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Everything is possible with the right DNA.



Abstract

A novel labelfree DNA-detetion method based orpolyelectrolytemodified
electrolyteinsulatorsemiconduair (EIS) sensorchipsis developed in this thesiFhis
approachis motivated by thencreasingdemand on simple, easy to operate, cheap and
reliable sensor platforafor the point-of-caredetection of DNA from pathogens such as
mycobacteria

Field-effectEIS sensorarechosen because of their ability to detect surfaatential
changes with highessitivity; with EIS sensorghe binding of charged molecules such as
singlestranded DNA (ssDNA) or doubltranded DNA(dsDNA) can be monitored
without a complex setuffhe SiQ surfacemaodification process of the EIS chiigsarried
out via adsorptiorof positively charged poly(allylamine hydrochloride) (PAH) on which
the negatively charged DNA can bihy electrostatic attractidmetween the positive PAH
charge and the negative DNA backbamreultingin a PAH/DNA bilayer. Compared to
other binding methods, the adsorptive binding $etmda flat orientation of the DNA
molecules, thus, the detectable intrinsic negative charge of the DNA is located closer to the
sensor surface resulting in a higher contribution of signal rggoer. Results from
electrochemical measurements of capacitanagdtage and constartapacitance
characteristichave beemsed as indicators for the respective suraogification steps.

A modification protocols first established for the binding of gitively charged PAH
as well as the subsequent binding of dsDNA molecBleth binding evers of the charged
molecules lead to a surfapetential change, whicbould be successfully monitored by
electrochemical measuremeni$ie developed protocas also used to detect dsDNA
molecules th light-addressable potentiometric sensors (LAPS), which belong to the
group of EIS sensor3he LAPS technology allows to measure surfpoential chages
at defined locations on the oxide laydwut requires a lightasirce to focus to these
respective regionsThe dsDNA adsorption could also be monitored with LAR&gea
lower detection limit of 0.hM was determined

In order to monitor the hybridization reaction, a probe ssi¥Nist immobilized onto
the PAHmodified EISsensor surface. Then, the cliggexposed to solutions with target
singlestrandedcomplementarfPNA (cDNA) andnoncomplementary DNA (ncDNA). In
the case of cDNA, a hybridization reaction Istda further change of the surface potential
which could be monitored by the Et&nsor setup. Comparisons between incubation in
solutionscontaining cDNA and ncDNA shawvgignal differences with a factor of. It was
also investigated to reuse the sensor surface by simple repeating of themaditzation
steps without any kind of removing of the previous layerss fiossible to detect signal
changes up to five PAH/DNA layers. The signal differenceseadse by increasintpe
number of layers. This effecanbe explained by the Debye chaigmeening effectlTo
prove the assumption of the chasgeeeningadditional experimentzave beeperformed
in which thedependencef theionic strengthof themeasurement solutiaim the resulting
measured sensor sigrialinvestigatedIn addition,experimentsarecarried outin which
solutions containingpolymerasechainreaction PCR-amplified cDNA have been
analyzed with the developed sensing metfitetse cDNAcontaining PCRsolutionshave



beenused to mimicrealistic point-of-care test conditionsA test series with different
concentrationsf the PCRsamplesvas performeth order to determinthe lower detection
limit (0.3nM) and the sensitivity (7.2mV/decadg In final experiments, the
electrochemical detection of extracted and amplified target DNA from tubercsjnked
(positive) and norspiked (negative) human sputum samplas beermarried out with the
developed method clear differencdetweerthe signals opositive and negative samples
proved the successfutecognition and ability to distinguishoth probes under realistic
conditions.

All results ofthe electrochemicahvestigationshave beervalidated by fluorescenee
microscopymeasurements

Overall, the developed labfkee methodulfills the requirementsfoa simple, easyo
operate, cheap and reliable procedure for DNA sendihg. detection of amplified
genomic DNA from real tuberculosspiked sputum samples umbilees the potential for
promising realizations of this technology as a basis for medical devices for identification
of pathogens.

Keywords:
DNA sensinglabeliree, fieldeffect biosensor, tuberculosksybridization detection
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1 Intro duction

1.1 DNA ASRECEPTOR MOLECULE FOR (BIO)SENSING

Deoxyribonucleic acid (DNAuis avital biomoleculewvhichcan be found in eveilgnown
lifeform on planet earthlt is composed of a chalike arrangement of monomers
(nucleotides) whose sequencededthe completegenome of an organisnthe growth,
development and spreading af organisns is ensured by theell-division processn
which theDNA, as a carrier of the genetic informatiereplicated and transferredttee
newcell [1. The genetic code of DNA expresses the
Afconstructionod of a complete |ifeform. |t ple
(the code specifies the structure of almost all prot@ind)s thereforevery important ér
theorganizatiorof the organisnfi2]. Everyindividualdiffers in size, function, appearance,
structure, behavioretc., because of thedifferencesin the proteinand structural
composition; this is aesult ofdifferencesn the DNA sequencé.ooking at the complete
genome, th natural individuals (excluding clonemnd some other exceptignisavetheir
own and unique DNA nuebtide sequencéAs it is possible to determine the DNA
sequence, itan be used in many ways for detection purposes.

The detection of DNAs nowadaysusedas an important featuia a popularanalysis
methodthat almost everyone is familiar witffhe parental testing megti This method
checks andgbroves that two individuals are parent and cHhij 4]. This test ishased on a
conformity-check betweenthe two DNA samples taken from the child and the parent
(father)by comparisoraccording to specific trai@nd similarities [5].

Largepartsofn i n d i gemotharaa bedimilar or equahot onlybetweerparents
and their offspring but alswithin a speciesin order toget a better understanding the
humangenesthefihuman genome projacivas initiated to determine the nucleotliise
pair sequence of humabNA. From the results dhis project which was completed in
April 2003, it turns out that 99.9% of all 3.2 billion basesibfiman genome are identical
with all other humarbeings [6]. Thisis because of thiact that onlyl-3% of thecomplete
genome arecoded asgenes[7]. More detailed information about the structure and
properties of the DNA is presentedGmapter 2.1

However, the genomic differences in DNA code between two speciesrgrelear and
distinct Therefore, specifisequence sections che very characteristically assigned to a
certainspeciesThis circumstanceanalsobe used as basis fdifferentdetectiorpurposes
and gives usmany opportunites for severalsensorial applicati@ As an example,
unknown tissue or cells can be clearly assigned to a certain orgaoysm
identificationlcompaison of the unknownDNA (sequencejvith a genomicsequenceln
particular fomthemedical point of view, thigletection concepias a great benefitt can
be used for the detection ofpathogenidnfection (e.g, bacterial, viral or fungalpf an
(human)organism. To do this, the DNA of thargetmicroorganismmustbe identified
from a sample of the infected individudlhe identificationof pathoges by comparison
between two DNA strands denot necessarily regre a full sequencanalysis a simple



binding detection between two complementary DNA stréagsobesingle stranded DNA
molecule(ssDNA)with known sequence ancdamplementary singtstrandedargetDNA
molecule(cDNA) with an expected but unknowngeence)can be used as evidence for
the conformity.This bindingbetween two complementary DNA strangslso known as
hybridizationand result in forming a doublestranded DNA (dsDNA) moleculéViore
details about the binding &fNA arepresented ilChapter 2.1

The recognition of the hybridization even{fsobably)the most important way of DNA
detection wherean increasing numbef DNA-sensing strategies and devices are based
on. In comparison to other detection methods for microbiolofpesthogeninfections,
DNA-based sensing procedures have a huge advantage in terms of precision and reliability
(a more detailed perspective ontihe advantages and disadvantages is given in
Chapter 1.2). All in all, thereis a variety of DNAbased detection concepts and ideas for
sensingapplications for a broad field of interests.

1.2 CHIP-BASED DNA-DETECTION TECHNIQUES | SHORT OVERVIEW
AND STATE-OF-THE-ART

In this parta closer look on differeddNA-(hybridization)detection methods and their
applicationss given also,theirindividual alvantages and disadvantages are discusdled.
explained and describegnsingnethodgely onthe DNA detection from liquid media.

The history of hybridization detectiogenerallystarted more than 40 years a@uie of
the first techniques for detectingddNA-hybridization event was the radictivelabeling
method introduced by Edwin Southern in 198p Plenty other different ways @NA-
hybridization detection have been established in the last desadessnasssensitive,
optical, (electro)chemical and thermmsed strategief0i 12]. Each technique has its
individual advantages anmdtawbacksHowever, it turns out that particularbhip-based
methods offer benefits in terms of cheaper and simpler detedtitve ®@NA molecules
and DNAhybridization[10]. The possibility of miniaturization, alsallows the detection
of very low amount®f samplevolumes Especially from a medical point of vieWNA-
sensing methods (for identification of pathogens) thHill the requirements for fast,
reliable and cheap detectiomnd demand oiow sample volumesare advantageous and
preferable Therefore chip-based platforms are well suited grchpurposs.

(Chip-based DNA detectioncan be generally classified intabeledand labelfree
methods.In the following section both types of detectionmethodsare presented and
discussed on chosen examplégdetailed list of methods can be fouimdthesereviews
[13i15].

1.2.1 Labeled DNA-detection methods

As the name implies, labeldaNA-sensing methods rely on an indirect measurement
of a certain labeling molecyleshichis somehow involved in the reactioniateract with
the target molecule to be detectbthny differentlabeling methods were discoveradd
designedesultingnowin abroad range chvailablemarkermoleculedor DNA detection.



A Radioactive labeling of DNA

As already mentioned, the radioactive labeling was one of the first strategies of DNA
detection. Here, DNA fragmerg (with known segence) are radioactiviy marked
typically by incorporation ofnucleotides (A, T, C or G)which havea radioactive
phosphorussotope Unknown DNA molecules are immobilized onto a surfadsich will
afterwardsbe exposed to the radioactive DNA fragment$pon hybridization, the
molecules bind to the surface. A washing step removes all remaining DNA fragments. The
radioactive signal can be measuredelposingthe surface to an-Xay-sensitive filmand
indicates the successful hybridizatioAnyhow, handlingof radioactive materialis
unfavorable because of masgfetyaspects.

A DNA detection by using (magnetic) particles

Another approach for labeling can be performed by using magnetic particles. For
instance, streptavidinoated magnetic nanoparticles can be bounded to -biotin
functionalized DNA. A change of the magnetic field upon hybridization can be very
precisely measured afterwarfl]. Another on-chip method is based oRdNA labeling
with nanobads which can beptically detected by means of changes in the reflection and
transmission of light [Z]. However, both methods disadvantageously require complicated
and timeconsumimg binding steps.

A Fluorescencéabeled optical DNA detection

The fluoresencelabeling process has been tremendously established as reliable and
versatile tool for DNA detection. It is tH®y far most important and most frequently used
method nowadays. The dye does not need to be bound to the target molecule in any case.
Severd other strategies for fluorescensignal generation were developed. Some
fluorophores are also able to intercalate with the DNA. These dyes usually bind (mostly
unspecific towards the sequence) to dotghtandedDNA, which is only formed after
successfu hybridization. A different wayof labeled DNA sensing by means of
fluorescence detection involves the use of quencher molecules. If a quencher (bound to
ssDNA) and a fluorophore (bound to cDNA) are brought together in close proximity (e.g.,
by a hybridiation reaction), then the fluorescersignal generation can be strongly
inhibited (quenched) by the quenching molecule. Uphi\ denaturatiopnboth molecules
are separateevhich leads to an abort of the quenching effect and esttedluorescence
signal generation of the fluorophore. A more detailed explanation about fluorescence
guenching methods given inChapter 2.6.

A major disadvantage of all fluoresceruased detection methods reliebesides the
necessity of the optical equipmeénin the stability of the fluorescence dyes. Effects such
as unspecific quenchingr bleaching caused by a variety of factdimintended
illumination, environment conditions (the liquid media itself can cause a quenching),
temperatureand/or pHvariations, etc.xan negatively affect the desired properties and
can finally lead to aamplete failure of the measurement. Many of these effects appear
slowly and with (mostly) low intensities so that fluctuations in measurement results might
not clearly be assigmed and correlaté with these effects. More details are given in
Chapter 2.6.



A Redoxmediated DNAdetection

Another very popular technique become well established for labeled DNA detection:
The electrochemical detection of redactive speciesRedox active agentssuch as
potassiunferrocyanide/ferricyanider methylene blue @ 20], can be used for the indirect
detection of DNA Theseredoxactive species can interact with the surface ifeddht
manner:In some applicatics) the mediator is reduced/oxidized on a free (metallized)
surface, in other applications, tineediatorinteracts with the DNA andhfluences the
surface P1].

If molecules react becomereduced/oxidizedat/with the surfae, a redox currertan
bemonitoredas measurement signal. The amount of redox current is depending on the size
of free area of the sensor surface. In the case of an immobilization, a larger area of the
surface is occupied by DNA molecul@gich hindes a free reaction of the redox molecule
resulting in a reduced redox curr§22]. When a hybridizationccurs themeasuredignal
can increase or decrease depending on the grafting density of immobilized DNA molecules:
For high immobilization densities, the hybridized cDNA molecules will additionally block
the remaining free areas of the surface resulting in a further decreasefcteckent;
while, for a low immobilization density, the immobilized probe ssDNA molecules lay flat
on the surface and tilt up upon hybridizat[@3]. Here, more surface becosmecovered
due to the hybridization evergsulting inanincrease of redox crent.

This particularlabeledDNA-detectiontechniquerequires a metallized or conductive
sensing laye which makes the procedure more complex and efforBome recent
research studies critically question the reliability of this detection prin@g]e

1.2.2 Label-free DNA-detection methods

Besides the labeled methdds detection of DNA molecules and DNA hybridization,
plenty labelfree techniques were establish&kipping the labeling procedsads to a
reduceceffort, complexity, sees time and costs$228]. Within the labelfree approaches,
especially the electrochemical methods provide great benefits according to preparation
time and costsdue to the simple reagut possibilities, as well as the reducftbrt and
better compatibility of implementation in microfluidic and portable instrumentati@h [2
The following parts givea brief overview ofchosen and promising labftee DNA-
detection strategies.

A Heattransfer resisince

A very interesting approacbf DNA detectionisf ocused by P. Wagner 6s
KU Leuven. They developed a reahe measurement method based on the monitoring of
a thermal heat resistivity dhe denaturation process of DNEBQ]. Depending on the
binding situation of immobilized DNAstrands, a change in heat resistivity can be
measurege.g, upon hybridization. This method is very sensitive, since unspéaifitngs
can be almost completely exclugedee the explanation regardirgjringency in
Chapter 2.1 It allows the detection of target DNA concentrations dowthédower uM-
range[31]. Despite of these benefits, a major drawback of this techngjine requirement
of a complicated (silae-based, covalent) immobilization technique and the quite
complicated setup argensoichip processing.



A Surface plasmon resonance

DNA detection can also be carried out using the physical effect of surface plasmon
resonance [§. Briefly, the surface of a dielectric (mostly clear and transparent) substrate
(glasg must bemetallized with a very thin (some nm) layer of metal (ggld). Then, a
totally reflectedlight beam is directed to the sensor surface unddraaging angleThe
light intensity of the reflected beam is continuously measukéa certain(resonance)
angle, the measured light intensity dramatically drdypghis resonance case, the light
energy is transferred into energy for generatiagrface plasmon. This method can be used
to detecsurfaceloading processes: Immobilization of biomolecules such as DNAtead
a change in the resonance angle. Alsbylaridization with immobilized probe ssDNA
molecules resudtin a change of the resonance conditions. The main advantage is the
outstandingultra-low sensitivity down to the lower aM range (which is equivalent to one
single DNA molecule im 10 uL sample) Anyhow, a very complex setup and complicated
sensor preparation are unfavorafalea fast, cheap and simpletectiormethod

A Impedimetricbased detection methods

There are different ways of realizing an electrochemical measuressieiut based on
impedmetric signatchange detection. Aonvenientmethod isbased ormeasuing the
chargetransfer resistance of a sensor chip in liquid solution versus a coanttra
reference electrod@3di 35]. A surfacebindingreaction leadto a change in the measured
resistance value. Depending on #maountof bounded moleculegand their dielectric
constany, the respective resetceincreases. A hybridization of cDNA molecules with the
immobilized ssDNA further leadto a changen the sensor signal. This method als
requires a metallized surface and moreor-lessi complicated immobilization process.
Impedancechange measuremamwerealreadyperformedin the pasfor the detection of
DNA from Mycobacterium tuberculos[S6].

Another way to detedmpedance changenduced by DNA binding or hybridization
can be carried oututilizing silicon-nanowire (SINW) transistors [37]. Usually,
measurements of a threshalditage shift indicate diomoleculesurface bindingon an
ion-sensitive transistor struge. A binding of moleculess also changing th&iNW-
interfaceimpedance which can be monitored indirectlyfhe advantage here is a less
dependencyn theDebyescreeningeffect.

Impedancebased sensing strategies actually offer a good comprdrefeeensensor
performance such as sensitivity and reproducib#ispwell as the requireffort for sensor
fabrication and-modification However an unspecific adsorption @pecies cannot be
differentiated from a DNA binding archnbemisinterpreted as hyialization reaction.

A Field-effectbased approaches

A very favorable platform for the detection of DNA molecules and DNA hybridization
is given by fieldeffect sensors, abkeir production(in established cleanroom facilitiem$
microchipsis quite simple, cheap and can be realized in large quantities by the use of
microfabrication processes [38furthermore, the detection usually does not require
labeling; nany research groups have developed various types offied-based sensors
for the detetton of DNA and DNAhybridization reaction. Some of the most noteworthy
field-effect sensors arde ionsensitive fieldeffect transistor (ISFET), SiNWhe light-



addressable potentiometric sensor (LABSheelectrolyteinsulatorsemiconductor (EIS)
sensor [39 47]. The EIS sensor represents fieéd-effect devicawith the simplest structure
andis theeasiest to fabricate.

All field -effect structuresonsist ofa semiconductor part with mobile charge carriers
the distribution of those charge carriees be affectedy anexternal electromagnetic field
(such field can be very sma#l,g, induced by a local potential change causedharged
molecules in close proximity to the semiconductor part). This redistribution can be
recognizecn very differentways. For instance, the most common technique for ISFETs
is based othe measurement of a current change between two electrodes (source and drain)
as a function of a voltage sweep betwdensource andhe gate that is represented by a
reference electragi whichis immersed in the electrolyte solution gmmdvidesa constant
potential.In contrast to thatdr EIS sensors, typically a changdlies e ns or 6 s capaci t
characteristic measured as function of the applied voltageglectrode arrangement
between a reference electrode and the bulk semiconductor madtetiedites a surface
potential change, e.dnduced by immobilized biomoleculé®r a detailed explation of
the EIS functioning, se€hapter 2.4.2. The fieldeffect itself(besides other factorg)ves
those sensors theability and sensitivity forcharge detection; the advantages are a fast
readout, no necessity for labeling, possibility for cheap sensor fabrication, simple setup,
and a low sample volume for detection. Disadvantaayesdue to the incompatible
miniaturization of thereference eleobde (because of the requirement of a certain
geometrical sizg it inheres drift and hysteresiand it is difficult tointegrate with other
semiconductocircuit elements

Anyhow, the advantages outweigh the disadvantates EIS-sensorstructures have
been chosen as sensing platform for the DNA erpemts in this thesisn order to measure
high sensor signals duritige DNA-hybridization event with fielgffect(EIS) sensors, the
molecules must be located close to the sensor surfacbe ®NA molecules can be
immobilized to the surfaces via different methods. Two commonly used ways are the
covalent binding of a functionalized group (such as silane) to the surfaceadBihe
adsorptive binding by electrostatic attraction betweenDNA& and the (functionalized)
surface [49]Although the binding strength of covalently bounded moledslesry high
(which makethe whole system generally more robustmplicated and timeonsuming
chemical reactions are usually involved for the cemtilattachment method. Another
disadvantage here is that the probe DNA is usually immobilized in a perpendicular manner
(actually, the DNA is not fully 90° perpendiculaoriented but rather between 40° and 60°
[50], seeFigure 1.1): Therefore, he uptilted DNA (and also their intrinsic charges) has a
larger distance to the sensor surfadéese charges contribute less to the charge
redistribution in the semiconductor resulting in a reduced measurement: Sitpl
consequences chargescreeningeffect induced by oppositely charged counterions.
Briefly, only charges within the scalled Debyescreeningengthl p havea significant
impact onthe charge redistributionin the semiconductor. More details are presented in the
theorysection,Chapter 2. In contrast to the covalent binding, adsorptive binding has the
advantage that the DNA&an beflat-orientedon the sensor surfacéseeFigure 1.1).
Therefae, the intrinsic charges are located closer to the sytizeding to a highesignal
generation. Adsorptive binding of DNAowever requires a surface modificatiavith a



positively charged layeif the snsor sirface is negatively charged (for mostides at
neutral pH.

"perpendicular”
/~40° to 60°
// \\\
S robe

target ¢ DNA
cDNA $%°°

sensor surface

Figure 1.1: Different binding angles for covalently attached dsDNA (t he fAfl at 0 condi t i
also represents schematically an adsorptively immobilized DNA molecule).

In this thesis, poly(allylamirydrochloride) (PAHWwaschosen as polyelectroly{PE)
for sensomodificatian; it hasno toxic or cancerogenic threat for humamdits positive
charge allows the binding of DNA in a flatiented mannemhich leads to &igh sensor
signa.l n a study of Manal i s écarged outnpvhich@olys-i mi | ar a
lysine (PLL) was used for the sensor modification for EIS sensors to detect DNA [49].
Here, output signals of only about 2 naéremeasured; even after mgted application of
multiple sensor functionalization layers, always 2 mV wagerminedat everyDNA-
detection stepThe measured signamplitudewas independent from the layer number
which is somehow difficult to explain considering the Debgeeeningeffect. They
improved their setup by sensor implementation into a microfluidic systéoh enables
to perform an orthip polymerasechainreaction PCR) [51]. After that a sensor sigal of
~10 mV wasmeasuredefore and after the thermocycle process with Hiddified EIS
sSensors.

A signal generation in EIS sensors can also be achieved by illumination of the
semiconductor with a light beamesulting in a LAPS system moredetailed &planation
of this technologyis given in Chapter 2.5 Briefly, a charge separation in the
semiconductor material is achieved by introducing moduldigit of a specific
wavelength. When applying a voltagethe LAPS structurea photocurrent is generated
andcan be read out by an electronic system. drhelitudeof the generated photocurrent
is dependent on the charge distribution in the semiconduetach also depends on the
surface potential of the sensor. In this waiA-detection experiments can alsodaeried
out[52]. LAPS sensors hatheadvantage to detestirfacepotential changes in a spatially
resolved manner. This gives the possibility realize a sensor arraywhich allows
simultaneous measurements of multipfs. In this thesis PAH-modified LAPSwas
utilized as DNAsensors.

1.2.3 Commercially available DNA-detection devices

A short list of commercially available DNBased detection devices gives an insight on
which and how th®NA-detection technology is used and realizEae highesestimated
demand orDNA-based detection devices lies in the medical and gy field[53, 54).



The most importantrequirement formany DNA-detection platformds the ability to
perform pointof-care testsSelected commercially availablZNA-detection deviceare
overviewed subsequently

A Unyvero A50 Analyzer
(Curetis GmbHHolzgerlingen, Germany)

The Unyvero A50 Analyzesllows the detection of more than 100 different common
pathogens (which covers over 90% ofadkes ofnfectiousdiseasedncluding clinically
most relevant antibiotic resistant bacteria). The obtaineglsaisigiven onto a cartridge.
Here, the process starts with a DigArification step, followed by a PC&mnplification
step. The detection is carried out by means of a fluorescigical detection of
fluorescencdabeled amplicons. Using a blood sampl® alsablego detect several types
of Mycobacteria(but noMycobacteriatuberculosi¥. The time for a complete detection is
about 45 h. Since theveight of more than 6&g and thegeometricdimensions of more
than 500 mm x 500 mm x 500 mm the intendedeptzEfause for this device is in clinics and
hospitals and not suited for portable peaificare or fieldtests.

A MultiFinder
(PathoFinder B.V., Maastricht, Netherlan{is}]

TheMu | t i F deteatienmétisod isased ormmelting-curveanalysis. DNA from a
wide scopeof target pathogersuch agifferent types of influenzaBordetella pertussier
Legionella pneumophilacan be detectedrirst, the target DNAN solutionis hybridized
with two uniqueprobe moleculegprimers)with ashortcomplematary sequengavhich
correlates to the r eTheppeobetnioleceales@re joined pgethdr s
with a ligation steg56]. Then the new DNA strand is amplified and has a unique length
(due to the chosen primersyhich can be clearly identified by size diffraction. This
techniqueoffers the possibilityto identify up to 22 different pathogenic RNA or DNA
targetswithin 6 hours This kit still requires additional equipmetike a reader or sensing
device.

A lonTorrent
(Thermo Fisher Scientific, Waltham, Massachusetts, USA)

ThelonTorrentdevice is 8DNA-sequence analyzer based on fieftect detection of
generatedd*-ions during theDNA-amplification processThe device is equipped witin
ISFET sensor and a microfluidic channel. A DNA with unknown sequence is identified
indirectly by building up the coplementary strand: Soldenucleotides (A, C, T, G) pass
the sensor alternately and participate on sh@ndelongation processEach type of
nucleotidethat is incorporated intothe elongatingDNA strand releases one*4bn,
resulting in a pH change of 0.6& each nucleotide under the given circumstascefer
capacity, temperaturetc). Observing the pH value during exposition to the respective
nucleotide gives the exact sequef7i 60]. Although this complete pcedure requires a
complicated preparation processpaplete genome sequencican be performecbf less
than 1000US$. This device gives full answer on the sequence but is not recommended
and suitedas pointof-care tool for fast DNA detection.

geno



A Mobincstics Analyzer
(Boehringer Ingelheim, Ingelheim am Rhein, Germd6§]

The Mobinosticsplatform is abatterydriven, portable measurement device with a
functionality scope comparable to a complete diagnostic laboratory. The intend of use is to
support a veterinarian in making and confirming a diagnose for infected aimnfigis!.

