicon between
source and drain and Fermi level of intrinsic silicon

Surface dipole potential of the solution at the gate oxide-
electrolyte interface

Surface potential

Silicon work function

Angular frequency
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List of Biomolecules and Chemicals

DNA sequences

5'- 3'- Company
Name Sequence modifier modifier
5'AC6- Amino-C6 | ----------- Eurofins
ssDNA | ATGAACACTGCATGTAGTCA- Genomics
3!
Cv3 5'Cy3- Cy3 Amino-C6 | Eurofins
Y ATGAACACTGCATGTAGTCA- Genomics
ssDNA ,
3'-AC6
EMM 5’AC6- Amino-C6 | ----------- Eurofins
TACTTGTGATGTACATCAGT- Genomics
DNA 3
Capture Amino-C6 | ----------- Euroimmun
HLA- AG
B27
5- | mmmmmmmeeee | e Eurofins
cDNA TGACTACATGCAGTGTTCAT- Genomics
3’
cv3 5'Cy3- Cy3 | - Eurofins
4 TGACTACATGCAGTGTTCAT- Genomics
cDNA 3
HLA- | | s | s Euroimmun
B27 AG

Antibodies and Cytokine

Goat anti-mouse Alexa Fluor® dye 488 (GAM 488) secondary antibody, Molecular

Probes™, ThermoFisher Scientific, Germany

Biotinylated mouse anti-human BDNF detection antibody, R&D Systems, Inc.,

USA
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List of Biomolecules and Chemicals

Brain-Derived Neurotrophic Factor (BDNF), R&D Systems, Inc., USA
Mouse anti-human BDNF antibody, R&D Systems, Inc., USA

Streptavidin-ALEXA 488 conjugate, Molecular Probes™, ThermoFisher Scientific,

Germany

Chemicals

Bovine serum albumin (BSA), Sigma-Aldrich, Germany

Epoxy glue, 377 1LB kit, Epoxy Technology, Inc., USA
3-(glycidoxypropyl)trimethoxysilane (GPTMS) Sigma-Aldrich, Germany
Hydrogen peroxide (H,0,), Sigma-Aldrich, Germany

Phosphate buffered saline (PBS), Sigma-Aldrich, Germany

Poly(sodium 4-styrenesulfonate) (PSS; (CgH;NaOsS),), Sigma-Aldrich, Germany
Poly(allylamine hydrochloride) (PAH; CsHgCIN), Sigma-Aldrich, Germany

Saline sodium citrate buffer (SSC), Sigma-Aldrich, Germany

Silicone elastomer, Sylgard® 184 silicone elastomer kit, Dow Corning, Germany
Silicone adhesive, 96-083 silicon adhesive kit, Dow Corning, Germany
Skimmed milk, Sigma-Aldrich, Germany

Sodium chloride (NaCl), Sigma-Aldrich, Germany

Sodium phosphate monobasic monohydrate (NaH,PO,-H,0), Sigma-Aldrich,

Germany
Sodium phosphate dibasic, anhydrous (Na,HPO,), Sigma-Aldrich, Germany

Sulfuric acid (H,S0,4), Sigma-Aldrich, Germany
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