A taken sample (blood or saliva) is directly put into a cartridgg@ch is designed as
disposable to prevent spreading of infected material. No delivery of the esampl
laboratory is required. The genetic material (DNA) is amplified by a PCR and detected
electronicallyby means of a biochipAll necessary liquids and equipment are already
prepared readjo-use and deployed onto the cartridg&is mobile device isuited for
field-testing buits detection scope does not cover human diseases.

A PanPlex62], Vivalytic Analysef63]
(Fraunhofer Institute for Microengineering and Microsystems (IMM), Mainz,
Germany)
(Bosch Healthcare Solutions GmbH, Waiblingen, Germany)

The PanPlexdevice is a fully automated analyzing tool fmfluenzainfection. A
sample is taken by a swab and put into a lysis buffer in which the pathogens transferred
into liquid phase. After the lysis, a PCR reactamplifies the genomic material.h&
detection is based on the TagMprobefluorescence method during the amplification
process. This fluorescengaiencher combined method is describedCimapter 2.6.

The vivalytic analyseris a commercializedall-in-one solution forthe detection of
respective pathogens. ik based on the same detection principle used inPtraPlex
device, the TagMaprobefluorescence method. The lysisthis device is ultrasonically
supported. Up to 14 different types of viruses and 8 types of bacteria can be detected by
oneof this RNA/DNA-based tests.

A 1D Now
(Abbott, North Chicago, lllinois, USA)

AbbottsID Nowdevice is a molecular diagnostic platform for the qualitative detection of

infectious diseasd$4]. Currently (nid 2020) three different test assays are availdbte

theID Now A STREP A0 Stfemiococcg§s5h u pi INFLUENZfr A & B20
Influenzainfection[e6land ARSVO f or t he r[6d]sBedausadher y sy nc)
rare selectionof assaysthe fields of applicationare yet only coveringthe testingof

respiratory diseases. Th2 Now instrument utilizes aisothermal amplificationOnly a

single temperaturkevel (around60 °C) and no thermal cyclings required to perform the

amplification. However, instead of using only two primglike for PCR the isothermal

amplification requires typically four tcsix different primers A swap wth the sample

material is inserted into a receivand stirred for about 10 seconds. Afterwards, the

prepared samples manually transferred to a cartridge which the amplificationrand

detectionis performed Besides of thaarget nucleic acidan intenal controlis also

implemented in the cartridg&he detection is carried out by optical measuremettieof

fluorescence signal induced by a fluoresmdiabeled molecular beacon that is designed to

specifically identify the amplified targefEhe complet test can be run Iass tharl5 min.

The cycle threshold can beached even faster for positive samples, which means that a



positive result can be detected within 2 minutes (fotrtfleenzaassay) [66]The available
assays for théD Nowhave a sensitivity of ~93% to ~98%, fofluenzaB2 even 100%.

The presentegroducts are in market gslannedto launch soon; from this short
overview onecan conclude three resumes:thgre is in increasing demaadd interest in
DNA-based sensing device®) a PCRor isothermalamplification (which is the main
determined part in the complete detection chin)ually performed before or during the
DNA detection 3) there isobviously stillno favorable approador detectionestablished
yet fluorescencéased,meltingcurve analyses, fieldffectbased and other electronic
methods are used

1.3 MOTIVATION , AIMS AND OUTLINE

1.3.1 Motivation and aims of this thesis

A steadily increasing demand on solutions for development and realization ebpoint
care platforms$ased on DNAdetectionfor the identification of diseasexists(compare
Chapter 1.2.3. A common andvery critical diseasefor humars is the lung disease
tuberculosis (TB)It is caused by theathogenic bacteritMycobacterium tuberculosis
which wasdiscoverednd described by Robert Kochli82 B8]. According to the World
Tuberculosis Report 20189], TB is within the topten causes of death and the leading
cause of death from a single infectious agent (above HIV/AID§)proximately
1.3 million TB-death caes were registed amongHIV-negative peoplén 2017 and
additional 03 million TB deaths from TB among HPositive peopleAnother serious
situation is given by the fact that approximately 1.7 billion people (which is 23% of the
complete worl ddéds human popul ation!) are esti
people have a higher risk for developing an active TB dis@asmajor reason for these
high numbergs an increased antimicrobial resistamageich is causedamong othershy
wrongmedication. Around 0.5 million people developed a resistant TB, 82% of these even
had a multiresistant form of TB.

There is a tremendsuglobal interest in curing this disease from all infected human
beings so that k states of the UN and WHO have declared and committed to achieve
ending of tuberculosis epidemic by 20[83]. In order to achieve this goal, a correct and
direct mediation mustbe applied to the infected peopléhus,a widescaled angbrecise
identification and diagnosi especially indevelopingcountriesi is necessary. This can
be ideally achieved by utilizing pohaif-care instrumentsvhich are small, light, fieble
and mobile and inhere a fast, simple and inexpensive but reliable diagnosis mechanism
based on DNA detection

Motivated by the current problems and challenges described above, the aim of this work
wasto develop aletectiontechniquewhichis capabléor the specificsensingof solved
targetDNA from a bacterial origimnd can be implemented and fulfill the requirements for
a pointof-care deviceFor the detection, the lab&ke sensing method with fieleffect
EIS sensors for liquid andbs was chosebecause ofheir particular attributes on fast,
simple and cheap realization and measurenhemt.der to keep the fabrication of the EIS
as simple as possible, Si@as chosen as oxide, sintean be easily generated dueato
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simpleoxidation processnd does not require additionaktingor modificationsteps The
surfacepotentiatsensitive EIS chips are modified with a polyelectrolgiger in order to
ensure dlat-oriented DNA binding, resulting in a higher output signal inducedhiy t
negative intrinsic charge of DNAragmentf the tuberculosiggenome werehosen as
examplesequence for the tested DNA

1.3.2 Outline of this thesis

This work is highly interdisciplinary and combines aspects and influences from different
scientific fields like (surface)chemistry, soliestate and semiconductor physics,
electronics, (micro)biotechnology and genomics.

In Chapter 2 (Theay), the theoretical fundamentals are descrjlveuchincludes the
explanation of the physical and chemical properties of DNA and the surface modification
that allows thesurface binding of DNAThis binding isiecessarto detect DNA molecules
and the hpridization eventFurthermore, e electrochemical signal generation of the
field-effect EIS sensolis explained in detail and compared with LAPS systekhthe end
of the theory chapterthe functioning of the fluorescenceeference methods briefly
described A reference methods necessary to verify the electrochemical measurement
results of the EIS sensaaind ensure the reliability of the experiments

The identification of target DNA by means of fiedffectbased labetree EIS sensors
relieson theficlassicab identification of the hybridization eventhere are two ways to
recognizethis event: Firstly, the DNA can hedirectly detected from the solutioly so-
called insolution hybridizatior) thereby an immobilizion of complete (already
hybridized)dsDNAmolecules on the sensor surface is realized and detected. Alternatively,
the hybridization carmccurdirectly on the sensor surfacsofcalled insitu- or on-chip
hybridization) by combination wittpreviously immobilization probe ssDNA

For both types of recognition, a suitable protocol must be developed in which DNA can
bind to the sensor surfacEhe first version of this protocol wassestigatecand described
in Chapter 3, the protocol optimization was then described in the following publications.
The chosen ElSensorstructurehas beeninvestigated with regard tits capability of
surfacemodification with a layer opositively charged®AH that allows a subsequent
binding of20 bpdsDNA.. In contrast to the most common immobilization technigires
which the DNA is orientated in a perpendicular manner, with the used adsorption method,
the DNA lays flat on the sensor surface. This has a major effect on the asigplalide
since EIS sensors are sensitive for detection of charge changes atstivessigiace. The
intrinsic charges of thitat-oriented DNA contribute stronger to the sensor sigmahfor
perpendiculaoriented molecules. Further details and explanation of the theoretical context
can be found ilfChapter 2.3. Special attention wa®cusedduring thedevelopment of the
surfacemodification stepon the fact that the protocolshould be alsauick, easy and
inexpensiveo perform in addition, itwould bealsopreferable if the protocol requires only
non-hazard/nortoxic chemicals.First experiments, in which short (20 bp) dsDNA
molecules were immobilized onto tiRAH-coated sensor surfaceere performedThe
results are pesented inChapter 3. Both, the sensor modification as well as BigA-
immobilization protocol wer@rovenelectrochemically by means ofi €- andConCap
measuring modes.
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First attempts to implement the developed protocol of dsDNA detection, including the
previous PAHmModification of the surface, into a LAPS systemasstudiedin Chapter 4.
This approach wagxaminedbecauselL APS technology offers certain advantages
especially in terms ofparallelization due to the possibility ofspatially resolved
measurementdhis could be useful for further cost reductidn addition, theshortDNA
sequence was extended from previously 20 bp to 5ZHip extension was made to mimic
more realistic conditions, since a real detectahblmple isusually obtained after a PCR
reaction which requires alonger DNA strandthan 20 bp (for specific binding of the
primers) A comparison between the signal changes in LA®f8 EIS setups can be done
since both sensing devices are based on-&tktt surfacepotentialchage detection.In
this experiment solutions containing different concentrations of dsDKAve been
investigated. e sensitivity and the lower detection limit coaldobe determined.

After thedevelopment of thenodificationprotocolfor DNA detection(which allows a
simple and fast sensing of PAH/DNA immobilization in low iesteengthsolution) in
Chapter 5 the protocolhas beeradaptedfor the detection othe on-chip hybridization
event For this purpose, the sensavere exposed ta solutioncontainingtarget cDNA
moleculesafter an immobilization step of sSSDNA onto the RAtddified surfacePrior to
the addition of the targetybridizatiorrsolution the surface was bloclldo prevent non
specific attachment of therget ®NA. All processes werelectrochemicallyneasured
ard analyzedIn addition, to verify the specificity of the developed procedure, the sensor
was exposed to a solutiamontainingnoncomplementary DNA (cDNA) prior to the
hybridizationstep A largesensosignalafter incubation in cDNA solutiois expectd. In
contrast tahat,the measurement after incubatexDNA solutionshould result in a small
or even no signal change. The comparison of these test mdisoserve as an indicator
of selectivity.

In Chapter 6, the reusability of the biosensor chip was investigafecbusability of a
sensor device (e.gby a surface regeneratistiep allows to increase the number of
measurements perighand thusincreases the measured throughpitich can lead to a
further reduction of material and codtp to five subsequent DNA measuremenits one
single chipwere investigated In detail: The binding of sSDNA, dsDNA as well &se
hybridization of cDNA to previously attached probe ssDNA wasied ot and tried to
recorded fofive times eachTlhe dectrochemical measuremetmindicate the respective
surfacepotential changes. In addition, investigations were carried dahtrespect to the
measuredsignal changeas a function of the ionic strength of the solution, whia
demonstrate the influence of the Delsgeeening effect.

In Chapter 7, a fApositi(taget cDAlAsplVedio PCRbuffer solution
containing all necessary substances to perform a PCR)examinedwith the PAH
modified EIS sensorsSuch solutions mimic more realistic conditionsimplying real
identification of pathogens frorm sample material. For determination of the selectivity,
experiments have been carried out in which the Pdddlified sensors were incubated in
a fAnegative sampl e darget®NA) but al substancesnfara PR ng no
reaction, including primers). Here, a significant difference between the podarge
signal)and negativésmall signallsamplds expected. A significant differencan be used
as indicator fora proper selentity of the method. Furthermore, the signal response after
incubation of a concentration range of target cDM&#s also investigated to determine the
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sensitivity and lower detectidimit. Finally, experiments were performed in which the
PAH-modified EIS snsor was exposed to resimples otuberculosis DNAwhich was
extracted from a tuberculosépiked sputunsample and amplified by means of PCR. This
final and most realistic experimehts been performeith order to prove the practical
applicability of thedeveloped procedure.
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2 Theory

In this chapter, the theoretical principle$ the used methods and techniques are
described. First, generainformation about DNA molecule and their binding
characteristicaregiven Then, thesurfacemodificationproceduras presentedvhichis a
fundamental panf this thesis anthter DNA-detection process. Thethe functioning and
sensing principle of EISensorsand LAPSare introducedFinally, differentmechanisra
of fluorescence detection aseference method for DN&ensingare explained

2.1 STRUCTURE AND PROPERTIES OF THE DNA MOLECULE

DNA is a chainlike molecule composed of linked nucleotides (monom@isg. DNA
nucleotides consist of three suhits: A nitrogenous base, adarbon sugr (deoxyribose),
and a phosphate groujm a ssDNA, wo nucleotides are connecténleach other by a
covalent bond between the phosphate group of the first nucleotide and the sugar molecule
of the second nucleotide; thamith the phosphate residue of the second nucleotide and the
sugar of the third nucleale etc, resulting in acontinuing chain. This interlinked
phosphatesugar arrangement is the-called DNA backbondn solution, the backbone is
negatively charged due to a disistion of a proton from the phosphate residl, 2].

Native DNA has a ddale-helix structure of two antiparalls©DNA molecules forming
a doublestranded DNA (dsDNA)Impressive images of a real DNA double helix can be
seene.g.,in [3]. The binding between both single strands is called hybridizatioredied
on base pairing of the four different types of nucleotides (adenine (A), cytosine (C), guanine
(G) and thymie (T)), which only differ in the nitrogenous base. PreferaBlwith T and
C with G are building hydrogebond base pairs resulting in asually strict
complementarity between both ssDNA molecyis As a consequence, it enablady
the binding of two ssDNA chains with correct (complementary) nucleotide sequence and
preveits the binding with a neaomplementary ssDNA.The hybridizatiorbased
recognition is a fundamental mechanjsmhich opens numerous opportunities in which
the identification of certain species or individuals can be carried[gju{see also
Chapter 1.1). This hybridizatiorbasedechnique of identification of species can be used
in scientific analytics, especially in forensic DNiAss, for the diagnosi of diseases,
medical diagnostics anchany more B]. The nucleotide baserdercodes the genomic
information of an organismi\s an interesting fact, due to the very low density of DIN§,
of DNA can store 215 petabytes (a PB is one million gigabyte) ofiddiia is by far the
densestlata storage capacity ewverached7]. DNA double strands can exist in different
structural forms such as-BNA, B-DNA and ZDNA. B-DNA is the mostelevantform.
This DNA type has a diameter of ~2m, and hasa righthanded coil with 10 bp per coil
twist, whereone twist has a length of 3n.

For DNA sensing, the most important mechanism is the hybridization, evisith
allows specificcombination otomplementary sequences to form a dowstianded DNA
molecule. Thesuccessfulness of hybridization reaction dependsi besides on the
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sequencé on other important factors, mainly the temperature and composition of the
solution (especiallythe salt conentration and presence of inhibitg8s9]). In general, the
hybridization conditions are summarized under the term stringéndygh stringency
(given by a low salt concentration and high temperature} kead hybridization of only
highly complementary DNAwhile low-stringencyconditions(high salt concentration and
low temperature) can cause a binding of even not fully cormgritany DNA(target DNA
strand contaimsome mismatche$§)(].

In this context, aothervery important parameter is the melting temperaturg; (it
indicates the temperature at which 50% oBP&llA strands in solution are hybridized while
50% are denaturatl. Melting temperature analys canalso be utilized to define the
hybridization ratio of DNA molecules in singi&trandedor doublestranded state for a
certain temperature.lis often used for designing of primers for a PERtameters such
as the salt concentration or the complementarity of the DNA sequencédsdave as for
the stringency an impact on §. The value for T, can be precisely calculated according
to theequdions described in thi®llowing literature [L1i 15].

For a rough estimati on, a very simplified
rule [16] can be carried out usikg. 2.1

Y tUlu 0 ¢0 U h Eqg.2.1

Na, N, Nc, and N describe the number of each nucleotide in the DNA sequence. Note
that this equation was originally designed for DNA molecules with base lengths
between 14p and 2(p, which hybridize to immobilized DNA in buffer environment
of 0.9M NaCl.

Nowadays, meihg analysiscan be easily simulated using software modéte
schematic irFigure 2.1 shows a simulated melting curve for at#DNA molecule with
idenical sequence and conditions used in the publicati&hapter 3.

100 T

90 1

g0 ~94%at21°C
(room temperature)

701
60 1
50t+-------------m -
40 1
3071

20 1
104 T ~57 °C

simulated
melting curve

Hybridization ratio (%)

10 20 30 40 50 60 70 80 90
Temperature (°C)
Figure 2.1: Example of a simulated melting temperature curve for a 20 bp DNA with
indicated Tm. Above Tm, more DNA molecules are denaturated and in a single-stranded

state, while below Tm, more DNA molecules become hybridized and forms double-stranded
DNA.
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The curve was simulatesing the uMeksimulation softwareleveloped byhe Wittwer
Lab for DNA analyses in Utah, USATL One carsee a very slight decrease of the curve
with increasing temperature followed by a prompt drop at arourf€ 50ere the DNA
doublestrands start to denaturate. After a further temperature increase until ardi@yd 63
almost all DNA doublestrands are dehaated.Using a simulated moddlke the shown
curve can answer questiossich asWhich hybridizationratio resultsfor a given/chosen
temperature? or is the DNA at rodemperature already (and completely) denaturated?
Please note thatccording to th simulation, a 2émer sONA sequence with aomplete
ncDNA has a negative  even for salt concentrations of Ivb NaCl. Therefore, a
hybridization between the designed ncDNA and ss[fiNAhis work)at room temperature
can be excluded.

In addition, divergences in hybridizatiorelevant parameters (in particular the
temperature and salt concentration) bame a major influence dhe hybridization event
which is desired tbe detecteih manyDNA-sensing experimesfl8, 19]. Therefore, it
is highly important to know and elaborate the required paraneszfully and adequately

2.2 THE ELECTROCHEMICAL DOUBLE -LAYER AT SOLID -LIQUID
INTERFACES

To explain the molecular steadstate situation at soliliquid interfaces, different
modelshave been daissedn the pastHere, some fundamental and important events and
chemical reactions are briefly presented.

If a metal electrode is immersed into a solution containing the respective metal ions,
metal (cat)ions (from the solution) are getting reducati@tsurface (electron decrease in
the electrode) or metal atoms (of the electrode) oxidize to cations (electron increase in the
electrode). Depending on the energetic favorabilityfiteeor the second of theseactiors
will preferablyhappen. The elémn increase/decrease resifta (local) potential change
at the electrode. The potential of the electrdidgc(.qd can also be influenced by applying
anexternalvoltage {hereforea counter electrode is necessaBf)]] The electrode charge
attrects ions from the solution; these iolixated near to the surface, but keep their
solvation shell This results in a creation of a charge dodaler. It was first realized and
published byHermann Helmholtz in 19721].

Two othereffectsalsooccur atheelectrode/electrolytmterface Polar water molecules
attach the solid surface. Due to the differences in the electronegativity between the water
oxygen atomsand watethydrogen atoms, electrons of the hydrogen atoms are located
closer to thexygenatoms resulting in an overall electrical polarity of the water molecules
(dipole). Water molecules are oriented with respect on th&ir polarity andon the
polarity of the electrode, as well as the electrode poteiidialodse Besides thaipns from
the solution can directly attach the surfabg (eavingtheir solvation shellsccalled
ispeci fi c a)lThepethea effects teaddi®eomplexelectrochenical double
layerat the solidiquid interface According to Helmholtz, the potential of this double layer
is lineaty decreasing with increasing distance.

This model was supplemented and adjusted by consideration of the permanent thermal
movement of ioa based in the Debydiickel theory resulting in the GowChapman
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model| in which the full linear potential decrease is complemented with a part of
exponential potential drop. Stern combines both mo@&stg the GouyChapmarStern
model. Figure 2.2 illustrates the molecule arrangement at an electrode surface (here
negatively charged metal surfac&he watersolventmolecules are arranged according to
their partial charge. Cations are attracted to the surface and locatkxsenproximity
resulting in forming of the outer Helmholtz layer, at which a linear potential drop can be
observed. The inner Helmholtz layer deises the distance between the electrode and the
specifically adsorbetbns. In further distance, the potential decreaseslinearly due to
diffusive transportation and other effects. These charge layers result in an electrochemical
doublelayer capac#dnce G. The difference between the outer Helmhddtyer potential

UoHL and the electrolytsolution potentialisowtion IS definedasZetapotentialg.

I I"inner" Helmholtz layer
e

' specifically adsorbed ion

-9 & 8
. d{o "8
Dl @ q ‘ solvent
S @ T ¢ molecule
R

e e
qg;’ o - ® cation
o @

«—>"outer" Helmholtz layer
[ [

A

¢ = Pelectrode I .
= [ ilinear potential decrease
b= PoHL | — —: N o
£ | diffusive potential decrease | oL - Psolution = &
o [ I
Psolton}f — + — — — — — — — ===

A\

Distance

Figure 2.2: Schematic of the solvent molecule (water) and ion arrangement at a
(negatively) charged surface. The respective potential over the distance is shown in the
diagram below. Adapted from [20].

The Stern model of the electrochemical doubler was furthecomplemented by
scientists, e.g.David Grahame, who considered the #ioearity of permittivity and
viscosity of the electrolytsolution R3]. However, a detailed explanatiarf all models
would go beyond the scope of this chafpbersis

2.3 SURFACE MODIFICATION OF A SILICON DIOXIDE -LAYER WITH
POLYELECTROLYTES

To ensure the detection of a surfgu®ential changenduced bytheintrinsic molecular
charge of DNA first the DNA molecules must be immobilized onto thede surfaceof
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the EISsensor chipThis is realized in this work by means of adsorptive binding of the
DNA onto alayer ofcharged polyelectrolyte.

Polyelectrolytesdiluted in solvents arehainlike molecdes composed of monomers
that carry ionizable chemical grouphe chemical groupsandissociate in polar solvents
(such as water) and become charffet]. Well-known polyelectrolytes arforemostthe
DNA molecule, but also poly(allylamine hydrochlorideYPAH), poly(sodium styrene
sulfonatePSS) poly(ethyleniming (PEl)and wly-L-lysine (PLL) Theycan be classified
into strong and weakolyelectrolytes:PSSis a strong polyelectrolytesince it isfully
dissociated in solutiorgll monomes of the completd®SSchainare negatively charged
[25, 26]. PAH is a wealpolyelectrolytejts charge ratio camary anddepend on different
factors such as temperature and mainly theap#ithe ionic strengtbf the solution27].

A characteristic value for determination of the resulting charge isst®dectricpoint
(pHier), the pH at which the net charge of the molecule is zero. Besidgmititef-zero
charge(pHrzc) definesthe fH at whicha surface has a zero retharge [8]. A solution pH

lower than thepHier/pHezc leads to a protonation of the polyelectrolylgirface which

makes it positively charged. By analogy, a resulting negative charge is given for pH values
higher thanhe pHier/pHrzc. The pHpzc is often used asynonymfor the isoelectric point

[28], however this assumptionis not correct. Both values are usually determined by
different measurement methogéirzc by titration,pHep by electrokinetic measurements.
Slight differencesbetweenboth values for same materials were measured. A very
comprehensive overview betwettte pHpzc andpHeep is given in reference B.

Another important parameter that can influence polyelectrolyte moleculesigtbe
strength, which is determined by thadt concentrationf the surrounding solventVithout
salt ions, the monomer charges repel each other sthéhpblyelectrolytehainstretcles
apart. In surrounding of high ionic strength, counterions (with opposite charge than the
monomer charge of ¢éhpolyelectrolyte) screen the chasge that the repulsion forces are
inhibited resulting in &oiling of the polyelectrolyte chai®necan conclude that the salt
concentration mainly influences the structural form of the polyelectrolyte.screening
effect of charges by counteriotis described in the Debydlckel theory byes [30]. &
definesthe distance at whictihe magnitudeof an electric potentids decreasetly 1/e ~
36%.

The salt concentration and solution pH not only influenceliaege of polyelectrolytes
but also the chargsituationof oxide surfacs: When an oxide gets in contact with an
electrolyte solution, ions from the solution can attach to the electrolyte/insulator interface.
Depending on thpHezc of the oxide, surfaceéDH groups (amphoteric hydroxyl groups for
SiO, surfaces) become protonated or deprotonatedpifbrvalues PHpzc or >pHpzc,
respectively The distribution of charges at the insulator/electrolyte interface is described
by the HelmholzGouy-ChampmarStern thery [31], while this theorydoes not include
effects of chemical reaction with the surface.

In contrast to thathe sitebinding model considers these effects and can express the
correct net surfaceharge Figure 2.3 shows an illustration of the surfacharge situation
at an exemplarily shown interface of electrolyte/Si@ulator for three different pH
values. The amphoierhydroxyl groups are forming different amounts-OH."*, -OH or
-O groups depending on the pHhe surface potential is changed by variation of the pH
value The more hydroxyl groups are expressed by the oxide, the more influence has the
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pH on the surfee potential. From that fact, the pH sensitivity of a material is depending on
the number of available hydroxyl groupsits (oxide) surface

pH | pH | pH
<1 | =1 > 1
PHpzc | PHpzc | PHpzc
I I
| |
surface net charge: positive : neutral : negative
| |
| |
I I

OH: QHi QM| OH OH OH| O o o

oxide (SiO,) \‘\-SI-O-SI-O—SI—O—SI—O—SI—O—SI—O—SI—O—SI—O*SI—

Figure 2.3: lllustration of the electrolyte/insulator SiO: interfaces with surface groups
according to the site-binding model for pH values of the electrolyte higher (left), equal
(middle) and lower (right) than the pHerzc. The image was adapted from [32].

Since SiQ has gpHpzc between pH 23 [33], the net charges negative for neutral pH
conditions DNA molecules are also negatively charged in neutral pH solution. Byirfying
both into contact, the negative charges of DNA and the surface would repulse each other
so that a binding is hindered@he pHpzc of PAH is about 10.83], which makes it
positively charged under neutral pH conditioris. combination, solved (positively
charged) PAH molecules are attracted by the (negatively charged§i8i@ce and arb
as a thin film inthe nm range. This surface modification allows the apkba
immobilization of negatively charged DNA molecules.

The alternating surface modificatiaif positivdy and negativig charged layers is known

as layerby-layer (LbL) techniqug35]. Adsorptively immobilized ssDNA molecules lay

on the sensor in a flatriented manner. This has a great advantage since the negative
charge of the hybridized targt cDNA molecules are located closer to the oxide surface
compared to a bindingf a perpendiculaoriented DNA strand. The fladriented binding
resulsin a stronger effect of surfagmtential changavhichresults ina high output signal

for field-effect sensors.

2.4 ELECTROLYTE -INSULATOR-SEMICONDUCTOR (EIS) SENSORS
AND THEIR ABILITY TO DETECT CHARGED MOLECULES WITHOUT
LABELING

The following part describs the structureand briefly thefabricationprocessof EIS
sensors. In addition, the mechanismgl&-signal generation for labdtee DNA detection
arepresentedAs indicated by the name, an EIS sensor consistseéetnolyte (solution),
aninsulator and aemiconductopart(Figure 2.4). EIS sensors are surfaci@argesensitive
and suited for the detection of substanedsch are solved iaqueousnedia.
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Figure 2.4: Photos of an exemplary measurement set-up (a, left) and chamber including
the sensor chip (a, right). A schematic cross section of the measurement chamber with the
ElS-sensor chip (b).

2.4.1 Fabrication of EIS-sensor chipsand measurement setup for electrochemical
detection

The EISsensor chipsused for the experiments in this work, were fabricated from
borondoped (ptype) silicon wafers. The wafers had a diameter of 3 inch or 4 inch and a
thickness of approximately 400 uiihe crystallographic orientation was <100> and the
resistivity was 110 Wem. The oxide separates the semiconductor material from the
electrolyte solution and its quality is of high relevance. The oxidation can be carried out by
either dry or wet oxidatio (or combinations of both). Although the wet oxidation method
provides high growth rates, a better oxide quality.(é&y high homogeneity of SiDlow
porosity, high dielectric constant etcan be achieved with the dry oxidation proce$s [3
37]. Theinsulator thickness is typically in the range of tens to few hundreds of nanometers
(in this work the SiQ layer wasn the range of 15 nm to 70 nraipd can be generated in
the case of oxides by oxidation growitlor silicon at temperatures between 8@and
1200°C. In this study, theSiO, layers were always oxidized using the dry oxidation
method. In order to modify or improve certain sensing properties (such as pH sensitivity),
additionaldielectric materialge.g., TaOs, AloOs, SisN4) can be addedrotop ofthe initial
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SiO, layer. Additional layersof TaxOs or Al,Os can be also generated by oxidation after a
previous metal depositiomith Ta or Al, respectively

For convenient handlingf the sensorsthe complete wafetan bedivided intosingle
smaller EIS "chips" by cutting or crackin@o use the EIS chip for electrochemical
purposes, there must be a reliable electrical connection to the semicon@bigaan be
achieved by deposition of a thin metal lgyéor instance at the rear $de of the
semiconductor. Prior to the metal deposition, the eventually existing oxide at ts@esar
should be removed bg,g, a chemical etdhg step. After this, the deposited metal can be
comfortably connected to the measurement setup with anyl oaltde or suitable
alternative. This described process for€Hp fabrication is only one of many. There is a
broad spectrum of different procedures for metahd insulatofayer generation,
semiconductor doping, connectjagtc. For electrochemicameasurements with the EIS
sensor, the chip is mounted into a proper measurement chamber: Such chamber must be
made of a noftonductive material and should fulfdhemicallyinert properties. It should
be designed to provide enough space for the electrolyte solution and for immersing a
reference electrode.

To close the electrical circuit of the measurement setup and provide a constant potential,
it is recommended to use a didetjunction Ag/AgCl reference electrode (filled witle.q.,
saturated (3 M) KCl solution), which is immersed into the electrolyte and ensures a constant
potential. Figure 2.4 shows photos of arexemplary EISmeasurement sefp and
measurement chamber (a), as wel asosssectional illustratiomf an EIS sensor mounted
into a measurement chamber (b).

2.4.2 Signal generation, capacitance/voltage and constant-capacitanceoperating
modesof EIS device$

If two semiconductor materials with different doping é&md ptype) are brought into
contact,diffusive- and drifttransportation oimajority carriersfrom one into the other
materialleads to forming of a pacechargeregion at the contact interfagealled pn
junction). The spacehargeregion does not spread over dwmnplete semiconductor, but
has a small thickness (widthyhich results from the equilibrium of bothansportation
processegFigure 2.5). Details can be founih [38].

A spacechargeregion also exists inside the semicondudaif EIS and metainsulator
semiconducter (MIS) or metaloxide-semiconductor (MOS) structures. MOS structures
have the same layout as EIS structures, but a metal contact as gate instead of the electrolyte
solution (with a reference electrode). The fam#ntal effects for signal generation of
MOS- and EIS structures are therefore comparable. For a more convenient explanation, the
following section describes the signal generation and the corresponding processes and
effects based on a MOS (sensor) struetdihe explanation can be (later) adapted for EIS
sSensors.

! Parts of this chapter were adapted from the authors master theBisit wi ckl ung ei ne
miniaturisierten Sensorchips fur einen spateren Einsatz zum markierungsfreien Nachweis von
Tuber kul os e 0Unjvérsityof HamhovernGerenan2013).
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Figure 2.5: p-n junction before and after bringing into contact with energy levels in the
band diagram. At the interface of both materials, a space-charge region is formed.
Adapted from [39].

Figure 2.6 presents the band diagramsaahetal andasemiconductor material without
contact(a) and of a MIS structuréb). The work functiong indicate the required energies
to move an electron from the material (metal or semiconductor) into vacuum at a distance
of no (electromagnetic) interactiono)EThe Fermi energy &epresents the energy at with
the chance of electron occupation of stées0%.

. b) insulator
metal semiconductor

Eo r— Eo
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\
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Figure 2.6: Band diagrams of (a) metal and semiconductor materials with indicated
vacuum energy-level Eo, conduction band energy Ec, valence band energy Ev, work
function A m (for metal), A sc (for semiconductor) and (b) MIS/MOS structure with band-
bending effect in the semiconductor. Adapted from [40].

The combination ofhe metal andheinsulator with the semiconductor material results
in a bandobending process. This changEband energy occurs (almost) completely and
locally at the semiconductor part, because the metal contains magnitudes of more free
charge carriers than the semiconductor so that a potential balancing over the complete metal
takes placéseeFigure 2.6b). This bandbending process at the semiconductor leatiseto
formation of a local spaeeharge region. Depending on the applied (gate) voltage tbe
system, the energyand levels can be adjusted. Four diffef@aised can be summarized
to describe the possible scenarios for this systawumulationdepletion, inversion and
the flatband condition. The following consideration assumestyp@ semiconductor as
substrate
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Flat-band conditionin order to compensate the bamehding process shown kigure
2.6, a certain voltage must be applied to M@S system. In this statehe three energy
bandskE,, E: and k& normalize to a flat and horizontal lineespectivelyseeFigure 2.7).
The requiredgate)voltagefor this stuationis called flatband voltage .

Accumulation:An appliedvoltageUy < U, resultsin an accumulation of mobile charge
carriers (the majoritychargea r r i er s ar e r e p r-tgps semitorddctohy A hol e
at theinsulator/semiconductor interface (d&gure 2.7). The holes only accumulate in the
semiconductor material and not enter the (ideal) insulator

Depletion:If the gatevoltage U is increased (> Un), the majority charge carriers
(holes)from the insulator/semiconductor interfamecome more and more distracted from
that interfacedeeper to the semiconductor materfahe can say, that theftumberis
depletedwithin this region

Inversion:A further increase of Uy >> Uy,) resulsin afurther depletion of majority
chargecarriersat the interface insulator/semiconductbhe amount of negative charges
exceedshe holesof the ptype semiconductor d@hat region. The semiconductor type
becomes locally inverted (fromtgpeto n-type)[3§].

Theapplied voltagedescribedor the different conditiondias a direct influence on the
thickness of the spaagharge regionyhich will influence the overall sensor capacitance.

metal accumulated uncovered
S|O positive charges acceptor atoms  frge electrons
+ 8__ : .
Us : B -
p-Si o B - )
U—OV U<0V U>OV U>>0V
E.
S DR =TS I
E,
ggﬁgﬁgﬂ accumulation depletion inversion

Figure 2.7: lllustration of an ideal MOS structure with different applied gate voltages (top)
resulting in accumulation-, depletion- and inversion state as well as in the flat-band
condition. The respective influence on the energy bands are shown in the band diagrams
(bottom). Adapted from [41].

Replacingthe metdic gate contact of the MOSstructureby an electrolyte and a
reference electrodesulsin an EIS structurevith the corresponding states as described in
Figure 2.7. However, the applied gate voltage in this case is adjusted at the reference
electrale.

The oxide surfaceof the EIS sensocan changets chargein solution depending on
different parameters (such as palue). EIS sensors are usually fabricated with a very thin
(nm range) oxide layer. Due to the small thickness, (external) electrontaakts
induced by charges at or near the oxide/electrolyte interface can imawgact on the
charge positiorand distributioninside the semiconductor at the oxide/semiconductor
interface[41].
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The combinati on-or o fe nttehde locdiedlaat rgmstts  the
semiconductor/oxide and the oxide/electroiyterface definesthe electronibehaviorof
the EIS structure, which can be described, at the end, by a simgéified arrangement of
two plate capacitord~{gure 2.8) : T h e pldnesth acwger t he oxi de resul
capacitor with the oxide capacitance..CThe plane inside the semiconductor feran
capacitof the spacehargeregion of the Swith thecapacitanc€s. Theelectrochemical
doublelayer capacitance{XChapter 2.2), thatis also present but in serieghetotal EIS
chip capacitance s), can be neglectedincethe value for G is usuallymuch higher
than Gy and G¢[42].

reference
electrode
electrolyte | R
solution RE
sio oL oL o®ea0® L Zsetup
2 oX
OIS —
Lol @-@-\\Idscr l @ I _CEIS
p-Si T . @ T Csc
'@; ey \ J

Figure 2.8: Schematic cross section of both interfaces (semiconductor/oxide and
oxide/electrolyte) of an EIS sensor. Surface charges indicated by § andt symbols lead
to attraction or repulsion of intrinsic mobile charge carriers in the semiconductor ($
resulting in a thickness change of the space-charge region (dscr). The simplified equivalent
circuit model for the EIS sensor is shown with the resistance of reference electrode (Rre),
the oxide capacitance (Cox), the semiconductor capacitance (Csc), the EIS-chip
capacitance (Ceis) and the complete setup impedance (Zsetup).

In general, he capacitance of a plate capacitor can be calculated acctwdiiog 2.2
[41]:
5

Eq. 2.2
0 q

& - -

with the vacuum permittivityc, the rel at,theplat@meaApsndthei vi ty U
plate distance By adaptation of this formula to the capacitances of the EIS sehsor
distance d is defined by the oxide thickness @g) together withthe thicknessof the
spacechargeregion (dc). While the oxide thicknesis constantthethicknesof the space
chargeregion carvary depending on the surface potential. This fact leads to a capacitance
change of &

The value forCgs can becalculated from impedanaaeasurements, whege small
alternatingcurrent (AC) voltag must be applied in addition the direct current(DC)
signal in order to measuthe capacitanceThe measurement setup includes a reference
electrode, which can mmplifiedin the electrical equivalent circuit by a resist@e R he
following equatia can be used for the expression gfd(Eq. 2.3):

@ Yoo Eq. 2.3
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with
@ = Eq. 24

and
1 ¢"Q Eq.25

with the frequency bf the superimposed AC voltagdsing an electrochemical setup
allowsto determinghe capacitancef the sensor chifes; Eq. 2.6 considers theeries
connection ofCscand Gy [43].

6 ——38 Eq. 2.6

Measuring the capacitance sign@es) versus different applied D@oltage steps
resuls in a capacitancgoltage Ci V) curve[44]. A typical G'V curve has a sigmoidal
like shapeandis exemplarilyshown inFigure 2.9 for a ptype EIS sensor (for atype EIS
sensor, the ©V curvehas an identical shape but with reversed polafltye value for €s
is determined by the capacitancesaDdCox asseries atlangement ofwo plate capacitors.
The curve can be subdivided into three pamdscumulation(black curve green shaded)
depletion(black curve yellow shadedynd inversionblack curve blue shaded)in the
accumulation part, aegative(gate)voltageis appliedvia thereference electrode the Si
chip.

A accumulation depletion  inversion
zCox s
o ATEG / low frequency
2 ® potential  /
% surface fat-band @) |
S potential at-ban |
© voltage shift I
Q
3 |
C /
=C J--______ " high frequency
nv
>

Gate voltage

Figure 2.9: Schematic Ci V curves for an EIS sensor with p-type Si with positive surface
potential (red line) and negative surface potential (black line). The three shaded regions,
accumulation, depletion and inversion, are indicated for the black curve.

The applied electric field leads to an accumulation of positively charged holes (majority
carriers for the ftype EIS chip) at theemicondutor/oxideinterface. Due to the attraction
of holes at the interface, the value @gincreasesand drastically exceeds the valuedaf.
Therefore, in the accumulation part, the sensor capacitances mainly determined by
Cox. If the applied (gateyoltage at the reference electrodehanged towards more positive
potential theconcentration of holes at tkemiconductor/oxidaterface is decreasing and
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a region of depleted mobile carriers is formbdthis depletion part, the width of the
depleton region is increasing by increasing the applied voltage (changiveyds more
positive potentigl The increase of the depletioegion width leads to a decrease of the
total capacitance. If the applied (gate) voltage is further increased, the arfnoegatvely
charged electrons can exceed the number of positively charged holes at the
semiconductor/oxidénterface. Here, a small area oftype silicon is formed, called
inversion layer. In the inversion state, for low AC frequencies, an exchangegfech
carriers over the spaaharge region is possible. Thus, the overall capacitance is defined
mainly by Gx. For high frequencies, however, the charge fluctuations are too fast, so that
no (sorted) arrangement at the inversion layer takes place. haustdl capacitance does

not increase again and remains a @version part) [41], (seEigure 2.9).

Monitoring a G V curve can be used to detect surfpotential changes: Charges (from
ions, charged molecules, etc.) at the EIS surface contribute directly to the surface potential.
Depending on the additional surface charge, a higher or lower voltagglisad to achieve
the same setup capacitance as without additional charges, meaning that this surface
potential is overlaid to the applied DC voltage. Therefarshift in the CV curve is
observabldred line and black line iRigure 2.9). The ideal monitoring condition is given
by achieving the flaband caselhe voltage shift corresponds to the sigverted surfae-
potential changand serves as the (bio)sensor signal

For measuring timeelated processethe capacitanc€gis can be set to a fed value,
while the corresponding voltage is permanently adapted by a feeciatcklto hold this
capacitance value nstant. The chosen capacitance value must be set within the depletion
region and should be about 60% of the maximal sensor capacitpdegally, fit the
flat-band condition) The adapted voltage is recorded in real time during this procedure.
This wayof measurement is called constaapacitance (ConCap) mode. A corresponding
curve exemplarilyfor two stationary surfaeeharge situationsnforepositiveor negative
charge}¥at subsequent time intervais schematicallyshown inFigure 2.10.

A © surface
potential
3]
=3 flat-band -
% voltage shift Cgs is set as constant
> ® surface
potential
'
Time

Figure 2.10: Schematic ConCap curve of an EIS sensor for positive and negative surface-
potential situations. All other parameters remain constant.

One can conclude that the readout of tB#S-sensorcapacitanceby using an
electrochemical setup allows to determine suraatential changesvhich can also be
inducedby binding of charged moletes. The EIS sensoi same ador all field-effect
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devicesi can be easily influenced by electromagnetic fields and light illumination.
Thereforemeasuremestshould be performeitiside a darlaradaic cage to prevent such
disturbances.

2.4.3 Labelree detection of DNA usingpolyelectrolyte-modified EIS sensors

The basic strategy for the identification of a target DNA is based on the measurement
of the surfacepotential change during thieybridization process oftarget ®NA with
immobilized prave ssDNA athe modified EIS-sensor surface due to the intrinsic negative
charge of DNA molecules.

First, a probe ssDNA with known sequenit@t matches to the target DN#ust be
immobilized onto the sensor surfacklany different ways of attaching (immdizing)
ssDNA onto solid (sensor) surfaces have been developed in the@iatd][ As already
explained inChapter 1.2.2 two of the most common methods are the covalent binding
and the adsorptive bindinglthough the covalent bond has the advantage of achieving a
very high and adjustable DN#nmobilizationdensty on the surface4@], in comparison
to the adsorptive method, this process has major drawbacks regarding processing effort,
time and costs. Since the DNA molecule as well as theE3®surface are both negatively
charged, no direct adsorption will agc A surface modification with the cationic
polyelectrolyte PAH is carried out to enable the adsorptive binding. Note, that the term
polyelectrolyteis usedin this work for PAHand not for DNA, although DNA is also a
polyelectrolyte. Exposing the sensurface to a solution with solved PARblecules will
result in a selassembly of a thin polyelectrolyte layer onto the negatively ch&ged
surface. This selissemly processs randomly and covers the complete surface within
minutes fi2]. After the asorption, the surface becosnmore positively charged and
overcompensasghe negative surface groups from the SjeD, 51]. Before adding the
probe ssDNA, the surface must be washed in order to remove all unbound PAH molecules.
In the next step, th® AH-modified sensor is exposed to probe ssDNA solution. The
negative DNA backbone is attracted by the positively charged PAH and binds randomly
onto the surface in a flatriented manner. The surface potential changes towards more
negative direction upomrimobilization. After the successful immobilization, the surface
must be washed to remove unbound probe ssDNA molecules, then a solution containing
target cDNA can be added to induce the hybridizafidre target cDNA hybridizes with
the immobilizedsdDNA and lead to a further surfaceharge change towards negative
direction. In the case of addition of ncDNA instead of cDNA, no hybridization takes place
and the surface potential remaitonstantFigure 2.11 illustrates the complete process
schematically.

After each step, electrochemicai \& and ConCap measurements camappliedto
determine the surfagaotential changes qualitatively and quantitativélye results can be
used as evidence for the respective reactidmgure 2.11 also shows exemplarily
schematics of recorded ConCap curves after each bledanodification step. The entire
process is referred as electrostatic laygtayer technique with the layers: PE / sSDNA /
cDNA. The advantagef this technique is that nbir the probe nahetarget DNA has to
be maodified or labeled in any way foretldetectiorevent
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Figure 2.11: lllustration of the surface-modification steps for DNA detection with EIS
sensors. Exemplary ConCap responses are shown after each step. Depending on the last
signal change of step 4, the presence of target cDNA or target ncDNA can be
distinguished.
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2.5 DNA DETECTIONWITH LAPS

LAPS sensors are a type of figdfect sensors with the sarsteuctural layoutike EIS
sensorandarealsoconsisting of the three pareectrolyte, isolator and semiconductor.
The basicsensing principle of LAPS and EIS sensigralso identical Both sensortypes
candetect a change of chargarrier distribution inside the semiconductaused bya
change of the surface potential at éhectrolyteinsulator interfac¢5s2, 53].

To briefly explain the LAPSetup and measuremegrinciple: A LAPS chip is often
fabricated from a silicon substrate-10 Wem resistivity) with a thermally oxidized SiO
layer with similar thicknesses as for EIS chips (approx1Q® nm).Equipped with a
reference electrode (which is immersed into the electrolgtB)C bias voltage (blag is
appliedbetween theeference electrodendthe semiconductor parfhe connedabn to the
semiconductocan berealized by arfaluminun) rearside contact (seeigure 2.12 (left)).

By applying Wias & spaceharge region at the interface semiconductor/insulator is formed
[54].

reference
electrode

electrolyte

solution lo surface

@potential
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Si0, _coo 0o 7" o®cea® >
™ = / Ubias
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p—Si—: ______ i_ i E Id

lon 1 | |
| e
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Figure 2.12: Schematic cross section of a LAPS setup (left) with two different surface-
potential states (indicated by § andt symbols); the respective thickness of the space-
charge region is shown as red-dotted line with separated electron-hole pairs. The
photocurrent-voltage curve (right) shows the corresponding lpni V curves for a more
positively or more negatively charged sensor surface.

A potential sweep of kksresults in a change of the spaxtearge region thicknegsame
as for EIS sensors), which influences the sensor capacitance and leads to the three states of
accumulation, depletion or inversion (explainedGhapter 2.4.2. The spaceharge
region thickness is not only influenced by.t) but also by surfaepotential changes, e.g.,
by means of a change of the pH value or an adsorption of charged molecules at the
electrolyte/insulator interface. These fagepotential changes are superimposed fsU
In order to read outhe sensorsignal,a modulated lighbeamis used to illuminate the
LAPS chip. The modulation frequencyiiisthe range of, e.g., 100 Hz to 100 kHue to
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the illumination, electrofde pairs are generatday absorption of photonsiang the
illuminated semiconductor materialhe majority of electronhole pairsrecombine,
however, electrofinole pairs within the spaasharge region beconmseparated because of
theelectric field [55]. The separation results ipfetocurrent @), whichcanbe measured.
Iph is usually characterized as a function of the appliedagdUpias The resulting i V
(also bl Ubiag curve has also a sigmoidéte shape such as the equival@iV curve of
ElSsensorsDepending on the surface potential of the LAPS chip, the recaslsdcurve

is shifted along the voltage axisegFigure 2.12 (right)). This horizontal shiftin the
transition part (around the inflection pointan be correlated tthe surfacepotential
changeSuch acurve shift indued by asurfacepotentialchangecan be causee@.g.,by an
immobilization or hybridization reaction ¢fiegatively charged)NA at the surface of the
LAPS. Besides the bil V operating modethe constamphotocurrent modés frequently
used: Herelph is keptata constant value by a feedbamntrolled bias voltage. In case of
a surfacepotential change, the applied bias voltage is adjusted in order to comphissate
changeThe adjusted bias voltage is plotted againsttime.

The advantage of LAPS is, that the light bedoes not need to illuminate the whole
sensochip, itcan be focusednly to a certain are@pot)of the chip surfacélhemeasured
signalonly corresponds to the surface potentiathat illuminated spot[56]. This opens
new measuremeapplicationsuch as chemicahaging omultiwell analysiswheree.g.,
DNA arrayscan berealized. With sucidNA arrays, a multitude of different DNA strands
can be analyzed simultaneously by using just one singRSLchip.Instead ofusingone
light spot, a LAPS can also be illuminatsichultaneoushpy several light spots. In order
to differentiate the signalsom different spotseach light source must have a slightly
different modulation frequency. A faBburiertransformation can be used to recalculate
thesignals from time domain to frequency domain and identify the single spots individually
[57]. The illumination of the LAPS chip can be technically performed from both sides (top
and bottom). However, iorder to prevent possible light interaction (e.g., scattering or
adsorption) with the solution or with adsorbed particles on the electrolyte/insulator
interface, LAPS chips are most commonly illuminated from the bottom side.

Onecanconclude thathe useof LAPS chips issuitable forthe detection of charged
molecules andnight bean appropriate method for DNA detection comparison to the
ElSsensingmethod, LAPS inhere the foremost advantage dfalp&solved measurement
possibility, which allows miti-spot recordings but requiresan ilumination of the
semiconductor with a modulated light sourltdhasa dependence of the signal generation
on the modulation frequency and intensity of the light besamd furthermore,possible
crosstalk due to theinternal reflections in the semiconductcan limit the fields of
application of LAPS.

2.6 FLUORESCENCE-BASED DNA DETECTION AS REFERENCE FOR
ELECTROCHEMICAL METHODS

The use of refereanethodgyenerallyallows the verification of obtainedeasurement

results (here from electrochemicalinvestigationy Within this study, variousensor
surface modifications were performebh order to verifythese procedures.g, the
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adsorption of polyelectrolytes or the binding of DNolecules fluorescacestaining
methods werecarried out andbservedusing a light microscope The following part
explairsthebasicfundamentalsf fluorescencesignal generation and measurement as well
aspossibleways of stainingThe fluorescencbasedreferencemethoddescribeds only
used to verifythe binding on(nontransparentsensorstructuresso that the fluorescence
detection is only considered and explained for refleded not transmittedight
(microscopy.

Fluorophoresrechemical agestusedor fluorescencalyelabelingof DNA molecules
to allow an optical detectiofrluorophoresan emit fuorescence lighfwith the emission
wavelengthesn) when they are illuminated by light (with the excitation waveleragih
Photons of the illumination light interact with the agent and loose a certain amount of
energy. This energgifference resudtin light emission witha different color (wavelength)
and is welknown as Stokes shifb§]. The ratio between emitted photonslaabsorbed
(excited) photons is described as quantum vyielb9]. Multiplication of « with the
extinction coefficient results in the outpiliorescence brightnesshis brightness can be
mainly influenceddlecreased biwo effects:photobleachingand quaching.

Photobleacimg describes the steady and permanent loss of fluorescence ability due to
prolonged exposure of the fluorophore to ligh®,[61]. Photobleaching can cause high
inaccuraciesn quantitative measurements and should be reduced by avoiding unintended
exposure as much as possible.

Quenchings thetemporary decrease of fluorescence ability duantenergy transfer
of the absorbed phate to a local acceptoQuenching can b@tentionally caused by
specialy designed quencher molecu{€3 or just by the surrounding solution. As example
the fluorescence dye SYBR Green | (SG) has a >f0ld0educed fluorescence brightness
when unbound in solution compared to bounded to dsB#RA The strength ofjuenching
is also different for binding to ssDNér dsDNA [63]. Quenchergan be thereforatilized
for detection purposethemolecular beacorand theTagManprobe fluorescence metrod
arevery common exampeof applicatiors for intended fluorescer® quenchingFigure
2.13 shows two examples of fluorescence quenchilug to the close proximity of the
guencherand the fluorophorehe fluorescence signal is quenché&iggre 2.13a). The
molecular beacon strand opens upon hybridization with a target cDN/epatates
quencherandfluorophoreresultingin a measurabldluorescence signal. TagMan probes
(Figure 2.13b) can be used to verify a PCR TagMan probe (short sequence with
quenched fluorophore) is separated and cleaved during theddwyation process by the
DNA-polymerase enzyme. Due to the separation, the quenching is inhibited and a
fluorescence signal is measurablhe TagMarmprobe method is implemented in
commercially available DNA detection platforms (compare Wikiapter 1.2.3.

In order to detect DNA by means of fluorescence microsedgthout a quenchethe
DNA must be labeled with the fluorescence dye. The cDNA itself can be functionalized
with afluorescence dyee.g, by a ¢ hemi c ado r baBhdéor this type bfe 56
labeling, the fluorescence dyebIC [66] and FAM [67] were used in this study. After the
labeling, the sensor surface is exposed to the cDNA for hybridization;thieeconplete
surface can be evaluated by means of fluorescence microscopy. The measured fluorescence
intensity correlates with the amount of hybridized cDNA.
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A different strategy is given by the use of intercalative or grdmrding fluorescence
dyes Hereg the protocol changes slightlythe chip is first exposed to the DNA so that a
hybridization occus, afterwards the chip surface is stained. Intercalative or grioionking
fluorophores interact/bind to DNA in an autonomous watercalators locate between the
nucleobases of the DNA strand, while groove biridas the name impliéis bind to the
minor or major groove of the DNA strand. Representatives are6869] and 4Nj 6
Diamidin-2-phenylindol (DAPI) [F0]. Not all dyes can be categorized toatain binding
type: DAPI reacts with DNA in an intercalative manner ati@8 sequence parts, while
for AT-rich regions, DAPI is forming a stable groesemplex binding. Whereashe
reaction with adeninreracitrich regions at RNA is intercalative agdr 1].

a) probe sequence b) quenched
fluorescence
quenched aa ponDrrll\le/jr\ase
ﬂUOI’escence NS ENN NN S ST
¢ M ¢
probe EARENEAINGE
DNA
g sequence
:,/.‘\HIIIIIIIIIIIIIICIIIIIIIIl© "P°5'¥'I‘F’.a.SF',,',,','l,',',,3,
target cDNA

Figure 2.13: Two indirect DNA-hybridization detection methods based on fluorescence-
quenching effects with quencher (Q) and fluorophore (F). Both molecules are separated
upon hybridization of the molecular beacon (a) or during strand extension (b) caused by
the DNA polymerase (it requires a previous hybridization of primer DNA). The images were
adapted from Ref. [64] and Ref. [65].

Fluorescence images are often recorded bbhargecoupled devicd CCD) chip and
can be evaluated digitally to get a quantitative result. Quantitative fluorescence microscopy
can be used to compare results of different experim&ntsletect a fluorescence signal,
specialdichroicfilters are used so that only light wit, can pass the filter to the sensor.
The returned light is filtered again so that osty, can pass the filter. This allows the
specific detection of fluorescence siggfabm the sampleBasic handling procedures must
be followedto achieve proper image anesult quality:reducingof environmentalight,
increase of exposure time, decrease of ,gsitraction of the background signal and
setting ofhigh aperture The following literature gives a vedetailed insighabout the
proper procedures in quantitee fluorescence microscopyd).
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ABSTRACT

In this study, polyelectrolytenodified field effectbased electrolytnsulator
semiconductor (EIS) devices have been used for the-fimelelectrical detection of
doublestranded deoxyribonucleic cid (dsDNA) molecules. The sensciip
functionalization with a positively charged polyelectrolyte layer provides the possibility of
direct adsorptive binding of negatively charged target DNA oligonucleotides onto the SiO
chip surface. EIS sensors che utilized as a tool to detect surfagtearge changes; the
electrostatic adsorption of oligonucleotides onto the polyelectrolyte layer leads to a
measurablesurfacepotential change. Signals of 8 have been recorded after the
incubation with the oligoncleotide solution. Besides the electrochemical experiments, the
successful adsorption of dsDNA onto the polyelectrolyte layer has been verified via
fluorescence microscopy. The presented results demonstrate that the signal recording of
EIS chips, which a modified with a polyelectrolyte layer, can be used as a favorable
approach for a fast, cheap and simple detection method for dsDNA.

ZUSAMMENFASSUNG

In dieser Studie wurden Polyelektrolytodifizierte Feldeffekbasierte Elektrolyt
IsolatorHalbleiter EIS)-Strukturen fur die markierungsfreie elektrische Detektion von
DoppelstrangDesoxyribonukleinsdure (dsDNAJolekllen eingesetzt. Die Sensorchip
Funktionalisierung mit Hilfe einer positiv geladenen PolyelektrSighicht bietet die
Mdglichkeit der direken adsorptiven Bindung von nachzuweisenden, negativ geladenen
Ziel-DNA-Oligonukleotiden mit der Si©Chipoberflache an. EtSensoren konnen zur
Detektion von Ladungsanderungen an der Sensoroberflache verwendet werden; dabei fuhrt
die elektrostatische Adsation der (nachzuweisenden) Oligonukleotide auf der
PolyelektrolytSchicht zu einer messbaren Verénderung des Oberflachenpotentials. Es
wurden Sensorsignale von 8%/ nach der Inkubation des Chips mit Oligonukleotid
Ldsungen gemessen. Neben den elektnoitehen Experimenten wurde die erfolgreiche
Adsorption der dsDNA auf der Polyelektroigthicht mittels Fluoreszenzmikroskopie
kontrolliert. Die vorgestellten Ergebnisse zeigen, dass die Signalerfassung +@ihipkS
die mit einer PolyelektrolySchicht nodifiziert wurden, zur schnellen, ginstigen und
einfachen Detektion von dsDNA erfolgen kann.

K EYWORDS

DNA biosensor electrolyteinsulatorsemiconductor sensor field-effect
polyelectrolyte labelfree detection

44



3.1 INTRODUCTION

In the past, a broad speain of different techniques for the laHede detection of
biomolecules based on fieldffect devices has been developetl5]1 Deoxyribonucleic
acid (DNA) is a famous representative of such biomolecules and its detection is of great
interest in many fiels, including forensic DNA analysis, genomics, genosensing, medical
diagnostics and biotechnology [@,8]. In order to detect DNA with fieleéffect sensors,
different transducer structures, like isansitive fieldeffect transistors (ISFET) (9.1],
silicon-nanowires (SiNW) [1213], lightaddressable potentiometric sensors (LAPS) [14
16] and capacitive electrolyiasulatorsemiconductor (EIS) devices [111®] have been
developed during last decades.

A possible detection method for these devices is therdem of the DNAbinding
processi either singlestranded DNA (ssDNA) or doublgranded DNA (dsDNA)
moleculesi on the fieldeffect sensor surface; owing to the binding event the charge
distribution inside the spaagharge region of theemiconductor is changed, which results
in an outputsignal change of the fieldffect device. Compared to SiINW, ISFET or LAPS,
the EIS structure is the simplest type of fiefflect sensor, which offers the advantage of a
fast and easy fabrication proceE$S-gateinsulator materials can be SiGr TaOs, those
oxides provide usually hydroxyt@H) surface groups, which are inappropriate (without
any additional functionalization step) for the binding of many different target molecules.
The range of targeholecules can be highly increased by addition of a modification step
using linker molecules or different surfaftenctionalization techniques, like silanization
[20i 22] or electrostatic adsorption of polyelectrolytes [6,2Z5. Notably, the adsorption
techniques provide advantages in terms of simplicity, fast preparation and costs [5]. Since
in aqueous solution DNA molecules are negatively charged (due to the phesjeate
backbone), a direct immobilization onto an unmodified ;Si@face is hindered bause
of electrostatic repulsion forces between the phosphate groups of the DNA and the oxide
layer, which are both negatively charged. In order to achieve the binding of DNA onto the
sensitive area of an EIS sensor, a surfacdlification step with a pasiely charged
polyelectrolyte layer (e.g., poly(allylamine hydrochloride) (PAH) [26]) creates a surface
that allows a direct adsorption of DNA molecules.

A field of application for dsDNA sensingight be the monitoring and verification of a
polymerase chia reaction (PCR) DNAamplification process. In this work, EIS sensors
functionalized with a positively charged, weak polyelectrolyte layer of PAH molecules
were used to detect the immobilization of unlabeled dsDNA molecules by recording of the
surfacepotential changes induced by their intrinsic molecular charge. In addition, the
presence of dsDNnolecules has been controlled by means of fluoresemna®scopy
investigations using the fluorescence dye SybrGreen (SG).

3.2 CHIP FABRICATION AND MEASUREMENT S ETUP
The complete fabrication process for the polyelectrefytectionalized EIS sensors can

be subdivided into four main steps, which are schematically showigure 3.1: The
fabrication started with a dry oxidation step (1) of a bedtoped (ptype) silicon wafer
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(SiMati Silicon Materials, Kaufering, Germany) with a resistivity #fl0q ¢ m. During
the oxidation process at 1030 for 25min, a 50nm thick SiQ layer is grown at the whole

wafer surface. The next step was a chemical etching (2) of theideaoxide, which has

been carried out with 40% hydrofluoric acid (Merck, Darmstadt, Germany) f@020 In

order to create an Ohmic contacthe silicon substrate, a 30 thick layer of aluminum

has been deposited via electtmgam evaporation (3) onto the Siftee rear side, followed

by a thermal annealing process at 40Gor 10min in N atmosphere. After the annealing,

the complete wafer has been separated into singie1mn? chips by means of wafer

dicing. The last step was the polyelectrolyte modification step of eachcBi® (4) by

means of drogoatingof 10& L p o | y esolationt(50soM yR2AH (abcr GmbH &
KG, Karlsruhe, Germany) in 106M NaCl, adjusted with NaOH to pbi5) onto the oxide

surface of the EIS sensor with an incubation time ofmifd The PAHcovered chip

surfaces were rinsed thoroughly with deionized (@Bter to remove unbound PAH
molecules and dried with nitrogen.

OX|dat|on

metal dep05|t|on v  etehing

“

polyelectrolyte adsorption
PAH

--# DNA immobilization

Figure 3.1: Schematic of the fabrication process steps of polyelectrolyte-modified EIS
Sensors.

After the fabrication and modification steps, the sensors are ready to use for
electrochemical characterization and DNA measurements. The sensors were mounted into
a homemade measurement chamber (made of poly(methyl methacrylate)), which is
schematicallshown inFigure 3.2. The setup includes aniihg sealing in order to prevent
a leakage of the used solutions and to avoid an electrical shortcut betwesde&antact
of the chip and reference electrode el the geometric limitations of therg, an active
chip surface area of O remains in contact to the solution. A ligtjichction Ag/AgCl
reference electrode (Metrohm, Filderstadt, Germany) filled with BCI solution was
used. The reaside of he sensor chip and the reference electrode were connected in a two
electrode configuration to a Zennium electrochemical workstation (Zahner Elektrik,
Kronach, Germany). Prior to the polyelectrolyte adsorption and the dsDNA
immobilization, the sensors weeéectrochemically characterized in measurement buffer
(0.33mM phosphatéuffered saline (PBS), pA.0). ImLof5¢e M d s DNA sol uti on |
been prepared in a reaction tube (Eppendorf AG, Hamburg, Germany) by mixing of two
solutions (each 500 L o f  1fér (10n8 ThHsytfis(hydroxymethybaminomethane)
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and 1mM EDTA (ethylenediaminetetraacetic acid) in DI water)&bl) containing 1@ M
complementary sequences of@2® r s s DAVTACT(I-ETC-ATT-CTT-CCCGCT-3 0

a n d-A@EGEGGA-AGA-ATG-AGA-AGA-AC-3 6 ) ( B WUirn, ri&ermany) together.
After mixing, the dsDNA solution has been heated Up36 °C in a water bath and slowly
cooled down to room temperature by removing the tube out of the water bath. This
procedure has been performed to achieve a high hybridizgigdd. In order to detect
dsDNA moleculesthe measurement buffer was removed and a solution containing the
dsDNA molecules was pipetted onto the RAlddified sensor surface. During an
incubation time of 60 min, the negatively charged oligonucleotidesoinlize via
electrostatic adsorption forces onto the positively charged PAH IBiggrré 3.2, zoomed

part). To remove unbound DNA molecules, the chip was rinsed at least three times with
measurement buffer. After the last rinsing step, the chamber was filled again with
measurement lfier and the electrochemical measurement was performed.

reference
electrode
measurement
chamber
measurement
\ solution
electrochemical \
workstation
O-ring
/

chip surface/solution interface

Figure 3.2: lllustration of the measurement setup including a mounted sensor chip and a
zoomed cross section of the surface/solution interface.

3.3 SENSING PRINCIPLE

The EIS sensor consists basically of three pats:trolyte (measurement buffer),
insulating layer (Si@ and semiconductor substrate-dpped silicon). An electrical
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equivalent circuit of the EIS structure can be described as a sedabement of two
capacitors. This arrangement constft€ox (the capacitance of the insulating Si@yer)
andCscr(the capacitance of the spadgarge region inside the semiconductor). WGie

is constant, the value @scr depends on the spacharge region width, which can be
affectedi among other§ by the bias voltage applied to the system. The total capacitance
C of the system is approximated Byg. 3.1 [27]:

4 S 0 Eq.3.1

By recording the total capacitance versus the applied bias vol@d8,(a signal
response with a sigmoidike shape can be measurédgure 3.3, black solid line) with
the three characteristic regiomscumulation depletion andghversion.

accumulation deplgtion inversion

Capacitance

Voltage

Figure 3.3: Theoretical shifts of CiV curve of the unmodified sensor after adsorption of
PAH molecules onto the gate-oxide surface (red, dashed line) and after immobilization of
dsDNA molecules onto the PAH layer (blue, dotted line). The three colored background
regions indicate the accumulation, depletion and inversion part of the Ci V curve after
binding of dsDNA.

Besides the applied bias voltage, charge changes at or near the oxide surface can have
also an influence on the width of the spabarge region and therefore, also on the total
sensor capacitancgé. Such surfaceharge changes can occur during the electiostat
adsorption of charged polyelectrolytes, DNA or other (bio)molecules. As a result of a
capacitance change, tB&V curve shifts to more negative or positive direction (dependent
on the sign of the charge of the molecule) after a positive or negatieeeapotential
change, respectively. For example, after the adsorption of the positively charged PAH
molecules onto a Siyate EIS sensor, th& V curve is shifted along the voltage axas t
more negative valuesFigure 3.3, red dashed line). In contrast to that, after the
immobilization of negatively charged dsDNA molecules,Gh¥ curve is shifted to a more
positive (less negative) voltagEigure 3.3, blue dotted curve). The signal amplitude of
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the horizontal potential shift of th€iV curve reflects the respective surfgmsential
change.

Besides the static characterization of the EBssr by means @i V measurements,
the secalled constantapacitance (ConCap) mode [28] allows a direct andtiraal
monitoring of the ElSsurface potential. In the Cadap mode, the total capacitance C of
the EIS sensor is kept constant by using aldfaekl circuit, which applies an instantly sign
inverted voltage to the sensor device. ConCap measurements provide the possibility to
record the sensgrotential change in a tim@solved manner, which gives the advantage
to evaluate parameters, like respwtime and signal stability of the fieffect sensor.

3.4 RESULTS

3.4.1 Electrostatic detection of dsDNA

The electrochemical characterization of EIS chips starts with the validation of the oxide
layer in terms of its quality by measurements of the leakage cymentto the PAH
adsorption step. The leakage current has been recorded by applying a DC voltage in a range
between 2 V and+2 V with a sweeping rate of 10@V/s. The recorded leakage current of
all chips used in this work was less than 30 nA. An exarmpke measurei V curve
(recorded in the range 02 V to +2V with a superimposed alternating voltage ofn2@
and 120Hz) is shown inFigure 3.4a. As expectedthe CiV curvesof the unmodified
sensor, after the modification with PAH and after the dsDNA immobilization, show a
sigmoidatlike shape with the three characteristic regions for EIS chipsumulation(for
applied voltage of less tharl.5V), depletion (betweenl.5V and 0V) and inversion
(more than 0/). A distinct shift in the depletion region of tl&'V curves after PAH
adsorption and dsDNA immobilization is clearly noticeable. The potential shift recorded
after the adsorption step &fAH was 122nV at 20nF. PAH molecules are positively
charged in solution with neutral pH value. Due to the electrostatic binding of
polyelectrolyte molecules onto the Si@ate oxide, the surface potential of the EIS chip is
changed resulting in a shiff the Ci V curve. After incubation of the PAkhodified EIS
sensor with a solution containing dsDNA molecules, a signal shift of\B%has been
recorded at 2@F. Since DNAs are negatively charged molecules in solutions with neutral
pH, the binding of DNA molecules with the PAH layer yields a signal change to more
positive voltage direction. DNAand PAH molecules attract each other because of their
opposite chage resulting in an electrostatic adsorption of the oligonucleotides onto the
polyelectrolyte layer. The signal shifts of tk#V curve serve as an indicator for the
adsorption of PAH and immobilization of the dsDNA molecules onto the-RwHified
EIS sener device.

Besides measurement of th& V characteristics, experiments in ConCap mode
(working point: 20nF) have also been performéagure 3.4b shows the ConCap curve of
the same sensor chip, which has also been used for the perfGirdecheasurements
presented inFigure 3.4a. After the sensor funionalization with PAH and dsDNA
immobilization, signal changes of 87V and 41mV have been observed, respectively.
The obtained signals during ConCap measurements were stable with a very smiBtiadrift.
measured signal amplitudes after polyelectrofdeorption and dsDNA immobilization
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recorded in ConCap mode were comparable with the potential shifts Gf theurves;
moreover, the direction of potential shifts 6f V- and ConCapneasurement results
matches with the theoretical considerations desgribéSection 3.3. From the obtained
electrochemical signals high signal stability and a short response time of the modified EIS
sensors is noticeable. Similar to the recor@ed curves, the signal changesasered via
ConCap mode are also an indicator for a surfastential change induced by modification
steps with PAH and dsDNA.
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Figure 3.4: Recorded Ci V curve (a) and ConCap response (b) of the unmodified sensor,
after PAH adsorption and after dsDNA immobilization.

3.4.2 Fluorescence measurements

Fluorescence investigations have been established as a trustful reference method for the
detection of DNA [2932]. In this study, experiments with a fluoreace microscope have
been performed in order to verify the results obtained from electrochemical
characterization and prove the successful binding of target dsDNA molecules onto the
PAH-modified SiQ surface. Three PAHhodified sensor chips were incubateith 5¢ M
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dsDNA solution for 60nin according to the protocol described Saction3.4.1 To
remove unbound dsDNA molecules, the chips were washed with measurement buffer for
at least three times and dried with Ror the chip staining,a%0L dr op of freshly
SG (SigmaAldrich, Taufkirchen, Germany) solution (dilution of 1:1000, stock solution:DI
water) was pipetted onto the dsDM#odified surface and incubated for ®n at room
temperature. SG is a fluorescence dye that can bind to dsDNA molecul88][3Bhe
fluorexence intensity of SG enhances strongly (Dragan et al. reported an increase by a
factor of >1000 [34]) upon binding to dsDNA molecules. Then, the surfacevastsed
with DI water and dried with N The fluorescence measurements were performed directly
after the staining procedure in order to avoid photobleaching effects. The fluorescence
observations have been performed using an Axio Imager Alm (Zeiss, Jena, Germany).
Figure 3.5a showan example of a recorded image for the-§&ned PAH/dsDNA
modified SIiQ-EIS surface. A strong and homogenous fluorescence signal has been
detected. For comparisoRigure 3.5b depicts a recorded image of a PAwbdified EIS
sensor without dsDNA molecules.

e

e

200 pm

Figure 3.5: Exemplary fluorescence images of differently modified SiO2 surfaces of two
EIS chips stained with SG: (a) shows a PAH/dsDNA-modified surface; a strong
fluorescence signal can be observed because of the presence of dsDNA-specific-bound
fluorescence dye molecules. AlImost no fluorescence signal can be identified for a PAH-
modified surface without dsDNA (b).
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The chip surfaces iRigure 3.5b were stained with SG solution using the same protocol
as the sensors containing dsDNA molecules. As can be seen, almost no fluorescence signal
has been observed for the sensor without dsDNA. The strong fluorescence intensity
presented irFigure 3.5a evidences the presence of dousiiranded oligonucleotides on
the sensor surfac&ven after one week of dark storage at room temperature, a strong and
clea fluorescence signal was observed. The results obtained by fluorescence analysis are
in good agreement with the results of fielifect measurements #ection 3.4.1

3.5 CONCLUSION

We reported on the electrical detection of RAHd dsDNA binding onto the SiQate
oxide layer of EIS sensors by means@ifV- and ConCapmeasurements. The results
obtained in this study underline that the measuremenv€&p response before and after
dsDNA adsorption onto PAdhodified chargesensitive EIS sensors serves as an adequate
and proper method for the laHete detection of DNA with fieleffectbased sensors. The
presence of dsDNA molecules on the EEhsor srface was verified by means of
fluorescenceamicroscopic investigations using the fluorescence dye SG. The presented
detection technique might have distinct potential for indication or verification of a PCR
amplification product. Further investigation isvibted to the detection of DNA in PCR
samples as well as the influence of certain PCR components on the sensor signal.

ACKNOWLEDGEMENT S

The authors kindly acknowledge the financial support of the German Federal Ministry
of Education and ReseardBundesministeriunfir Bildung und Forschung, BMBF;
DiaCharge project 031A192D). Special thanks to H. Iken for sensor fabrication in the clean
room, S. Scheja and M.P. Jessing for their assistance with sensor preparation and
measurements.

52



REFERENCES

[1] C. KataokaHamai, Y. Miyahara Labelree detection of DNA by fieklffect
devicesIEEE Sens. J. 11 (2011) 31536Q

[2] A. Poghossian, M.J. Schoningabelree sensing of biomolecules with field
effect devices for clinical applicationSlectroanal. 26 (2014) 11971213

[8] W. Sant, M.L. Pourciel, J. lumay, T. Do Conto, A. Martine®. TempleBoyer.
Development of chemical field effect transistors for the detection of Sexe.
Actuators B 95 (2003) 30814

[4] J.R. Siqueira, M.H. Bouzar,M. Backer,V. Zucolotto, A. Poghossian, O.N.
Oliveira, M.J. SchoéningCarbon nanotubes in nanostructured applications and
materials science films: Potential application as amperometric and
potentiometric fieleeffect (bie)chemical sensorsPhys. Statusolidi A 206
(2009) 462467.

[5] A.Poghossian, M. Weil, A.G. Cherstvy, M.J. Schoniakgctrical monitoring of
polyelectrolyte multilayer formation by means of capacitive fidfdct devices
Anal. Bioanal. Chem. 405 (2013) 64236

[6] A. Sassolas, B.DLecaBouvier, L.J. Blum DNA biosensors and microarrays
Chem. Rev. 1082008) 109139

[7] P. delos-SantosAlvarez, M.J. LobeCastafion, A.J. Mirand@rdieres, P.
TufiénBlanca Current strategies for electrochemical detection of DNA with
solid electrodesAnal. Bioanal. Chem. 378 (200404 118

[8] C.P. Chen, A. Ganguly, C.Y. Lu, Y. Chen, C.C. Kuo, R.S. Chel.H. Tu,
W.B. Fischer, K.H. Chen, L.C. Chetltrasensitive in situ labefree DNA
detection using a GaN nanowibmsed extendedate fieldeffecttransigor
sensorAnal. Chem. 832011) 19381943

[9] D. Goncgalves, D.M.F. Prazere¥. Chu, J.P. CondeDetection of DNA and
proteins using amorphous silicon isensitive thirfilm field effect transistors
BiosensBioelectron. 24 (2008) 54551

[10] C.S. Lee, S.KKim, M. Kim: lon-sensitive fielekffect transistor for biological
sensingSensors 9 (2009) 7117131

[11] S. Purushothaman, C.P. Ou, Toumazou Protons and single nucleotide
polymorphism detection: A simple use for the ion sensitive field effect transistor
Sens. Actuat. B. 1142006) 964968

[12] S. Ingebrandt, X.T. Vu, J.F. EschermaRn,Stockmann, A. Offenh&ussédiop-
down processed SOI nanowire devices for biomed@igplications ECS Trans.
35 (2011) 315.

[13] X.T.Vu, R. Stockmann, B. Wolfrumdy. Offenh&user, S. Ingebranéiabrication
and application of a microfluidieembedded silicon nanowire biosensor ¢hip
Phys.Status SolidiA 207 (2010) 850857.

[14] C. Wu, A. Poghossian, T.S. Bronder, M.J. S¢hgnSensing of doubistranded
DNA molecules byheir intrinsic molecular charge using the lightldressable
potentiometric sensp6ens. ActuatorB 229 (2016) 5068512

53



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

C. Wu, T. Bronder, A. Poglegian, C.F. Werner, M. Backey].J. Schoning
Labelfree electrical detection of DNA with a mesfpot LAFS: First step towards
light-addressable DNA chipPhys. Status Solidi A 211 (2012323 1428

C. Wu, T. Bronder, A. Poghossiaf.F. Werner, M.J. Schoning.abelfree
detection of DNA using a liglaiddressable potentiometric sensor modified with
a positively charged polyelectrolyte layedanoscale 7 (2019143 615Q

J. Fritz, E.B. Cooper, S. GaudetkKPSorger, S.R. Manali€lectronic detection

of DNA by its intrinsic molecular chargBroc.Natl. Acad. Sci. U.S.A. 99 (2002)
1414214126

T.S. Bronder, A. Poghossia®. Scheja, C. Wu, M. Keusge, Mewes, M.J.
Schoéning DNA immobilization and hybridization detection by the intrinsic
molecular charge using capacitive fieddfect sensors modsil with a charged
weak polyelectrolyte layeACS Appl. Mater. Interfaces 7 (20120068 20075
T.S. Bronder, A. Poghossian, Scheja, C.S. Wu, M. Keusgem,J. Schoning
Electrostatic detection of unlabelled singlend doublestranded DNA using
capacitive fieldeffect devices functionalized with a positively charged
polyelectrolyte layerProcedia Eng. 120 (2015) 5&47.

R. GhoshMoulick, X.T. Vu, S. Qés, D. Mayer, A. Offenhausse&, Ingebrandt
Impedimetric detection of covalently attachetbntolecules on fieleffect
transistors Phys.Status Solidi A 206 (2009) 41425

Y. Han, A. Offenhéausser, S. Ingaindt Detection of DNA hybridization by a
field-effect transistor with covalently attached catcher molec@ad. Interface
Anal. 38(2006) 176 181.

Y. Han, D. Mayer, A. Offenhausser, S. Ingebrar@lirface activation of thin
silicon oxides by wet cleaning and silanizati®hin SolidFilms 510 (2006) 175
180

Y. Omura, K.H. Kyung, S. Shiratori, S.H. Kirkffects of applied voltage and
soluion pH in fabricating multilayers of weakly charged polyelectrolytes and
nanoparticlesInd. Eng.Chem.Res. 53 (2014)172711733

M.H. Abouzar, A. Poghossiad,.R. Siqueira, O.N. Oliveira)l. Moritz, M.J.
Schoéning  Capacitive  electrolyfidnsulatoii semionductor  structures
functionalised with a polyelectrolyte/enzyme multilayer: New strategy for
enhanced fielgffect biosensind?hys. Status Solidi A 207 (201834 890.

M.H. Abouzar, A. Poghossian, A.M. Peda, D. Gandhi, S. Ingebrand/.
Moritz, M.J. SchoningAn array of fieldeffect nanoplate SOI capacitors for
(bio-)chemical sensindiosens. Bioelectron. 2@2011)3023 3028

P. Mocchiutti, M.V. GalvdnM.C. Inalbon, M.A. Zanuttini Improvement of
pape properties of recycled unbleached softwood kraft pulps by poly(allylamine
hydrochloride) BioResources 6 (201570 583

A. Poghossian, M. Backer, D. a&er, M.J. SchoningGating capacitive field
effect sensors by the charge of nanoparticle/moleculeids/bNanoscale?
(2015) 10281031

D. Rolka, A. Poghossian, M.J. Schonimgtegration of a capacitive EIS sensor
into a FIA system for pH and penicillin determinati@ensors 4 (200841 94.

54



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

J. Wang, Y. Zhou, M. Watkinsg J. Gautrot, S. Krauseligh-sersitivity light-
addressable potentiometric sensors using silicon on sapphire functionalized with
selfassembled organic monolaye&ensActuators B 209 (2015) 23Q36.

A. Macanovic, C. Marquette, Qolychronakos, M.F. Lawrencémpedance
based detectionf DNA sequences using a silicon transducer with PNA as the
probe layer Nucleic Acids Res. 32 (2004) ed07.

P. Estrela, P. Migliorato, H. Takiguchi, H. Fukushinsa, NebashiElectrical
detection of biomolecular interactions with métasulatoii semicoductor
diodes Biosens. Bioelectron. 20 (2005) 158686

G.J. Zhang, G. Zhang, J.KChua, R.E. Chee, E.H. Wong, Agarwal, K.D.
Buddharaju, N. Sigh, Z. Gao, N. BalasubramaniaDNA sensing by silicon
nanowire: Charge layer distance dependemdano Lett 8 (2008) 10661070

D. Marie, F. Partensky, S. Jacquet, D. VaulBhumeration and cell cycle
analysis of natural populations of marine picoplankton by flow cytometry using
the nucleic acid stain SYBR Greem\ppl. Environ.Microbiol. 63 (1997) 186

193

A.l. Dragan, R. Pavlovic, B. McGivney, J.R. Casdsinet, E. S. Bishop, R.J.
Strouse, M.A. Schenerman, C.D. GeddeSYBR Green |: Fluorescence
properties and interaction with DNA. Fluoresc. 22 (2012) 118P199

S. Giglio, P.T. Monis, C.P. Sairfbemonstration of preferential binding of SYBR
Green | to specific DNA fragments in raahe multiplex PCRNucleic Acids
Res. 31 (2003g136-1i 5.

R. Rasmussen, T. Morrison, M.ekimann, C. WittwerQuantitative PCR by
continuous fluorescence monitoringaoflouble strand DNA specific binding dye
Biochemica2 (1998) § 11.

H. Zipper, H. Brunner, J. Bernban, F. Vitzthum Investigations on DNA
intercalation and surface binding by SYBR Green |, its structure determination
and methodological implication®ludeic AcidsRes. 32 (2004¢1031i 10.

J. Skeidsvoll, P.M. UelandAnalysis of doubkstranded DNA by capillary
electrophoresis with lasénduced fluorescence detection using the monomeric
dye SYBR Green Anal. Biochem. 231 (1995) 36965

55



4  Sensing of doble-stranded DNA
molecules by their intrinsic molecular
charge using the lightaddressable

potentiometric sensor

Sensors and Actuators B: Chemi2ab (2016)
506512

Chunsheng Wi, Arshak Poghossiaithomas S. Bronder* Michael J. Scbning
*Both authors contributed equally to this work.

Submitted: 12.12.2015

Accepted: 02.02.2016
Published: 04.02.2016

56



ABSTRACT

A multi-spot lightaddressable potentiometric sensor (LAPS), which belongs to the
family of semiconductor fielgffect devices, was appt for labelfree detection of
doublestranded deoxyribonucleic acid (dsDNA) molecules by their intrinsic molecular
charge. To reduce the distance between the DNA charge and sensor surface and thus, to
enhance the electrostatic coupling between the dsbidwdecules and the LAPS, the
negatively charged dsDNA molecules were electrostatically adsorbed onto the gate surface
of the LAPS covered with a positively charged weak polyelectrolyte layer of PAH
(poly(allylamine hydrochloride)). The surfapetential chages in each spot of the LAPS,
induced by the layeby-layer adsorption of a PAH/dsDNA bilayer, were recorded by
means of photocurrenbltage and constanphotocurrent measurements. In addition, the
surface morphology of the gate surface before andaftesecutive electrostatic adsorption
of PAH- and dsDNA layers was studied by atomic fencieroscopy measurements.
Moreover, fluorescence microscopy was used to verify the successful adsorption of dsSDNA
molecules onto the PAdhodified LAPS surface. A higkensor signal of 25 mV was
registered after adsorption of i dsDNA molecules. The lower detection limit is down
to 0.1nM dsDNA. The obtained results demonstrate that the-Rsidified LAPS device
provides a convenient and rapid platform for the diedutHree electrical detection of4in
solutionthybridized dsDNA molecules

KEYWORDS

LAPS, field-effect DNA biosensor labelfree detection poly(allylamine
hydrochloride) layerby-layer adsorption
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4.1 INTRODUCTION

DNA (deoxyribonucleic acid) biosensoasd microarrays are considered as powerful
tools for a wide variety of applications, including, for instance, DNA sequencing; gene
expression analysis, clinical diagnostics, pathogen identification, drug and food industry,
forensic and parental testing aetection of biowarfare and bioterrorism agentl]1The
most technologies for the development of DNA microarrays are currently based on
labelling strategies and therefore, they utilize various labels (e.g., fluorescence, redox,
enzymatic) for a signaleadout and sensitivity enhancement [slthough the labeling
procedure provides a high sensitivity, however, it requires additional sample preparation
steps and has been proven to be complicated;dimsuming and might be not suited for
portable poirnof-care or mobile diagnostic systems [6]. Therefovarious labelree
strategies (e.g., quartzystal microbalance, surfagdgasmon resonance, heat transfer,
faradaic and noffaradaic impedimetry) have been developed and applied ind@idhtics
[7, 8]. Especially, electrical detection of DNA molecules by their intrinsic molecular charge
using semiconductor fieldffect devices (FED) based on an electrolgsulator
semiconductor(EIS) system represents a promising ldbet¢ platform.It has been
attracted much attention owing to the wedtablished semiconductor technologies
available for the fabrication of miniaturized FEased genosensors and DNA chips. In
these devices, the adsorption and binding of charged molecules (e.g., Dit#ing
polyelectrolytes) or charged nanoparticles on the gate surface of the FED changes the
spacecharge distribution in the semiconductor, resulting in a change in the output signal
of the FED [9 11]. In previous studies, various kinds of FEDs, likpative EIS sensors,
ion-sensitive fieldeffect transistors, Sianowire transistors and lightldressable
potentiometric sensors (LAPS), have been applied for the detection ofhiiding
events; this includes adsorption, hybridization, singleleotidepolymorphisms, DNA
extension or amplification by polymerase chain reaction (PCR) as well as DNA sequencing
[11i 19]. In addition, owing to their surface charggnsitive properties, FEDs are widely
implemented for theletection of pH, ions and analyte centrations in liquids [2(28].

For the detection of specific sequences from an unknbiNA sample, the highly
selective basgairing reaction known dsybridization reaction is mainly used, by which a
singlestrandedprobe DNA (ssDNA) molecule binds speciilly to its complementary
singlestranded target DNA (cDNA), forming a douldgandedNA (dsDNA). The vast
majority of DNA-FEDs reported in literature detect thecadled onchip hybridization
event: Typically, probe ssDNA molecules of known sequenaesimmobilized ontdhe
FED surface by adsorption or covalent attachment ansulbgequent hybridization event
is either detectedx situby measuring the sensor signal before and after hybridization or
in situ by monitoring the sensor signal during thdridization procesgit the same time,
very little is known about the application BEDs for direct labefree electrical detection
of dsDNA formed aftehybridization reaction occurred in the solution (further refeazd
in-solution hybridization).n some cases, this could offer eal advantages over detection
by onchip hybridization, especiallwhen FEDs are used for the detection of DNA
amplification byPCR [29 31]. Since PCR generst dsDNA, no extra sample pregiéon
steps such as the heating the PCR product to generatbNA for the onchip
hybridization followed by the rapid cooling farevent rehybridization, are required.
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Moreover, by direct dsDNAetection, the surfaemodification procedure can significantly
be simplified, because nprobe ssDNAhasto be immobilized ontdhe sensor surface.
Thus, direct dsDNA detection could reduce tietection time and costs and might even
increase the reproducibility of DNA analysis.

In this work, a multispot (16 spots) LAPS modified with a posgiy charged weak
polyelectrolyte layer of PAH (poly(allylaminiegydrochloride)) was applied for the direct
labekree electricatletection of irsolutiorrhybridized dsDNA molecules by thentrinsic
molecular charge for the first time. It can dgectedhat in the presence of a positively
charged polyelectrolytéayer, the electrostatically adsorbed dsDNA molecules will be
preferentially flatoriented on the LAPS surface. This results nmolecular charges
positioned near the gate surface wittliie Debye length (the Debye length defines the
distance at whicthe electrostatic potential drops 1/e), yielding a reduced clsargening
effect and a higher detection signal. During experimemtspnsecutive laydsy-layer
(LbL) adsorption of PAHanddsDNAmolecules was monitored by means of photocurent
voltage(lphi Vg) and constarphotocurrent measurements. For comparison, the adsorption
of dsDNA directly on a bare LAPS surfageithout PAH layer) has been studied, too. In
addition, the surface mginology of the adsorbed PAFand PAH/dsDNA layers was
investigated by atomiforce microscopy (AFM), while fluorescenogeasurements were
used to verify the successful dsDNA adsorption onto the-BWidified LAPS surface

4.2 MATERIALS AND METHODS

4.2.1 LAPS-chip fabrication

LAPS chips consisting of an B&ii SiO, structure with sizes of @n x 2cm were
fabricated using 8400um thick pdoped Siwafer (resistivity 110\Wem). A 60nm high
quality SiQ layer wasprepared by thermal dry oxidation of the Si. dreate an Ohmic
contact to Si, the Silayer on the rear side of the silicon wafesis etched and then, a
300nm thick Al layer was deposited on thear side of the silicon wafer and patterned to
open a window fothe backside illumination of the Si. A&ft fabrication, each chip was
cleaned in ultrasonic bath with acetone, isopropyl alcohol, ethdeioinized (DI) water
and conditioned in 0.68IM phosphate buffesolution (PBS), pH.5, 10mM NacCl
(further referred as measurement solution) for at leakt in order to reduce the drift of
the SiO,-gate LAPS devices.

4.2.2 Multi -spot LAPS setup

Figure 4.1 shows a schematic of the medpot LAPS consistingf an Al Sii SiO,
structure and measurement setup. Functioning of the-apgdtiLAPS has been described
in detail in Ref. [12]. Briefly, since the LAPS represents a potential (chagysjtive
device, the adsorption or binding of charged molecules onatesurface of the LAPS
will modulate the flatband voltage (the voltage at which the energy bands in the
semiconductor continue horizontally up to the surface) and the-spaoge capacitance
in the semiconductoidn order to detect the changes in gmacecharge or depletion
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capacitance induced by the molecular adsorption, the LAPS is illuminated with a
modulated light, which generates an alternating photocurrent as the sensor signal. In the
multi-spot LAPS setup, multiple regions (16 spots) on theldside of the Si have been
illuminated in parallel by using an array of 4 x 4 infrared hgimitting diodes (LED) with

a wavelength of 958m, where each LED is modulated at a different frequency ranging
from 1 to 1.75%Hz [12]. The diameter of the spiluminated by a single LED was about

2 mm, which defines the measured area (active spot size) on the sensing surface.

RE

9 Electrolyte

Sio, Gate insulator

Depletion region

: I I
" T
[ [

LED array

Figure 4.1: Schematic of the multi-spot LAPS consisting of an Ali Sii SiOz structure and
measurement setup. RE: Reference electrode; Ipn: Photocurrent; Vg: Gate voltage.

For electrochemical characterization, the LAPS chip was mounted into arhade
measurement ceind a DC (direct current) voltage was applied onto the LAPS structure
via a reference electrode (ligdjdnction Ag/AgCl electrode filled with &1 KCI,
Metrohm, Germany). The effective contact area of the LAPS chip with the solution was
about 2.25 crh The surfacepotential changes in each measurement spot induced due to
the surface modification steps (i.e., consecutive adsorption of PAH and dsDNA molecules)
were evaluated from the shifts of photocurreoltage (pni Vg) curves along the voltage
axis inthe depletion region, or directly recorded by means of conptetbcurrent mode
measurements. To reduce the influence of the ckamgeening effect, the LAPS signal was
readout in the same low iorgtrength measurement solution (Or6® PBS, pH7.5,
10mM NaCl). The measurements were carried out at room temperature (RT) in a dark
Faraday box (to reduce the possible influence of ambient light and electromagnetic fields).
The whole measurement setup was controlled by using a-twitten LabVIEW software.

All potential values are referred to the reference electrode.

4.2.3 Adsorption of PAH- and dsDNA molecules

The simple, fast and lowost LbL method [3233] was utilized for both the preparation
of the positively charged PAH layer on the negatively charged Biger and the
adsorption of the negatively charged dsDNA molecules on the PAH layer. For the
preparation of the PAH layer, the cleaned S30rface of the LAPS chip was exposed to
PAH solution (1QuM PAH (70kDa, Sigma Germany adjusted with 1&nM NacCl,
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pH 5.4) for 10min at RT. At the pH value of 5.8pth the Si@surface and PAH molecules

can be considered to be enough charged (the point of zero charge isfl&@veen pk2-

3 and the isoelectric point for PAH amourm40.8 [34,35]) to provide a swessful
electrostatic adsorption of positively charged PAH molecules on the negatively charged
SiO, surface. The details of the PA&tisorption procedure can be found in Refs. [1),

After the PAH adsorption, the chip was washed with measurement sdtutemove non
attached molecules from the sensor surface, followed by an electrochemical
characterization of the PAEobvered LAPS device.

For dsDNA adsorption, the PARhodified SiQ surface was exposed to a solution
containing insolutionthybridized dsDNA molecules for 1 h at RT, followed by rinsing to
remove norattached dsDNA molecules. Then, the LAPS modified with the PAH/dsDNA
bilayer was electrochemically characterized in the measurement solution again- The in
solution hybridization waiachieved by mixing the solutions containing 5 UM probe ssDNA
(52-mer, with the sequence-BGGAT CGCTG TGTAA GGACA CGTCG GCGTG
GTCGT CTGCT GGGTT GATCT G&") and 5uM complementary target cDNA
(72-mer, with the sequence-ACCTC CGTAA CCGTC ATTGT CCAGAT@AC
CCAGC AGACG ACCAC GCCGA CGTGT CCTTA CACAG CGATCGA) for 1h at
RT. The ssDNAand cDNAsequences were designed to mimic the PCR products. For this,
the target cDNA contains not only the sequence complementary to the probe ssDNA but
also the sequencdsr primer binding. All DNA sequences were custsgmthesized by
Biomers (Ulm, Germany). The dsDNA solutions with different concentrations ranging
from 0.1nM to 1uM were prepared by dilution of I]M dsDNA solution with the
measurement solution.

4.3 RESULTS AND DISCUSSION

4.3.1 Electrochemical characterization of bare LAPS chips

The leakage current (which characterizes the quality of theogate layer) and
potential sensitivity of the LAPS chips are crucial factors for a correct functioning and
therefore, theyshould be checked before starting the PAdthd dsDNA adsorption
processes. The leakage current has been measured between the reference electrode and
rearside contact of the LAPS chifigure 4.2a depicts an example of leakagerrent
measurement for the fabricated Sigate LAPS recorded in measurement solution by
varying the applied gate voltage in the range fidn25 to +1.25/ with a scan rate of
100mV/s. For a correct functioning of the LAPS device, the leakage current should be very
small. Therefore, in this study, only chips having a leakage current less thanwi€re
selected for further dsDNA detection experiments.

The potential sensitivitpf the LAPS chips has been tested yi#\f; measurements.
Figure 4.2b shows a typicalphi V4 curve (averaged over all 16 measurement spots) of the
bare LAPS recorded at the applied gate voltage rangingi@d@rV to +0.8V. The bni V4
curve of the bare LAPS has a usudype behavior with typical accumulation {¥
10.4V), depletion {0.4V < V4< 0.2V) and inversion (¥ > 0.4V) regions. These results
demonstrate the suitability of the developed LAPS as potesgtigditive device for further
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experiments on the labéke detection of dsSDNA molecules by their intrinsic molecular
charge.
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Figure 4.2: Leakage current (a) and Ipni Vg curve (b) of the bare LAPS chip.

4.3.2 AFM characterization

In separate experiments, the LAPS chips were characterized by AFM measurements to
gain a picture of how thmorphology and roughness of the sifate surface changes after
the consecutive adsorption of PAahd dsDNA layers. TappiArgiode AFM images were
taken in air using a BioMAT Workstation (JPK Instruments, Germany) and silicon
cantilevers (Nanoworld, Switdand). The surface roughness was quantified from the
AFM-height images by using the remieansquare value (Ry and the surfacarea
difference. The scan size wasud x 2um. Figure 4.3 presents examples of AFM images
of a bare Si@surface (a) and a SiGurface after PAH(b) and dsDNA adsorption (c). For
better comparison between the samples, ‘ez displaying the height was scaled taon®
for all images.
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(a) Bare sensor R,.=0.16 nm  (b) After PAH adsorption R,,,=0.42 nm (c) After dsDNA adsorption R,,;=1.03 nm

Figure 4.3: AFM-height images of a bare SiO2 surface (a), a SiO2 surface after PAH- (b)
and dsDNA adsorption (c). Scan size is 2 pm X 2 um.

The cleaned Sigsurface appears to be perfectly smooth with an averagedRe of
0.16nm. Apparent changes in surface morphology of the &iger can be recognized
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from AFM images after the adrption of PAH and dsDNA molecules. The surface
roughness increases after the adsorption of PAH moleculgs=(R.42nm).

AFM images of the PAH layer taken from different areas of the sensor surface reveal
that the PAH is homogeneously distributed ottee surface assumedly with a flat
orientation of the PAH molecules. The average height of the polyelectrolyte layer was
~2-3 nm, which is in agreement with results reported for a PAH layer prepared frpivi 50
PAH solution adjusted with 100M NacCl [10]. However, some pin holes and watike
structures can be observed on the AFM image of the PAH surf&iguire 4.3b, which is
a general phenomenon fbbL-prepared polyelectrolyte films. In addition, small dots or
globules appear on the AFM image, similar to that recently reported for a PAH layer
adsorbed on a Si surface functionalized with aastembled monolayer [33]. Due to the
sizes of the AFM 1 used, one cannot finally conclude whether thestiaped structures
lie on the thin PAH layer that covers the S#Drface or directly on the SiGurface. After
dsDNA adsorption on the PAhhodified SiQ surface, the morphology of the surface
changed sigificantly as shown inFigure 4.3c. On the one handhe surface of the
PAH/dsDNA bilayer appears to be dominatedldémge clusters. On the othband, the
surface roupness increases tthe value of R = 1.03nm. These observations are
consistent with results reported in Ref. [36]. Thus, the results of AFM characterization
verify the successful formation of a PAH/dsDNA bilayer on the LAPS surface

4.3.3 Label-free electrical detection of dsDNA molecules

Figure 4.4 shows the schematic structure of the LAPS modified with PaARd
PAH/dsDNA layers (& column) and g V4 curves(right column) exemplarily recorded
from a single spot 11 of the LAPS before and after consecutive adsorption ef firgkH
10 uM PAH solution) (a) and dsDNA (from 1M dsDNA solution) (b) moleculen this
experiment, the arall photocurrent was recorded at the applied-bidimge range from
10.5V to +0.3V. To extract the photocurrent amplitudes for each measurement spot from
the measured overall photocurrent, a fast Fourier transformation algorithm was used [37].
As expected, the consecutive adsorption of oppositely charged BA#H dsDNA layers
leads to alternating shifts of thgilV4 curves along the voltage axis of aboutrd® and
25mV, respectively. The direction of these shifts depends on the sign of the charge of the
terminating layer that is consistent with the results reported previously for polyelectrolyte
multilayers or PAH/SDNA bilayers [1012]. On the other hand, the minimum photocurrent
in the accumulation range of th@iVy curve remains nearly unchanged, indicating that
the sensor is primarily sensitive to changes in the surface charge (or potential) rather than
to the thickness or dielectric properties of the adsorbed layers. This implies that the
potential at the top layer (i.e., the dsDNA charge) effectively propagates to the gate surface,
resulting in a modulation of the surface potential and thebfiad voltage fothe LAPS
structure.

The potential changes induced by the electrostatic adsorption of BAHASDNA
layers as well as the drift of the LAPS signal have been directly monitored using dynamic
constardphotocurrent mode measuremenfsgure 4.5a exemplarily shows constant
photocurrent responses of the LAPS recorded in four spots (spots 3, 9, 11, and 13) before
and after the LbL adsorption of PAH and aftecubation of the PAHNodified SiQ
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surface with solution containing XM in-solutiorthybridized dsDNA molecules. In this
experiment, the photocurrent has been set constant (in the depletion region nearly the
inflection point of the il Vg4 curve) and thesensor response has been recorded during a
time period of about 4in.
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Figure 4.4: Schematic structure of the LAPS modified with PAH- and PAH/dsDNA layers
(left column) and Ipni Vg curves (right column) exemplarily recorded from single spot 11 of
the LAPS before and after consecutive adsorption of PAH- (from 10 uM PAH solution) (a)
and dsDNA (from 10 nM dsDNA solution) (b) molecules. The inset picture in graph (a)
corresponds to the spot distribution.

As can be seen, the constahibtocurrent responses recorded in different spots possess
a nearly similar shape, revealing a gtla@nogeneous surface coverage of the adsorbed
PAH- and dsDNA layers. The potential shifts averaged ové6adpots were 463V and
25.1mV after the consecutive adsorption of PAH and dsDNA molecules, respectively.
These results are in good agreement with signal values reported previouslyctap on
hybridization experiments [12]. At the same time, the LAdR§hal detected after the
adsorption of dsDNA molecules onto the PAH layer was around two times higher than that
of reported for the adsorption of dsDNA molecules onto a-paysine layer detected by
means of a capacitive EIS sendo8 mV) [29].

To sudy the dependence of the LAPS signal on the concentration of dsDNA solution,
the shift of the Jii V4 curve (averaged over Hpots) was recorded after consecutive
incubation (20 min) of the PAlhodified LAPS surface in solutions with different dSDNA
concetrations of 0..nM, 1nM, 10nM, 100nM, 1 uM and 5uM, starting with a dsDNA
concentration of 0.hM. After each change of dsDNA solution in the measurement cell,
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the LAPS surface was rinsed with measurement solution. The results of these experiments
aregiven inFigure 4.5b. With increasing dsDNA concentration from @¥ to 5uM, the

LAPS signal is increased froB8 mV toD58 mV. A nearly linear depndence of the LAPS

signal on the logarithm of dsDNA concentration was observed at least uMildSDNA.

The lower detection limit is as low as G dsDNA that is in good agreement with results
reported previously for DNA sensors based on silicon narey38].
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Figure 4.5: (a) Constant-photocurrent responses of the LAPS recorded in four spots
(spots 3, 9, 11, and 13) before and after consecutive adsorption of 10 uM PAH and 10 nM
dsDNA molecules, respectively. The LAPS response averaged over 16 spots (mean
response) is added, too. The inset picture in the graph shows the spot distribution. (b)
Dependence of the LAPS signal (averaged over 16 spots) on dsDNA concentration ranging
from 0.1 nM to 5 pM.

If adsorbed PAH molecules do not form a closely packed dense layer aARS
surface, a possible unspecific adsorption of dSDNA molecules onts&iface areas not
covered with PAH could induce an undesired potential shift. To find out the impact of this
unspecific dsDNA adsorption on the LAPS signal, in separate experirhantsSi@-gate
LAPS chips were exposed touM dsDNA solution for 1h, followed by a rinsing step.
Here, the unspecific adsorption of dsDNA molecules induces only a small potential shift
of approximately 4nV (seeFigure 4.6a), which is about 15 times smaller than the signal
(58mV) induced due to the adsorption of dsDNA molecules on a-BéMdred LAPS
surface.

4.3.4 Fluorescencemicroscopy measurements

In addition to fieldeffect detection of dsDNA with the LAPS device, fluorescence
measurements were performed as a reference method to verify the dsDNA attachment onto
the PAHcovered LAPS surface. The fluorescence images were taken using an Axio Imager
Alm (Carl Zeiss, Germany) fluorescence microscope with respective filter set. To visualize
the successful electrostatic adsorption of the negatively charged dsDNA molecules onto
the positively charged PAH layer, dsSDNA molecules were modified (labeled) witlea b
fluorescent dye DAPI (4',-@iamidino2-phenylindole).For this, the PAFcoated LAPS
surface was incubated with the solution containingVbdsDNA and 300hM DAPI
molecules for nin. The DAPI molecules preferentially bind to the minor groove of

65



dsDNA, where their fluorescence is approximatelyf@@ greater than in the ndsound
state. For comparison, the fluorescence signal from the bare LAPS surface (without PAH
layer) after exposing to the same dsDNA/DAPI solution was studied, too.
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Figure 4.6: Mean signal values (n = 3) of PAH-modified and bare LAPS devices after
exposing to 5 pM dsDNA solution (a) and fluorescence images (b) taken from the surface
of the PAH-modified and bare LAPS devices after exposing to DAPI-labeled dsDNA
solution. DAPI: Fluorescentd y e 4diamidir®-2-phenylindole.

Figure 4.6b shows the results of fluorescenameasurements. A bright and
homogeneous fluorescence signal was observed after incubation of thenéuitied
LAPS surface to the DAHBbeled dsDNA solution, verifying a successful adsorption of
dsDNA molecules onto the positively charged PAH layeroimtrast, as expected, almost
no fluorescence signal has been detected after incubation of the bare LAPS surface with
the DAPHabeled dsDNA solution that is also in good correlation with the -Béfelct
measurements presentedFigure 4.6a. The electrostatic repulsion between the dsDNA
and SiQ surface (both are negatively charged) prevents the dsDNA adsorption. As a
consequence, NDAPI-labeled dsDNA molecules remain on the bare LAPS surface after
the washing step

4.4 CONCLUSION

In summary, experiments performed in this study demonstrate for the first time the
successful realization of a mulifjht LAPS device for the direct labélee electrical
detection of irsolutionthybridized dsDNA molecules. To achieve a high sensor signal, the
negatively charged dsDNA molecules were electrostatically adsorbed onto the LAPS
surface modified with a positively charged PAH layer, resulting in aNdslayer of
preferentially flatoriented molecules with the molecular charge positioned near the gate
surface within the Debye length. High potential shifts of about 45 mVand 58 mV (averaged
over 16 spots) were registered after consecutive adsorptionpositgly charged PAH
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(10 uM) and dsDNA(5uM) molecules, respectively. The lower detection limit is down to
be about @ nM dsDNA. The results of fieléffect detection of dSDNA molecules were
supported by fluorescence measurements using the fluorescebidde The obtained
results underline the potential of the LAPS in combination with the simple andutzpid
adsorption technique as a very promising approach for the future development-of light
addressable labélee DNA chips. Further work will be focugg on the detection of
dsDNA molecules directly in real PCR solutions.
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ABSTRACT

Miniaturized setup, compatibility with advanced miciand nanotechnologies, and
ability to detect biomolecules by their intrinsic molecular charge favor the semiconductor
field-effect platform as one of the most attractive approaches for the development-of label
free DNA chips. In this work, a capacitive fieldeffect EIS (electrolyténsulator
semiconductor) sensor covered with a laygtayerprepared, positively charged weak
polyelectrolyte layer of PAH (poly(allylamine hydrochloride)) was used for the-fabel
electrical detection of DNAdeoxyribonucleic acid) immobilization and hybridization. The
negatively charged probe singdganded DNA (ssDNA) molecules were electrostatically
adsorbed onto the positively charged PAH layer, resulting in a preferentially flat orientation
of the ssDNA molecules within thé®ebye length, thus yielding a reduced chasgeening
effect and a higher sensor signal. Each sessdace modification step (PAH adsorption,
probe ssDNA immobilization, hybridization with complementary target DNA (CDNA),
reducing amunspecific adsorption by a blocking agent, incubation with noncomplementary
DNA (ncDNA) solution) was monitored by means of capacitaratage and constant
capacitance measuremerniis.addition, the surface morphology of the PAH layer was
studied by atmic-force microscopy and contaahgle measurements. High hybridization
signals of 34nV and43 mV were recorded in lovonic strength solutions of 1M and
1 mM, respectively. In contrast, a small signal of 4 mV was recorded in the case of
unspecific adarption of fully mismatched ncDNA. The density of probe ssDMNwd
dsDNA molecules as well as the hybridization efficiency was estimated using the
experimentally measured DNA immobilization and hybridization signals and a simplified
doublelayer capacitomodel. The results of fieldffect experiments were supported by
fluorescence measurements, verifying the DNA immobilization and hybridization event.

KEYWORDS

DNA, field-effect capacitive sensor, hybridization, intrinsic molecular charge,-label
free detetion, layerby-layer technique, polyelectrolyte
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5.1 INTRODUCTION

DNA (deoxyribonucleic acid) biosensors are considered as a very promising tool in
many fields of applications ranging from diagnosis of genetic diseases, pathogen
identification, and parentalesting to drug screening and food indusfiy 4]. The
developed DNAdetection principles are very differenpptical, electrochemical,
impedimetric, spectrometric, and gravimetric methods are just a few of{fié). The
fundamental mechanism of manyNB-detection methods relies on the detection of the
hybridization event in which a singi&tranded probe DNA (ssDNA) binds specifically to a
complementary singistranded target DNA (cDNA), forming a douldranded DNA
(dsDNA) with a wellknown helix strature.

Generally, DNAdetection principles can be divided into labeled, where either probe
or targe©ONA molecules are labeled with different markers, and taeel methods. Label
free methods have obvious advantages in terms of simplicity, rapidityoshelfficiency
[12, 13].One favorable possibility to detect unlabeled DNA molecules is the detection of
their intrinsic molecular charge by means of semiconductor-é&ttt devices (FEDY,

13], because DNA molecules are negatively charged in a plitieange. FEDs based on

an electrolyteénsulatorsemiconductor (EIS) structure, like capacitive EIS sensors, ion
sensitive fieldeffect transistors, Sianowire transistors and lightldressable
potentiometric sensors (LAPS), are chasgesitive devices have been widely applied

for the detection of pHil4, 15] ion- and analyte concentration in liquiflsei 21] as well

as charged moleculdd, 22] or charged nanoparticlg¢g3, 24]. The ability of different
kinds of FEDs for labefree detection of the DNAybridization event has been
demonstrated in ref5i 35]. In these devices, the adsorption or binding of DNA molecules
on the gate surface of the FED changes the splzarge digibution in the semiconductor,
resulting in a change of the output signal of the FED. However, due to the screening of the
DNA charge by counterions in the solution, the DRybridization signal strongly depends

on the ionic strength of the solution ane tdistance between the charge of the DNA
molecules and the gate surfdee 30, 36i 38]. In addition, because the DNA charge is
distributed along the molecule length, the Dimobilization method and orientation of
molecules will have a strong impact oretBNA-hybridization signal[39i 41]. These
problems can be overcome by the immobilization of sSSDNA molecules preferentially flat
to the FED surface as well as by readout of the hybridization signal iniahawstrength
solution.

Direct electrostatic imntalization of DNA molecules onto the FED surface is, in
general, impossible due to electrostatic repulsion forces between the DNA and the FED
surface with typically negatively charged gate insulators (e.g.z, Si®0s, SkNa).
Therefore, a modification othe sensor surface by means of laggdayer (LbL)
electrostatic adsorption of a cationic polyelectrolyte/ssDNA bilayer and subsequent
hybridization with cDNA molecules becomes more popular in f68Bed DNA biosensors
design[25, 32,42 45]. In contrasto often applied covalent immobilization methods that
require timeconsuming, cosintensive procedures and complicated chemistry for
functionalization of the gate surface and/or probe ssDNA, the LbL electrostatic adsorption
technique is easy, fast, andoéipable for substrates with any shapes and f@r2p46,47).
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The suitability of FEDs for the detection of adsorptivetynobilized DNA has been
demonstrated by modifying the gate surface of an EIS sg2and a floatinggate field

effect transistof44] by the positively charged poly-lysine. However, the recorded DNA
immobilization and hybridization signals were small (several mVs). On the other hand,
recently, a high sensor signal has been reported by electrostatic adsorption of ssSDNA
(83mV) [32] and dsDNA (2amV) [45] on a LAPS surface modified with the positively
charged weak polyelectrolyte of PAH (poly(allylamine hydrochloride)). Although LAPS
devices are capable for addressable and multispot measurements, some disadvantages, such
as necessityof illumination of the semiconductor with a modulated light source,
dependence of the LAPS signal on the modulation frequency and intensity of the light,
crosstalk due to the possible internal reflections in the semiconductor, and complicated
readout cicuit, might limit their application fields.

In the present work, the simplest FEDQhe capacitive EIS sensormodified with a
LbL-prepared PAH layer is applied for a laifrele detection of electrostatic adsorption of
probe ssDNA molecules onto the gateface and subsequent hybridization with cDNA
molecules. The EIS sensor represents a (bio)chemically sensitive capacitor, which can be
easily fabricated at low cost (usually, no photolithographic process steps or complicated
encapsulation procedures aeeded).

Moreover, those sensors can be integrated with microfluidic cells on wafer level. In
contrast to LAPS, a small AC (alternating current) voltage is applied to readout the EIS
capacitance (no illumination with a modulated light is necessary). lbeaxpected that
adsorptively immobilized probe ssDNA molecules will be preferentiallyditeented on
the EIS surface with negatively charged phosphate groups directed to the positively charged
PAH molecules; the DNA nucleobases exposed to the surraursditution allow to
hybridize with their target cDNA molecules. As it has been discussed ifREef82, 42
44, in the presence of a positively charged polyelectrolyte layer, both the -Beteaning
effect and the electrostatic repulsion between taeget probe DNA molecules will be less
effective, and therefore, a higher hybridization signal can be expected.

During experiments, each surfacmdification step was monitored electrochemically
in terms of signal direction and amplitude by using capadtaaltage (CiV) and
constanicapacitance (ConCap) measurements. In addition, the surface morphology of the
PAH layer was studied by atordiorce microscopy (AFM) and contaahgle
measurements, while fluorescence measurements served as a referenceaanettifyd
the results of electrochemical detection of the DNA immobilization and hybridization
event.

5.2 EXPERIMENTAL SECTION

5.2.1 Chip fabrication

ElS-sensor chips consisting of an Alfi/SIQ, structure were fabricated from a3p
wafer (boron doped) with crystallographic orientatt@f0iand a resistivity of L 0 g ¢ m.
First, a SiG-gate oxide was thermally grown by dry oxidation process at 100@r
30min to form a 30m thick oxide layerThen, the reaside oxide layer was etched by
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HF (hydrofluoric acid)and subsequently, a 3@én Al layer was deposited to create an
Ohmic contact to the silicon substrate. The last step of the fabrication process was the
separation of the wafer into sikrglOmm x 10mm chips. After fabrication, each chip was
cleaned in ultrasonic bath with acetone, isopropyl alcohol, ethanol, and deionized (DI)
water.

5.2.2 Measurement setup and electrochemical characterization

For electrochemicatharacterization, the EIS chips were mounted into a homemade
measurement cell and connected to the electrochemical workstation. Tisedeeand
nonactive area of thehip were isolated from the electrolyte solution by means of-an O
ring. The effective cotact area of the EIS chip with the solution was abBottn?. Figure
5.1 shows a schematic cross section of the EIS struetodemeasurement setuqeluding
the electrochemical workstatiq@ennium, Zahner Elektrik, Germany) and the reference
electrodgliquid-junction Ag/AgCl electrode filled with 8 KCI, Metrohm,Germany).

reference
electrode

measurement

SRR solution electrochemical
\ workstation
INPNENEND (\ENENENY RNENENPN
=0 =—— poly-
105 electrolyte

depletion
Al region

Figure 5.1: Cross-sectional illustration of the EIS sensor structure and measurement
setup.

To reduce the influence of the chamgmeening effect, the measurements were
performed in lowionic strength solution (inM and 10mM NacCl, pH5.45 adjusted by
HCI, further referred as measurement solution). The pH value of all solutions was
controlled with a MPC227 pH/Conductivity Meter (MettlEoledo, Germany). The
surfacepotential changes induced due to the surfaodification steps (PAH adsorption,
probe ssDNA immobitiation and target cDNA hybridization) were evaluated from the
shifts of QV curves along the voltage axis in depletion region or directly recorded by
means of ConCapode measurements.

For the @V measurements, a DC (direct current) gate voltage rangingift.5V to
+0.5V (steps of 100nV) and a small superimposed AC voltage with an amplitude of
20mV and a frequency of 88z was applied between the reference electrode and the rear
side Al contact. The ConCap mode allows the-tiea¢ dynamic monitoringf the sensor
signal, whereas the capacitance of the sensor is kept constant at a certain working point by
varying the gate voltage using a feedbaoktrol circuit. This working point (constant
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capacitance value) was chosen from the previously recoridcc@ve, typically within

the depletion region at approximately 60% of the maximum capacitance. The
measurements were performed at room temperature in a dark Faraday box (to reduce the
possible influence of ambient light and electromagnetic fields). Akrg@l values are
referred to the reference electrode.

5.2.3 LbL adsorption of PAH/DNA bilayer and target cDNA hybridization

The LbL technique provides a simple, fast, oast and efficient technique for the
electrostatic assembling of polyions with altemgtcharge [42, 46, 47]. In this study, the
LbL technique has been utilized for the adsorption of positively charged PAH
macromolecules on the negatively charged.%j&e insulator and the immobilization of
negatively charged probe ssDNA molecules ontoptbstively charged PAH layer. The
LbL-immobilized ssDNA molecules usually form flabongated structures [42Ps a
result, in lowionic strength solutions used in this study, the full DNA charge could
probably be positioned near the gate surface witlérDebye length (approximately 3 and
10nm in 10 and InM solutions, respectively), yielding a higher sensor signal.

The schematic of the surfaceodification steps is presented kigure 5.2. Before
polyelectrolyte adsorption, the surface of the S&yer was first activated with piranha
solution (mixture of 6@ L .Sk (98%) and 3@ L .Ckl(35%)) by pipetting the freshly
prepared mixture on the chipurface and incubating for at least ih at room
temperature, followed by rinsing with DI water. This atieatment procedure was
repeated three times.

b)

Qrobe ssDNA

A

Figure 5.2: Schematic of the surface-modification steps: (a) PAH adsorption,
(b) ssDNA immobilization, and (c) hybridization of complementary target cDNA with
immobilized probe ssDNA molecules.
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Then,10 L P AH s g/LRAH) wasappliesdl to the chip for bin to form the
polyelectrolyte layer in accordance with the procedure described in ref [46]. The PAH
solution was prepared by dissolving of PAH kg, purchased from Sigma) in 160M
NaCl, pH5.45. At pH5.45, the surface of SiKaan be considered to beceigh negatively
charged (the phd at point of zero charge of Si@s between 2 and 3 [48]) to provide
electrostatic adsorption of almost fully charged PAH molecules [49]. The ionic strength of
the PAH solution was chosen sufficiently high (201 NaCl) inorder to achieve a higher
amount of adsorbed polyelectrolyte molecules. After the PAH adsorption, the chip was
washed again three times with measurement solution to remove nonattached molecules
from the sensor surface, followed by an electrochemical ctesirzation as described in
Section5.2.2

The density and homogeneity of the immobilized probe ssDNA layer will be mainly
defined by the quality of the underlying PAH layer. Therefore, in separate experiments, the
chip-surface morphology and roughnegsrecharacterized by AFM measurements before
and after the PAH adsorption. Tappimgpde AFM images were taken using a BioMAT
Workstation (JPK Instruments, Germany) and commercial NCH Pointprobe silicon
cantilevers (Nanoworld, Switzerland). The surface roughness was quantified by using the
rootmeansguare value (rms) and the surfarea difference.

For immobilization of 2émer probe ssDNA, 606 L o«fM 5 s DNA sol uti on
applied onto the PAHnNodified chip surface. The DNA solution has been prepared by
dilution of ssDNA molecules in % TE buffer (mkture of 10mM Tris
(tris(hydroxymethyl)aminomethane) andnM EDTA (ethylenediaminetetraacetic acid)
in DI water, adjusted to pB). After 60min of incubation, the chip was washed three times
with measurement solution to remove unattached probe ssDN&cuhes.

For hybridization, the chip surface covered with the PAH/ssDNA bilayer was incubated
with fully matched target cDNA solution ¢ M -thér cDNA dissolved in ¥ TE buffer,
pH 8) for 40min at RT, followed by rinsing with DI water to remove thenhybridized
target cDNA molecules.

The sequences of 2@ie r pr ob e-GETECDINCAC-ATH-QJT-CCCCT-3 Nj)
compl ement ar y -AGGGHGAAG-AATDOAG-AAGRARNLC-3 Nj) and fully
mi smat c he d-TRGCONE-TTAELNE-TTC-TTG-3Nj) used in this st
purchased from Eurofins (Eurofins MWG Operon, Germany).

5.3 RESULTS AND DISCUSSION

5.3.1 Leakagecurrent measurements and surfaceharge sensitivity of EIS chips

The quality of the oxide layer, drift of the output signal and the sudhame
sensitivity of the faricated Si@-gate EIS chips are crucial factors, which should be
checked before starting DNdetection experiments. The quality of the gax&le layer
has been tested by measuring the leakage current between the reference electrode and rear
side contacbf the EIS chip by varying the applied gate voltage in the rangeiffota
+2 V. For a correct functioning of the EIS sensors, the leakage current should be very small.
Therefore, only chips having leakage current less tharAMere chosen for furtherNDA-
detection experiments.
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In separate experiments, the drift behavior of the bare-@i€@ EIS sensor has been
studied. For this, the ConCap signal of the EIS sensor was recorded directly after applying
the PBS buffer (pH) onto the bare sensor surfaoé after incubation in the same solution
over 7 days. The drift of the EIS sensor was evaluated from the shift of the ConCap curve
and amounted to be approximatelyn&/day. In further experiments on DNA detection,
before the surface modification processbe sensors were conditioned in PBS buffer (or
in measurement solution) for at leastian order to reduce the drift of SiQate EIS
sensors.

Because the surface charge of the,38known to be pHiependent [50], the charge
sensitivity of the EIS ltips has been tested via the measurement of shifts$\6icGrves
along the voltage axis in various pH buffer solutions frombgbl pH9. The pH sensitivity
evaluated from these shifts of \Z curves inthe depletion region was 42V/pH, which is
comparabldo values previously reported for thermally grown Si@yers (e.g.refs[30,

51]). These results demonstrate the suitability ofdbeeloped EIS devices as charge
sensitive transducers for further experiments on the -fabel detection of DNA
immobilization and hybridization by their intrinsic molecular charge.

5.3.2 Surface characterization of PAH layer

Figure 5.3 shows an example of AFM image of tB&S-sensor surface after the PAH
adsorption. The PAH layer was homogeneous as evidenced by the AFM images taken from
different areas of the EIS surface. The cleaned and-édMdred SiQ surfaces were
smooth with average rms values of 0.12 and @r&5resgctively. The PAH molecules
form a densely packed layer assumedly with a flat conformation of the PAH molecules.
However, some pin holes and wetike structures can be observed on the AFM image of
the PAH surface inFigure 5.3, which is a general phenomenon for Lptepared
polyelectrolyte films. The average height of the polyelectrolyte layeD&&3 nm, which
is in agreement with results reported OPAH layer prepared from ®0M PAH sol uti on
adjusted with 100nM NacCl [46].

Figure 5.3: AFM image of the SiO2 surface covered with PAH layer.
Scan sizeis2 uym x 2 & m.
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In addition to AFMinvestigations, the wettability of the sensor surface before and after
the cleaning step with piranha solution and after deposition of the PAH layer has been
studied by water contaeingle measurements (see Supporting Information). After
treatment in piralma solution, the Si@surface becomes highly hydrophilic, which results
in a decrease of the contact angle from 89° to less than 10°. The contact angle increases to
34° after the PAH adsorption that is in good agreement with the results reported for the
PAH adsorption on a hydrophilic glass substrate [52].

5.3.3 Label-free detection of PAH adsorption, probe ssDNA immobilization and
target cDNA hybridization

The capacitive EIS sensors were characterized before and after each - surface
modification step by means @fi V- and ConCap methoérigure 5.4 shows an example
of labelree electrostatic detection of PAH adsorption, probe ssDNA immobilization and
target cDNA hybridization with the EIS sensor. In this experiment, théddrves (a) and
the ConCap response (b) of the EIS sensor were recorded nmiM1BaCl solution
(pH 5.45) before and after PAH adsorption, after ssSDNA immobilization and after
subseqgant hybridization with target cDNA molecules. The recordée¥ €urves exhibit a
typical highfrequency shape. Dependent on the magnitude and polarity of the applied gate
voltage, \, three regions in thei®™ curves of the bare and modified EIS sensor @an b
distinguishedaccumulation(Vs < 11.25V), depletion(i1V < Vg < 0.1V) and inversion
(Ve >0.25V).

a) 80 — bare sensor b)-350
—— after PAH adsorption after
i after ssDNA immobilization -400-
70 —— after cDNA hybridization _SsDNA
o 60 — |r_r|mc_)b||—
E E -450 ization 34 mVT
@ - 4 p—do-----
Q S0qgc------------ bare
& ‘\C Sh-500- SEnEEr after |
240 we s |0 . 97 mVl  cDNA
] © | 48 mV hybrid-
S 30+ >-550 ization
sy N et
204 J after PAH
measurement solution: -600 adsorption
104 10 mM NaCl, pH 5.45
T T T -65(} T T T
-1.5 -1.0 -0.5 0.0 Q.5 0 10 20 30 40
Voltage (V) Time (min)

Figure 5.4: CiV curves (a) and ConCap response (b) of the capacitive p-Si-SiO2 EIS
sensor measured in 10 mM NacCl (pH 5.45) before and after PAH adsorption, after probe
ssDNA immobilization and after hybridization with complementary cDNA molecules.
Working point (constant capacitance) in depletion region was set to 50 nF.

The total capacitance of the EIS structureegdl can be represented as a series
connection of the geometrical capacitance of the gate insulaf@n(the variable space
charge capacitance of the semiconductgy (@at depends, among others, on the voltage
appled to the gate and the charge (potential) at theigatdator/electrolyte interface (the
electrochemical doubllayer capacitance and capacitance of the adsorbed monolayer are
usually much greater than &xd Gcand can thus, be neglected (e.g., réf)4As it can
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be seen, after surfagrodification steps, the maximum capacitance in the accumulation
range of the TV curve remains nearly unchanged& i)Qwhich is consistent with our
previous results on the detection of charged macromoleculeanaiparticles with the
capacitive EIS sensor [24, 46]. On the other hand, large shift§\bfcGrves along the
voltage axis have been observed in the depletion range, whereat the direction and
magnitude of the shifts depend on the sign and amount of tleebadscharge. This
indicates that the adsorption and binding of charged macromolecules induces an interfacial
potential change, resulting in a modulation of thelflatd voltage and capacitance of the

EIS structure. The binding of positively charged PAblesules to the negatively charged

SiO, surface will increase the width of the depletion layer and decrease thecbpage
capacitance in the Sig£This will result in a decrease of the total capacitance of the sensor
and in a shift of the 10/ curve n the direction of moraegative gate voltages. In contrast,

the electrostatic binding afegatively charged probe ssDNA molecules to the positively
charged PAH and subsequent hybridization with complemetataggt cDNAs will lead to

a decrease of the wild of thedepletion layer and an increase of thg &8s a result, the

Ci'V curve will shift in the direction of more positive (or lesgative) gate voltages.

Both the direction and the magnitude of potential shifts can directly be determined from
the dynamic ConCamnode measurementd-igure 5.4b). In addition, the redime
ConCap response makes the drift behavior of the bare and modified ElB\sibsm As
can be seen, immediately after exposing to the measurement solution, large signal changes
induced due to the Siurface modification by the charged macromolecules have been
registered. Then, small signal drift over time has been observedost cases, it takes
several minutes to achieve equilibrium conditions and a relatively stable signal. Typically,
the signal changes induced by the PAH adsorption, DNA immobilization or hybridization
processes were much higher than that of caused die tift effect. A ConCap signal of
approximately 48nV was recorded after the adsorption of PAH molecules. The probe
ssDNA-immobilization signal was 9hV. After the hybridization process, the negative
charge of the dsDNA molecules is increased, regultinan additional potential shift
(hybridization signal) of 34 mV in the direction of less negative voltages.

Let us estimate the density of probe ssDNA moleculgsgtisorbed on the PAH layer
using the experimentally measured ssDN#nobilization signal( oo. Adopting a
simplified doublelayer capacitor model described in ref. [53] and by assuming that (1) the
doublelayer capacitance, {Sremains nearly unchanged after the adsorption of ssDNA
molecules, (2) the probe ssDNA molecules are preferentialiyoriented on the EIS
surface with negatively charged phosphate groups directed to the positively charged PAH
molecules, and (3) the charges inside the semiconductor and insulator as well as the
screening of the DNA charge by counterions in the solai@ornbe neglected, the following
simplified relation between the surfapeot ent i al c h an g e-sufaged ) and
charge (pQ) can be obtained [23, 24]:

0
= Eq.5.1

where e is the elementary charge (e = 1B%*°C), and n is the number of charged
phosphate groups. The density of the adsorbed probe ssDNA molecules calculated from
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expression(Eq. 5.1) amounts to be approximately, N 6 x 13* ssDNA/cnt, which is in

good agreement with results (N 4 x 103! ssDNA/cn?) reported for 2@mer DNA

molecules covalently attached to giknized SiG-gate surface of an iesensitive field

effect transistor [54] . ¢=T9 eV (@valoated faomithen par an
ConCap curve irfFigure 5.4b), n = 20; the doubkayer capacitance {vas taken to be

20¢ F / 2¢5B]. The density of hybridized dsDNA molecules calculated uBiqgs.1 and

the measured hybridization signal of 8% (seeFigure 5.4b) was 2.1 x 18 dsDNA/cn?.

Thus, the hybridizatioefficiency amounts to be approximately 35%.

In general, the observed hybridization signal was smaller than the immobilization signal
that is in agreement with results reported previously (e.g., refs [37, 56]). Thisoeftddt
be explained by assuming that (1) not all adsorbed probe ssDNA molecules form a flat
oriented elongated structure with DNA nucleobases exposed to the surrounding solution
and are ready to hybridize with target cDNA molecules, (2) the chadg®DdfAmolecules
is partially screened by small counterionsthie solution, (3) some hybridized dsDNA
molecules detacfitom the surface, or some combination thereof.

Usually, immobilized probe ssDNA molecules do not form a closely packed, dense
layer. Thereforepegatively charged target cDNA or noncomplementary DNA (ncDNA)
molecules can electrostatically adsorb onto those positively charged areas of PAH not
covered with probe ssDNA, resulting in a false signal. To prevent or reduce an unspecific
adsorption of cDIA or ncDNA, the surface areas of PAH not covered with the probe
ssDNA have to be blocked by a chemical agent (e.g., bovine serum albumin (BSA)), which
inhibits unspecific adsorption. Therefore, after probe ssDNA immobilization, 1% BSA
(diluted in DI watey adjusted to pHb.45) was applied to the chip surface fomdi@d at RT,
followed by rinsing with measurement solution. At pH5, the BSA molecules are weakly
negatively charged, because the isoelectric point of BSA is around pH 4.7 [57].
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Figure 5.5: ConCap response of EIS sensor recorded in 1 mM NacCl solution (pH 5.45)

before and after PAH adsorption, after probe ssDNA immobilization, after blocking with

BSA, after incubation in a solution containing fully mismatched ncDNA molecules (5 ¢ M)
and after hybridization of probe ssDNA with target cDNA molecules (5 & M) .

81



To find out the impact of unspecific adsorption of ncDNA molecules on the EIS signal,
after blocking procedure, the sensor surface wassexpto fully mismatched ncDNA
solution (5¢ M -Bh& ncDNA dissolved in & TE buffer, pH8) for 40min at RT,
followed by rinsing with DI water.

Figure 5.5 depicts the ConCap response of an EIS sensor recordethivh NlaCl
solution (pH5.45) before and after PAH adsorption, after probe ssDNA immobilization,
after blocking with BSA, after incubation in a solution containing fully mismatched
ncDNA moleculs (5¢ M) and after hybridization of pr o
molecules (& M) .

The DNA immobilization and hybridization signals evaluated from the ConCap
response irFigure 5.5 were 67 and 4&V, respectively. At the same time, unspecific
adsorption of fully mismatched ncDNA molecules induces only a small potential shift of
4 mV. Thus, the DNAhybridization signal was more than thies higher thathe signal
generated due to the unspecific adsorption of ncDNA molecules. This experiment
demonstrates the specificity of the developed EIS sensor capable of distinguishing the
complementary cDNA from fully mismatched ncDNA. As expected, due to the less
effective Debyescreening effect in a lovonic strength solution, the hybridization signal
measuredinamM s ol ut i on 4&aD efindyveas Highen @&\ tham that of
recordedinalthM s ol & ingn34nfVaFigure 5.4b).

5.3.4 Fluorescence measurements

In addition to fieldeffect characterization of Ei8ased DNA sensors by means of
Ci V- and ConCap methods, fluorescence measurements were performed as eereferen
method to verify the DNA immobilization and hybridization event using an Axio Imager
Alm (Carl Zeiss AG, Germany) fluorescence microscope with respective filter set. To
visualize the successful DNA immobilization onto the PAH layer, probe ssDNAED
wasmodified with the fluorescence dyec@rboxyfluorescein (FAM). For verification of
the hybridization reaction, first unmodified -2@er probe ssDNA molecules were
immobilized onto the surface of the PAhbdified EIS sensor, then the sensor was exposed
to the solution containing FANMhodified target cDNA or ncDNA (also 2er),
respectively. All surface modificatieand washing steps were performed according to the
protocols described above for electrochemical experiments.

Figure 5.6 shows the results of fluorescence measurements after exposing the bare and
PAH-modified EISsensor surface to FAN&beled probe ssDNA solution §é6M) as wel |
as after inchation of the EIS sensor modified with a PAH/pras®NA bilayer with the
5¢e M s ol ut i-labeledcDNABRNIEDNA molecules. No fluorescence signal has
been detected after exposing the bare EIS sensor tolBBdfed probessDNA solution
(Figure 5.6a). The electrostatic repulsidretween the probe ssDNA and $gdrface (both
arenegatively charged) prevents the immobilization process.ddsequence, no FAM
labeled ssDNA molecules remain on Hemsor surface after the washing step. In contrast,
a bright anchomogeneous fluorescence signal was observed after incubattosn PAH
modified EIS sensor surface to FAlslbeled probessDNA soluton (Figure 5.6b),
verifying a successful immobilizationof probe ssDNA molecules onto the positively
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chargedPAH layer. The fluorescence signal hasodbeen observed evafter six washing
steps, without any loss of fluoresceimensity. In comparison téigure 5.6b, a less bright
fluorescencesignal has been detected after hybridization of probe ssiih FAM-
labeled cDNA Figure 5.6¢c). This experiment verifiespn one hand, the successful
hybridization process; on the othwand, it indicates that not all immobilized probe ssDNA
molecules were hybridized with the target cDNA moleculies., the hybridization
efficiency was <100%), supporting thresults of electrochemical measurements (see
Section 5.3.3. As expected, practically no fluorescence signal has been detaftéed
incubation of he EIS sensor modified with PAH/prelseDNA bilayer with the FAM
labeled ncDNA solution Rigure 5.6d) that is also in good correlation with the
electrachemicalmeasurements presented-igure 5.5.
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Figure 5.6: (Left column) Light-field- and (middle column) fluorescence-mode images after
exposing the (a) bare and (b) PAH-modified EIS sensor to FAM-labeled probe ssDNA
solution as well as after incubation of the EIS sensor modified with PAH/probe-ssDNA

bilayer with the solution of FAM-labeled (c) cDNA- or (d) ncDNA molecules. The
schematics in the right column visualize the corresponding binding tendency. For each
fluorescence experiment, a separate EIS chip was used.
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5.4 CONCLUSIONS

Among various concepts proposed floe labelfree detection of DNA immobilization
and hybridization, the semiconductor fiedtfect device platform, which is based on the
electrostatic detection of DNA molecules by their intrinsic negative chexrgae of the
most attractive approachés.this work, acapacitive EIS sensor consisting of aii gxSii
SiO, structuremodified with a weak polyelectrolyte layer of PAH hasccessfully been
applied for labefree electrical detection dNA immobilization and hybridization. The
LbL techniquewas used for the electrostatic adsorption of positively chaf@ath
macromolecules on the negatively charged.3&yer aswell as for an easy and fast
immobilization of negatively charggatobe ssDNA molecules onto the positively charged
PAH layer.The surbce morphology of the PAH layer was studied by ARMd contact
angle measurements; the EIS sensors whyetrochemically characterized in the same
measuremengolution (ImM or 10mM NaCl, pH5.45) after eaclsurfacemadification
process (PAHadsorption, probe ssDNi#nmobilization, hybridization with cDNA, BSA
blocking,unspecific adsorption of ncDNA) by means ¢\G andConCap method. Large
potential shifts of 97 and 34V havebeen observed after LbL immobilization of probe
ssDNA ontothe paitively charged PAH layer and subsequent hybridizatiith cDNA,
respectively. The density of probe ssDNand dsDNA molecules, estimated using the
experimentallydetermined DNAmmobilization and hybridization signal®gether with
a simplified doubldayer capacitor model, weré x 10" cDNA/cn? and 2.1x 10%
dsDNA/cn?, respectively.The hybridization efficiency estimated using the measured
immobilization and hybridization signals is 35%. The advantafjghe adsorptive
immobilization technique is thaboth the probe ssDNA as well as dsDNA (after
hybridization) moleculepreferentially lie flat near to the EIS surface with molecular
charges positioned within the Debye length from the gatéace, resulting in a higher
sensor signal. The hybridizatieignal increases from 34 to 48/ with decreasing the
ionic strength of the solution from 10 tondM NacCl. At the samé&me, a small potential
shift of 4mV was recorded in the case wofispecific adsorption of fully mismatched
ncDNA. This demonstrates thability of capacitive EIS sensors to distinguisttween
complementary and mismatched DNA sequences.r@sdts of fieldeffect experiments
were supported bffuorescence measurements serving as a reference metrerifyahe
DNA immobilization and hybridization event.

The obtained results underline the potential of the capadidl$eas a promising
transducer platform for labdétee electricabletection of DNA molecules by their intrinsic
molecular chargd-uture work will be diected to study the lower detection lirag well as
to realize an array of capacitive EIS sensors diffarentiatmode setup for the accurate
detection of singlaucleotidepolymorphisms.
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5.5 SUPPORTING INFORMATION

5.5.1 Contact-angle measurements

The wettability of the sensor surface before and after the cleaning step with piranha
solution and after deposition of the PAH layer has been studied by water corghet
measurements. The determination of the contact angle was done by the sessile drop
technique using a contaahgle goniometer OCA 15 (Data Physics Instruments, Germany)
and deionized water as probe liqgukigure 5.7 depicts results fowater droplet (L)
contactangle measurements. Piranha solution is well known as strong oxidation agent and
is used to hydroxylate Sgurfaces. Due to the hydroxylation process, most of organic
contamination can be removed and the surface becomes highly hydrophilic, which results
in a decrease of the contact angle from 89° to less than 10°. The contact angle increases to
34° after the RH adsorption that can be explained by assuming that thgrOtps of the
SiO; surface are covered by PAH molecules, which exhibit cationic amino groups.

a) 0=89° b) 89 0 6=3

1mm | 1. mm

Figure 5.7: Results of water contact-angle measurements before (a) and after the
cleaning step with piranha solution (b) and after PAH adsorption (c).

5.5.2 Sensor drift?

We reported that thelrift was evaluated over a time period of seven days
(Chapter 5.3.1) andi in order to reducdrift influenceonto the sensor signélthe EIS
sensors were conditioned in the measurement solution for 12 h.

The drift has also been evaluated before abrditioning phase. Here, fluctuat®on
betweenl-2 mV/h up to 20 mV/h were registede Only chips witha maximumdrift of
approximately 2 mV/h were used f@ectrochemicatxperimentsvith DNA. Sensors with
a higher drift after the conditioning phase weogfurtherusedfor measurementfeasons
for sensor drift have beanainly and morenvestigated for ISFET than for EIS sensors
but they are valid for both types of fietdfectdevices

Importantfactors for drift are referenceelectrodepotentialchangesleakagecurrent
induced polarization, temperatuwreor insulator changes and changssthe insulator
electrolyteinterface[1i 3]. Moreover, obvious factoréike changes in theH value and
ion concentration of thelectrolyte solution as well as the drain current relgean impact
on thesignaldrift [4]. Other groups report effects of electfield-enhanced ion migration
within the gate insulato[5] or electrorinduced creation othargesnside the insulator

! Content ofChapter 5.5.2is not part of the previously presented publication.
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films [6], and other surface effecf7,8]. One explanation for the signal drift affected by
surface effects is given by the dispersive transport the@sentedy Jamasb et aJ9]:
Hydration at the electrolytinsulator interface leado a change of chemical composition
of the oxide. By this, the dielectric constaaintinuously variesiesulting in a change of
insulator capacitance

5.5.3 Declaration of scientific novelty

Parts of this publidéon are alreadpresentedh the authors masterh e si s A ENnt wi ¢ k|
eines miniaturisierten Sensorchips fur eirgéteren Einsatz zum markierungsfreien
NachweisvorT u b e r k(U0.8. 8rengl@yUniversity of Hannover, Germang013) This
part declares the scientific novelty of the presented publication and estplairesults and
conter beyond the range of the master thesis

A The main goal of the master thesis was to develop amgpare differat surface
modification protocols that allothe electrochemical detection of target DNA with
EIS sensors. Later on, based on the comparison of the different devaiofmed|s
one procedure should be chosehich fulfills the deged requirement$or field-
effectbased electrochemical DNA detecti@escribed in introduction chapte)
the bestind should be optimizeth this contextduring the master thesis, thasic
protocol of DNA immobilization ont®®AH-modified EISsensors washosenand
firstly developed

A By further research after the master thetie protoca have beemptimized and
the signal height forcDNA-hybridization detectioncould be improved.
Furthermore, the differentiation between cDNghd ncDNA incubatiotry means
of the observed signal heigtduld be realizetdy using a blocking step with BSA.
The discrimination between cDNA and ncDNA is the essentialféature of a
DNA-sensing devicewhich giveghe ability of selectivity All of theseresuls have
been presented in the shown publication, but not in the master Begiths with
identical content in the master thesis and in the publication are~anlye 5.4 1
the general detection of DNA, anigure 5.6 7 the fluorescenceeference
experiment

A In addition, besides the fluorescence experimetusiactangle measurements
were performed assecond reference method for theface functionalization.

All new findings are very essential for the development DN&\-detection protocol
which can le used later for the identification of bacteffdne importance of thesgew
contens reasonghe presentation in a scientific publication.

91



REFERENCES

[1] C.G.Jakobson, M. Feinsod, Y. Nemirovskgw frequency noise and drift in ion
sensitive fieldeffect transistorsSens. Actuators B 68 (2000) 1349.

[2] J. Chiang, S. Jan, J. Chou, Y. Ch&tudy on the temperature effect, hysteresis
and drift of pHISFET devices based on amorphous tungsten o3ees.
Actuators B 76 (2001) 62428.

[3] J. Chou, C. Hsia Drift behavior of ISFETs with-&i : H-SiO, gate insulator
Mater Chem Phys 63 (2000) 277 3.

[4] P.Hein, P. EggeDrift behaviour of ISFETs with $4-SiO, gate insulatoy Sens.
Actuators B 1314 (1993) 655656.

[5] M. Esashi, T. Matsuotntegrated micro miti ion sensor using field effect of
semiconductqrlEEE Trans. Biomed. Eng. 25 (1978) 1292.

[6] L. Bousse, P. Bergvel@:he role of buried OH sites in the response mechanism
of inorganicgate pHsensitive ISFETsSens. Actuators 6 (1984)i658.

[7] K.M.ChangK.Y. Chao, H.Y. Hsu, M.C. Huanglltra-low drift voltage by using
gate voltage control in oxideased gate ISFETECS Trans 6 (2008) 129.

[8] D. Kwon, B. Cho, C. Kim, B. SohrEffects of heat treatment on 3 sensing
membrane for low drift and high serngity pH-ISFET, Sens. Actuators B 34
(1996) 441445.

[9] S. Jamasb, S. Collins, R.L. Smithh:physicallybased model for drift in ADs-
gat e p H,9h Bt Eoif.dSslieState Sensors and Actuators (Transducers
097), ChuUsa asd®June,(1997) IrBi 1382.

92



6  Surface regeneration and reusability
of label-free DNA biosensors based on
weak polyelectrolytemodified

capacitive field-effect structures

Biosensors and Bioelectronit26(2019)
510/517

Thomas S. Bronder Arshak Poghossian, Max Bessing, Michael Keusgen, Michael
J. Schoning

Submitted: 20.09.2018

Accepted: 13.11.2018
Published: 01.02.2019

93



ABSTRACT

The reusability of capacitive fieldffect electrolytansulatorsemiconductor (EIS)
sensors modified with a cationic wegblyelectrolyte (poly(allylamine hydrochloride)
(PAH)) for the labefree electrical detection of singtranded DNA (ssDNA), isolutiorn
and onchip-hybridized doublestranded DNA (dsDNA) has been studied. It has been
demonstrated that via simply regesi#on of the gate surface of the EIS sensor by means
of an electrostatic adsorption of a new PAH layer, the same biosensor can be reused for at
least five DNAdetection measurements. Because of the reversal of the charge sign of the
outermost layer afteeach surface modification with the cationic PAH or negatively
charged DNA molecules, the Elosensor signal exhibits a zigzbke behavior. The
amplitude of the signal changes has a tendency to decrease with increasing number of
macromolecular layers.hE direction of the EFSignal shifts can serve as an indicator for
a successful DNAmmobilization or -hybridization process. In addition, we observed that
the EISsignal changes induced by each sudanification step (PAH adsorption,
immobilization d ssDNA or dsDNA molecules and -ahip hybridization of
complementary target cDNA) is decreased with increasing the ionic strength of the
measurement solution, due to the more efficient macromolecular ebaegning by
counterions. The results of fiekffect experiments were supported by fluorescence
intensity measurements of the PAldr DNA-modified EIS surface using various
fluorescence dyes.

KEYWORDS

DNA biosensor, labelree, fieldeffect sensor, reusability, weak polyelectrolyte, charge
screening
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6.1 INTRODUCTION

Deoxyribonucleic acid (DNA) sensors have been widely recognized as a powerful tool
in many fields of application such as molecular diagnostics, forensics, parental testing, drug
industry, food safety, identification of pathogens, envirental monitoring of biological
warfare and bioterrorism agents, €tti 3]. Among different transducers suggested for
labelfree DNA detection, an electrolygated fieldeffect device (FED) based on an
electrolyteinsulatorsemiconductor (EIS) system in@of the most popular and attractive
platforms[41 7]. FEDs offer a lot of advantages, like small sizes, the possibility of real
time measurements, fast response and J{stg&e production at low cost by using of
advanced nanand microfabrication technajies, thus providing new opportunities for a
next generation of labdiee DNA chips with direct electronic readout.

FEDs are surface chargensitive devices and have been widely applied for the
detection of various analytes in liquids, including changedromolecules such as DNA
or polyelectrolytes (see e.d8i 15]). Most of FEDbased DNA biosensors reported in
literature rely on DNAhybridization detection (see e.§{L6i 19]), although detection of
other DNArecognition events, like singleucleotide polymorphisms[20, 21] DNA
extension[22] and sequencing23], DNA amplification by polymerase chain reaction
(PCR)[24i 26], by-products (protons, pyrophosphates) of the nucleotide base incorporation
reaction[27, 28] have also been proposed. In Diigbridization reaction, the probe
singlestranded DNA (ssDNA) molecules of known sequence bind specifically to their
complementary singtstranded target DNA (cDNA) and forming a doubteanded DNA
(dsDNA). Typically, capturgorobe ssDNA molecules are immabéd onto the gate
surface of the FED chip and the target cONA molecules are either detected-tijmeeal
monitoring the FED response directly during the hybridization process or by comparing
the biosensor signal before and after hybridization. FEDs d@&& molecules
electrostatically by their intrinsic negative molecular charge that arises from the phosphate
backbones. The adsorption/ binding of charged DNA to the gate surface of the FED
modulates the spaamarge distribution in the semiconductor, tésg in a change of the
output signal of the FEIMT 6]. Generally, due to the screening of the DNA molecular
charge by counterions in the solution, the effectivity of an electrostatic coupling between
the charged DNA and the FED and therefore,rifagnitude of the DNAybridization
signal is significantly affected by the Debye length or ionic strength of the electrolyte
solution, by the distance between the gate surface and molecular charge and by the
orientation of DNA macromolecules to the gatefate [291 33]. Thus, among others the
gate surfacenodification/functionalization and DNAnmobilization technique have a
significant impact on the FED signal generated by the DiNAridization. As a
consequence, in addition to recording the DNridizaion signal in a low ioniestrength
solution, the immobilization of DNA molecules flat to the FED surface with molecular
charge lying within the Debye length from the gate surface represents a crucial factor to
enhance the sensitivity of the FED to the Dil#arge[34]. One approach to achieve flat
orientation of DNA molecules on the surfaces is the Hoyelayer (LbL) electrostatic
adsorption of a cationic polyelectrolyte/DNA bilay85], which has also been used for
designing FEEbased DNA biosensors. Fexample, polyL-lysinemodified ionsensitive
field-effect transistors and EIS sensors were utilized for the detection of ss@ndA

95



dsDNA-immobilization, DNAhybridization procesf84, 36, 37]as well as for monitoring
PCRamplified dsDNA[38, 39]

Recettly, in our group, the feasibility for the labfeke electrical detection of DNA with
two kinds of FEDs, the capacitive EIS sensor and mspitt lightaddressable
potentiometric sensor (LAPS), which were modified with a positivédigrged weak
polyelectplyte of poly(allylamine hydrochloride) (PAH), has been demonstidt@idi3].

The capacitive EISand LAPS devices modified with a PAH layer demonstrate high DNA
hybridization signals (several tens of mVs) and low detection limits (aboi®.8:IM
cDNA). Moreover, PAHmodified EIS sensors were applied for the detection of PCR
amplified tuberculosis DNA fragments and could be applied for a quick verification of the
DNA amplification and successful PCR procgb$ 45]

DNA biosensors are often designed &pdsables for a singlegse measurement. To
make DNA biosensors reusable, the complex surface/interface architecture should be
regenerated after it has been used. This is often realized by removing DNA molecules
together with underlying linkers or molecultayers from the sensor's surface and
modification of the surface for DNA coupling again, which is a complicated and time
consuming process in many cases (see e.g., a review on common techniques of biosensor
regeneration46)). In the present work, the saibility of a multiple surface regeneration
and reusability of PAHNodified EIS sensors for the laHete electrostatic detection of i)
ssDNA, ii) in-solution hybridized dsDNA, and iii) echip hybridization of complementary
target cDNA with immobilizeghrobe ssDNA is investigated. In additidheimpact of the
ionic strength and charge screening on the EIS sensor signal has been examined.
Fluorescencenicroscopy measurements by using fluorescence dyes of FITC (fluorescein
isothiocyanate), FAM (carboxyfbrescein) and SG (SybrGreen |) have been performed to
validate the results of fieldffect experiments.

6.2 MATERIALS AND METHODS

6.2.1 Materials and solutions

Polyelectrolyte solutions were prepared by solving PAH (Mw: 100.000.000g/mol,
from ABCR, Germany) or FITdabeled PAH (PAHFITC, monomer ratio 50:1
(PAH:FITC), Sigma Aldrich, Germany) in 1@60M NaCl to a concentration of S0M,
followed by adjusting the pH value to @# with NaOH. At this pH value, the weak
polyelectrolyte PAH is positivelgharged, since the isoelectric point of PAH is at19
[47].

All synthetic DNA oligonucleotides used in this study were purchased from Biomers

(Ulm, Germany):Probe ssDNA and FAMabeled ssDNA(ssDNA-FAM) (52-me r ; 5 Nj
TGGAT-CGCTGTGTAA-GGACA-CGTCGGCGTGGTCGT-CTGCT-GGGTT-
GATCT-GG-3 Nj) ; compl ement ar y -labeked cPblA (cONBAAM) a n d

(72mer , -ACCHCHCGTAA-CCGTGATTGT-CCAGA-TCAAC-CCAGCGAGACG-

FAN

ACCAC-GCCGACGTGT-CCTTA-CACAG-CGATC-CA-3 N;j, the compl ementar

underlined). Probe DNA&olutions wer@repared by dilution of SSDNA or SSDNAAM in

deionized (DI) water to a final concentrationc®™M. For t he preparati on

solutions (alsos M) , ¢ DN A-FAM were @iltéd in 1XBS (phosphate buffered
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saline, pH7.0) adjusted to 0.68! NaCl. The dsDNA solution was prepared via mixing

equal volumesof 5 M probe ssBNAangdt 5ScDNA solutions.
surface modification, the dsDNA solution was heated up t&COm a water bath and

slowly cooled down to room temperature.

The SG solution has been prepared by 1:1000 dilution of SG stock solution (Sigma
Aldrich, Germany) in DI water. The 450m t h i c¢ k-dogedjSi bubstratas with a
crystallographic orientation @l000and a specific electrical resistivity of 10q ¢ m eve r
obtained from SiMat (Silicon Materials, Germany).

6.2.2 EIS-chip fabrication and sensorsurface modification

The capacitive EIS sensor is the simplest electrajgted FED. In contrast to other
types of FEDs, like iorsensitive fieldeffect transistors or Sianowire transistors,
capacitive EIS sensors have a simple structure and can be easily fabricated without any
photolithographic process steps. The fabrication of thesEisor chips used in this work
is described in previous literatu#0, 41, 45] Thesquareshaped sensor chips (with sizes
of 1cm x 1cm) consist of an AlASBI/SIO; structure. The higlguality thermally grown
SiO, film (thickness: 30hmi 50 nm) served as gate insulator. After preparationcttigs
were cleaned ultrasonically in a satweascade of acetone, isopropidohol, ethanol and
DI water, each 3nin. After drying the chipsvith N, they were mounted into a custom
made measurement chamlaerd sealed with an-@ing (inner diameter: &m) so that a
remainingarea of approximatels0 mm? of SiQ, surface can get in contact withe
solution.

For the surface modification, the biosensor chips were successixgbsed to the
PAH- or particular DNA solution for a time required fine PAH adsorption, ssDNAand
dsDNA immobilization or orchip hybridizationof target cDNA, respectively. The SiO
gate surface of thEIS chip, which is negatively charged in solutions with>ppBH;c of
~ 2i 2.5 (pzc:Point of zero chargel48, 49] was modified with positivelgharged PAH
macromolecules bysing the welknown layerby-layer techniqué50]. For this, 10G L
of50e M PAH sol uti on wa surface gmeinctibated fooabdutththt he chi p
according to the experimentatotocol described i1]. The PAHmodfied EIS chips
were used for the labélee electrostatic detection of ssDNA ainesolutionhybridized
dsDNA molecules as well as -@hip hybridizationof cDNA with immobilized probe
ssDNA (igure 6.1).

For the electrostatic immobilization of negatively charged ssDNAnesolution
hybridized dsDNA molecules, 1@0L o f p r eds dsDNAssdubioA was applied
onto the ElSsensor surface modified thithe positively charged PAH molecules and
incubated for 1%nin. For the orchip DNA hybridization, the PAH/ssDNfnodified
sensor surface was exposed to 800 &fM T omp | e me nt asolytiontfar get c DI
40 min. To study the possibility of multiple surface regeneration and the reusability of
the EIS sensors for the DNA detection, the above described procedures were repeated until
the desired number of multilayers was achieved (in this work, five layers of PAH/SSDNA,
PAH/dsDNA or PAH/ssDNACDNA,; note that the term ssDNADNA is specified in this
work to onchip-hybridized dsDNA in order to distinguish from-solutionhybridized
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dsDNA). After each surface modificatigiimmobilizatiorr and hybridization step, the chip
surface was washed with33 mM PBS solution (pH.0, ionic strength: nM).

measurement reference electrode
solution measurement

A chamber
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Figure 6.1: Cross section of the measurement chamber with an EIS-sensor chip and
reference electrode connected to the impedance analyzer for electrochemical
characterization. The PAH-modified EIS chips were used for the label-free electrostatic
detection of ssDNA (a), in-solution hybridized dsDNA molecules (b) and on-chip
hybridization of cDNA with immobilized probe ssDNA (c), respectively.

6.2.3 Electrochemical measurements

The EISsensor chips have been characterized electrochemically with censtant
capacitance (ConCap) method in atglectrode arrangement using a Zennium impedance
analyzer (Zahner Elektrik, GermanyAn Ag/AgCl reference electrode (Metrohm,
Germany) filled with 3 KCI was placed into the measurement buffer and connected to
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the impedance analyzer. The aluminum +&de contact of the EIS chip was also
connected to the impedance analyzer to close the electrical circuit. For measurements of
the sensor response in a dynamic ConCap mode before and aftsudhige modification

steps, the capacitance value at/near the inflection point in the depletion region of the
capacitance/oltage curve was set constdbi], while the resulting DC (directucrent)
voltage, which is required to keep the defined capacitance, was recorded. All ConCap
measurements were performed by applying a small superimposed AC voltage (20 mV) with
a frequency of 120 Hz. The measurement chamber with the installed sensandhip
reference electrode was filled with the respective solution and placed in a dark Faraday
cage to prevent signaiterfering influences from the environment. The pH value of all
solutions used in this study was checked before and after each measwsingpiat pH

meter (Mettler Toledo, Germany) with a doublere pHglass electrode (Hamilton,
Switzerland).

6.2.4 Optical measurements with fluorescence microscopy

Fluorescence images of the modified biosensor surfaces were taken using an Axio
Imager A1m microsqee, equipped with a fluorescenitier set (both from Carl Zeiss AG,
Germany). The filter set consists of an excitation besk filter (455495nm), a dichroic
beam splitter (50@m) and an emission bapaéss filter (505%55nm). Fluorescence
experimens with three kinds of fluorescence dyes (SG, FITC and FAM) were carried out.
These dyes were chosen becedusandt heeghjrs smaxi nfu
wavel engtdhd498n ng, & =b2dn m; F bk F €95n m,em =ab25nm and
F AM:x=897n m,.m=b25nm [52, 53]) fit well to the fluorescenditer set of the
microscope used in this experiment. The similarity of the excitattom emission
efficiency of the three dyes is beneficial for the data processinganthlization.

For taking fluorescence images from the surface of EIS sensors modified with the in
solutior or on-chip hybridizeddsDNA molecules, they were stained with SG dye. For this,
chips were exposed to SG solution forrih, washed with 0.381M PBS buffer (pH 7.0)
and dried with Mgas. In case of fluorescence measurements of the chip surfaces modified
with PAH-FITC and ssDNAFAM no additional treatment (fluorescence staining) was
needed because these molecules were already labeled with tbelgmafitiorescence dye.

For fluorescence quantification, the respective fluorescence intensity has been
determined by the weighted summation of the brightness values from the histogram of the
image [54, 55]. The histogram data were achieved using Imagi&iarsoftware.

6.3 RESULTS AND DISCUSSION
6.3.1 Surface regeneration and reusability of PAHmodified EIS sensors for DNA
detection

In previous experiments, we demonstrated the feasibility of-Riiified EIS sensors
for the detection of ohip- and insolution DNA hybridization as well as P&knplified
DNA fragments [40, 41, 45]. These were disposable sensors for single measurements. In
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this work, we studied the possibility of a repeated surface regeneration and the reusability
of the PAHmodified EIS sensors for multiple DNéetection measurements.

At first, the capacitaneeoltage curves of bare (unmodified) EIS sensors were recorded
in order to check the correct functioning of the chips. Only chips with a (expected)
sigmoidatlike shaped curvéave been used for further experiments. From the obtained
capacitance/oltage signals the working point (i.e., a constagacitance value) for
subsequent ConCap measurements were chosen.

The ConCap results of reusability experiments are shoviigure 6.2, where three
PAH-modified EIS sensors (in total nine EIS sensors wested) were used for multiple
(five times) detection of ssSDNAF{gure 6.2a), in-solution hybridized dsDNAKRigure
6.2b) and onchip hybridization oEomplementary target cDNA with an immobilized probe
ssDNA (Figure 6.2c). The ConCap signals Figure 6.2a-c were recorded in a low ionic
strength buffer solution (0.38M PBS, pH7.0, ionic strength: 1M) before and after each
surfacemodification step. After the first successful detection of DNA immobilization or
hybridization by he PAHmodified EIS sensors, the surface of all sensors was regenerated
by means of simple layday-layer adsorption of a second PAH layer on the immobilized
SSDNA:, dsDNA- or onchip-hybridized ssDNACDNA layer. Now, the EIS sensors with
a positively chaged outermost PAH layer are ready for the next electrical {dBt&ction
measurement. These procedures were repeated five times, demonstrating that via the simple
surface regeneration with PAH, the same sensor could be reused for at least five DNA
detectiormeasurements without removal of the underlying layers, which benefits in terms
of saving time, effort and costs. The total number of deposited macromolecular layers in
experiments shown iRigure 6.2a, Figure 6.2b andFigure 6.2c was 10, 10 and 15 layers,
respectively.

From Figure 6.2a-c, it can be clearly recognized that the susies
adsorption/immobilization of oppositely charged PAH/ssDNAAH/dsDNA and
PAH/ssDNACDNA layers results in alternate shifting of the ConCap signal. The directions
of these signal changes are dependent on the charge sign of the terminating majezular |
The adsorption of cationic PAH macromolecules shifts the ConCap signal in the direction
of more negative voltages. This is due to the feedback control in the ConCap mode, which
requires the application of a more negative voltage on the gate for usatjpa of the
positive charge of the PAH molecules and for keeping the EIS capacitance at a constant
value. On the contrary, the immobilization of the negatively charged ssDNA, dsDNA and
hybridization of cDNA with a probe ssDNA results in a shift of tr@Cap response to
the direction of less negative gate voltages. Thus, the direction of Caitfeh shift can
serve as an indicator for the verification of successful immobilization or hybridization of
DNA moleculesFigure 6.2d exemplarily depicts the ConCeggnal changes as a function
of the macromolecular layer number evaluated frieigure 6.2c for the EIS sensor
modified with five (PAH/ssDNACDNA)s layers. The positively charged PAH layer may
attract negatively charged target cDNA molecules and increase their local concentration
near the EIS surface as well as may reduce the@deatic repulsion between probe ssDNA
and target cDNA and thus, accelerate the hybridization process even in |owtrenigth
solutions. Because of the reversal of the charge sign of the outermost layer after each
surface modification with the positivel charged PAH layer and subsequent
immobilization/hybridization of negatively charged DNA molecules, the signal changes
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exhibit a zigzagike behavior. Moreover, the amplitude of the signal changes tends to
reduce with an increase of the number of macremwériayers. For example, signal shifts
of 117mV, 36 mV and22 mV recorded after the first modification with PAH ssDNA1
andcDNA-1, respectively, decrease tori/, 10mV and 3mV after thdifth modification
with PAH-5, ssDNAS and cDNAS layers. Similabehavior was observed in the case of
reusability experiments with ElSensors for multiple detections of ssDNA and dsDNA
shown inFigure 6.2a and Figure 6.2b, respectively. These results are consistent with
previous experimentsn monitoring of layeby-layer formation of oppositelgharged
polyelectrolyte multilayersfoPAH/PSS (poly(sodium-4tyrenesulfonate)) using silicon
thin-film resistors[56, 57]andcapacitive fieldeffect sensor§s1]. On the othehand, no
signal reducing with increasing the layer number was obséoved EIS sensor modified
with poly-L-lysine/DNA multilayer inother studie$36, 38]that could be probablgue to,

for instance, a highly porous multilayer structure.
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Figure 6.2: ConCap curves of EIS sensors modified with PAH/ssDNA (a),
PAH/dsDNA (b), PAH/ssDNA-cDNA (c) multilayers and signal changes
as a function of layer number (d), evaluated from (c).

To explain gatesurface potential changes of capacitive EIS sensors indigdalyer
by-layer adsorption of polyelectrolytes, a theoretical electrostatic model has been
developed irf51]. This model takes into account the ionic strength of the solution and the
screening of macromolecular charge by the counterions as well dsttred between the
charge of the terminating polyelectrolyte layer and the sensor surface. Although this model
was developed for EIS sensors modified with a multilayer of oppositely charged PAH/PSS,
it can also be applied to qualitatively explain the aignehavior of the EIS sensor modified

101



with the multilayer of the PAH/DNA system. The model predicts the decreasing of signal
changes upon subsequent adsorption of oppositely charged polyelectrolytes as the ionic
strength of the solution increased, becawdea more efficient screening of the
polyelectrolyte charge (the experimental results related to this issue are presented in
Subsection6.3.2 Influence of ionic strength on the sensor siyriethe model also predicts
reducing of the electrostatic interaction between the charged polyelectmudiytbeaEIS

gate surface with increasing the distance between the terminating molecular layer and the
gate surface. Thus, the signal changes generated due to the PAH adsorption or DNA
immobilization/hybridization will reduce with the rise of the layer numéned thickness

of PAH/DNA multilayer that in fact, has been monitored in our experiments.

6.3.2 Influence of ionic strength on the sensor signal

The charge distribution in the immediate vicinity of the gate surface plays a critical role
in transferring the molecular chargeduced signal to the EIS device. EIS sensors are
known as chargeensitive device§s8, 59} they are able to detect charge changes that
happen directly at the gate sur p)dreretheor wi t hi
surface. Therefore, the Debgereening length is obviously one of the important factors,
which may significantly affect the working characteristics (ougpghal change,
sensitivity, detection limit, etc.) of FEDs for the detection of adsorptindithg of charged
macromolecules onto the gate surf§@@, 60, 61] The charge of the macromolecules is
screened by the dissolved small counterions in the solutRmsitively charged
macromolecules such as PAH will be surrounded by anions due to ekgatriostractions,
while negatively charged species such as DNA will be surrounded by cations. As a result
of the chargescreening effect, the electrostatic potential arising from the intrinsic charges
of molecules decays exponentially with distance torlpezero in the bullkelectrolyte
solution. The Debye length is the distance over which the electrostatic potential decreases
by a factor of e (~2.7). It is inversely proportional to the ionic strength of the electrolyte
solution and for aqueous solutiolssgiven byEq. 6.1 [29, 62]:

_ m Eg. 6.1

wherrésUthe dielectric constoanthe vaciumt he el e
permittivity, ks is the Boltzmann constant, T is the temperature, z is the valency of the ions
in the electrolyte, g is the elementary charge, aigthe ionic strength of the eleolyte,
which for a 1:1 monovalent salt can be replaced by the ion concentration. For a monovalent
electrolyte at 28C, the Debye length can be simply determined fim6.2:

T TTT, .

_ Q& G oF3 Eq. 6.2

To find out an influence of the ionic strength, the Con€igpal changes induced by
each surfacenodification step (i.e., after PABdsorption, immobilization of ssDNAnd
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dsDNA molecules and after ahip hybridization of cDNA) were recorded in PBS
solutions (pH7.0) with different ionic strength of M, 5mM, 10mM and 20mM (the
corresponding Debye lengths amount approximatelyn®64.3nm, 3nm and 2.2im,
respectively). The results of these experiments are depickglire 6.3.
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Figure 6.3: ConCap signal of two EIS biosensors recorded in 0.066 mM, 0.33 mM,
0.66 mM and 1.32 mM PBS solutions (pH 7.0) with different ionic strength of 1 mM, 5 mM,
10 mM and 20 mM, respectively. a) Sensor-1: before and after PAH adsorption,
immobilization of probe ssDNA and on-chip hybridization of target cDNA molecules;

b) Sensor-2: before and after PAH adsorption and dsDNA immobilization.

The ConCassignal changes after each modification step evaluatedFiguamne 6.3 are
summarized irmable 6.1. As expected, with increasinge ionic strength of the solution,
the amplitude of signal shifts after each modification step is decreased. This is due to the
more efficient screening of the molecular charge of PAH or DNA by counterions in the
solution. For example, the arip cDNAchybridization signal is reduced from 52V
recorded in PBS with ionic strength ofrfM to 33mV measured in PBS with ionic strength
of 20mM.
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Table 6.1: ConCap-signal changes after each surface-modification step recorded in PBS
solutions with different ionic strength.

Sensor signal change / mV
Sensorl Sensor2
on-chip hybridization in-solution hybridization
S tlzennm th :Zibiﬁ After After After After After
g 9 PAH | ssDNA | cDNA PAH dsDNA
/ mM / nm
1 9.6 167 53 52 151 56
5 4.3 138 34 44 115 36
10 3.0 119 30 36 98 33
20 2.2 92 27 33 92 27

6.3.3 Fluorescenceintensity measurements of modified sensor surfaces

To verify the results offield-effect experiments, fluorimetric investigatiomgere
performed by using the fluorescence dyes FITC, Fakid SGFigure 6.4 shows a colored
bar dart representing the normalizederage fluorescence intensities of fluorescence
images taken from thgate surfaces of the EIS sensors after various modification steps (in
total 24 sensor chips were studied). The two orac@ered bars ({12) representhe
fluorescence signals for a SiQate surface modified witiPAH or PAHFITC,
respectively. PAH molecules bind to the sensaorface in both cases, but a strong

fluorescence only occurs for the PAHTC-modified chip because of the presence of the
fluorescence dye.
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Figure 6.4: Bar chart of the normalized average fluorescence intensities of fluorescence
images taken from the gate surfaces of EIS sensors after various modification steps by
using fluorescence dyes of FITC (bar 1, 2), FAM (bar 3, 4) and SG (bar 571 8), respectively.
The fluorescence signals were normalized for each fluorescence dye individually by
setting the highest recorded value to 100%.
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In order toprovean immobilization of ssDNA ootthe PAH layeradditional reference
experiments were carried out utilizing FAlsbeledssDNA molecules. The fluorescence
signals of two chip surfaceshich were modified with PAH/ssDNA and PAH/ssDNA
FAM (blue bars 34), were compared. As expected, anffigant increase ifluorescence
intensity has been detected from the chip surface modifgdPAH/sSDNAFAM. This
experiment confirms the successful electrosiatimobilization of the negativelgharged
probe ssDNAmoleculesonto the PAHmModified SiQ surface.

Finally, the red bars (8) in Figure 6.4 represent the results of fluorescerperiments
in which SG was used as fluorescence dye.tRigrpurpose, two EIS sensors modified
with the insolution (bar 8) or orchip-hybridized dsDNA molecules (bar 6) were
incubated in SG solutiorzor comparison, two other EIS sensors modified with P&H
PAH/ssDNA layers (i.e., without igolution or onchip-hybridized dsDNA)were also
exposed to SG solution. SG dye is known for the stloightness increase upon binding
to dsDNA[52]. As carbe seen, fluorescence intensities of less than 8% (bars 5 and 7) were
detected for EIS sensors modified with PAdt PAH/SSDNA layers, because dsDNA
is present on the sensor surface. In contrast, fluoresograosity of approximately 100%
was observed for the EIS sensoodified with PAH/ssDNA layers and exposed to target
cDNA solution (bar 6). This result indates the successful hybridization of the target
cDNA molecules with the immobilized probe ssDNA and formationlsiPNA. A high
fluorescence intensity of ~100% was also obsewkedn insolutionhybridized dsDNA
molecules were directly immobilizemhto thePAH-modified surface (bar 8). In both cases,
SGhinds to dsDNA molecules, resulting in a strong increase of brighfftass, the results
of fluorescencentensity measurements correlate weith the results obtained by field
effect experiments and vatitk successfullgll surfacemodification steps.

6.4 CONCLUSIONS

In this work, the reusability of PAdrhodified capacitive fieleeffect EIS sensors for the
labelfree electrical detection of ssDNA,-golution and onchip-hybridized dsDNA has
been investigatk For this, the formation of five bilayers of PAH/ssDNA or PAH/dsDNA
as well as five triple layers of PAH/ssDNZDNA onto the EISyate surface was monitored
by means of dynamic ConCap measurements. It has been demonstrated that via simple
regeneration ofhe EISsensor surface by means of adsorption of a new PAH layer, the
same biosensor could be reused for at least five dbl&ction measurements. The
consecutive adsorption of oppositely charged PAH/ssDNRAH/dsDNA and
PAH/ssDNACDNA layers leads to tdrnating shifts of the ConCap signal. The direction
of the EISsignal shifts depends on the charge sign of the outermost molecular layer and
therefore, can be used as an indicator for the verification of successfuhiigbilization
or hybridization proesses.

In addition, an influence of the Debgereening effect (which is considered as one of
the important factors affecting the sensitivity of FEDs to the macromolecular charge) on
the EIS signal has been studied by recording ConCap responses afterraoddication
steps in buffer solutions with different ionic strength. The Cor€igipal changes induced
by each modification step (i.e., PAH adsorption, immobilization of sSDNA or dsDNA
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molecules and oeohip hybridization of cDNA) is increased with deasing the ionic
strength of the solution, due to the less efficient screening of the molecular charge of the
PAH or DNA by counterions. The results of fiedffect measurements were supported by
fluorescencemicroscopy experiments using PAldnd ssDNA maicules labeled with
fluorescence dyes of FITC and FAM, respectively, as well as via staining ofsbkition
and onchip-hybridized dsDNA with SG dye.

It is worth to note, although in this work, a multilayer PAH/DNA system has been
studied, the capadit EIS platform can be extended for the laipek electrical monitoring
of formation of multilayers composed of other oppositely charged cationic/anionic
macromolecular systems as well as charged nanoparticle/molecule inorganic/organic
nanohybrids.
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6.5 SUPPORTING INFORMATION 1

6.5.1 Reaction kinetics

One objective was to find oumthetherthe surfacereaction kineticean be monitored.
Informationabout theeactionkineticscanbe useful for determination of thequired time
for reaching a surfaegaturation statysvhich means thato more molecules can bind to
thesensossurface This time period iyes a good indication on how long thensor surface
must be incubated with threspective solutioto acquirea stable sensor signaVith the
information about the required time period, the modification protocols can be shortened,
and thusan optimizatbn of the entireprocedure for fast and simple DNA detection with
EIS sensorss possibleThe propagationf the measured signehn alsaive an insight on
factors like the binding typer the influence of solution mixindput theseissues havenot
beenfurther investigated in thigesis

First experiments for studying the reaction kinetics were performed in which the
ConCap signalvas monitored in real time during the four surfaoedification steps
Adsorption of PAH, immobilization of ssDNAnmobilization of (irsolutiorthybridized)
dsDNA and (orchip) hybridization of cDNAFigure 6.5 shows the results of the four
measurement&ach cure is divided into a pradding (yellowshaded) and a peatiding
(blue-shaded) part.
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Figure 6.5: Real-time signal propagation during the four surface-modification steps
monitored in ConCap mode: (a) PAH adsorption, (b) ssSDNA immobilization, (c) cDNA
hybridization and (d) dsDNA immobilization. The yellow- and blue-shaded parts indicate
the period before and after adding the respective modification solution.

The ontent ofChapter 6.5is notpart of the previously presented publication.
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The red arrows indicate the moment when the modification solution was added to the
starting solution. All solutions are different for each reackimetic experiment. In order
to avoid misunderstandingable 6.2 overviewsthe compositionandconcentrations of
the preadding, the (added) modificatieras well as the resulting peatidingsolution,
which is a mixture of both previous solutions.

Table 6.2: Volumes, compositions and concentrations of the pre-adding (starting) solution,
modification solution and the post-adding solution (after mixing).

Figure Pre-addingsolution | (Added)modification solution Postadding solution
9 (500 pL) (add 500 pL) (1000 pL)
Figure 100 uM PAH 50 uM PAH
6.5a 100 mM NaCl 100 mM NaCl 100 mM NaCl
Figure 10 uM ssDNA 5 uM ssDNA
6.5b Dl water DI water in DI water
. 10 pM cDNA 5 uM cDNA
Fég;(r:e 0'616;('\Iﬂl'3\'8ac' 0.66 M NaCl 0.66 M NaCl
’ 1x PBS 1x PBS
Figure 5 uM dsDNA 2.5 pM dsDNA
6.54 0.33 M NaCl 0.33 M NaCl 0.33 M NacCl
) 0.5x PBS 0.5x PBS 0.5x PBS

The added modification solution was chosen so that theagoihg mixturehas the
same composition and concentratiorttes used solutiondescribed irChapter 6.2 The
starting solution differs from the added modification solution only in the component which
is necessary for the individual modification process (PAIDNA, dsDNA- or cDNA-
molecules).

Each curve showva significant signal change after addition of modification solution
Noteworthy are the signalhifts before adding the respective analyte compared to the
settled signal at the end of the measurement. A shift of 29igure 6.5a) was measured
during adsorption of PAHwhile a larger signal shift of 55 mV during the immobilization
of ssDNA (Figure 6.5b) was noticeableThe differences in signamplitude change can
be explained by the strength of the charge screenihigh is mainly influenced by the
ionic strength of the solution. While the ssDNA immobilization is carried out in DI water
environmenthatleads to a high signal chanbecause of the absence of counterjidins
adsorption of PAH is performed in 100 mNRCI, thusmore ions screen the adsorbed
molecules andh smaller signal amplitude was recordiitting the adsorption itselA
similar result was observed during the cDNA hybridiza{iBigure 6.5¢c) as well as the
immobilization of dsDNA Figure 6.5d), with signal changes of2 mV and ~9 mV,
respectively. Both reactions occur in high iesteength solutions of 0.68d NaCl and
0.33M NacCl, respectively
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From each curvéa-d) shown inFigure 6.5, the to time was determined at which the
signal reaches 90% of the value in steatite condition. The values aegHax = 58S,
too.ssona = 5688, bocona = 548s and teoaspna = 96S. An interesting observation is the
difference in g time for sSDNA and dsDNABoth surface interactions are based on the
electrostatic attachment of the charged phosphate backbone of the DNA and the positively
charged PHnodified surface but show larger ffierences in & time. A possible
explanation for this relies ithe very lowionic strength of the ssDNA solution: Several
factors (among others, the change of the pH, driven by tha&i@@sion) can influence the
signal propagation and lead tolanger time for settling the signalwhich is clearly
observable irFigure 6.5. Due tothat the time for reaching the steastate condition is
prolongedfor ssDNA

In comparison to thehosertime periods for surface modification, which are &dor
PAH adsorption, @0s for ssDNA immobilization, 2408 for cDNA hybridization and
900s for dsDNA immobilization, possibilities for decreasing the modification tamee
only recommended for the PAH adsorption and the dsDNA immobilization step, because
here, the differencem the time periods are significantly highédonetheless, further
experiments must be performed in order to verify that protocol changes have no negative
influence on th@verallsignal responser the developed biosensor

6.5.2 Reference experiments with florescence microscopy

Figure 6.6 showsa bar chartwith four additional measurement resular 5, 6, 7 and
11) to the data shown in the presented paptis supplementeduorescence intensities
serve agdditionalreferences.
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Figure 6.6: Bar chart of the normalized average fluorescence intensities of fluorescence

images (each n = 3) of EIS-sensor surface after different modification steps and different

fluorescence dyes. The normalization was for each dye individual by setting the highest
recorded value to 100%.
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To avoid repetitions, only the added results are discussed in this chapter. The
experimental data has been achieved using FITC (bar 1, 2), FAMI @eardd SG (bari7
12) fluorescence dye.

In order to verify thesuccessful hybridization reaction with FAM fluorescence dye, an
experiment has been carried out in which PAH/ssBiNddified EIS sensors were
incubated in cDNAand cDNAFAM solution, respectively. The measured fluorescence
values have been shown in barrisl&, respectively. The high fluorescence signal of the
sensor surface incubated in cDNFAM solution indicagsthat the target moleculdgmve
successfully hybridized with the immobilized probe ssDNA (bar 6). As expected, weak
intensity has been observaat the sample with cDNA (bar But without dyepecause of
the absence dhefluorescencagent

The fluorescence intensity of an unmodified sensor, presented in bar 7, is about 1%. The
measurement of such low intensity demonstrates proper measuremditibns in which
the influence of background light has been reduced to a minimum. A subtraction of the
background signal would have no substantial influence on the obtained results.

In order to analyze the selectivity, experiments, in which the PAH/ssbisdified
surface of an EIS sensor was incubated with ncDNA, has been performed. An unexpected
high fluorescence intensity of approximately 23% was measured (bar 11). Even by
subtracting a value ofi30% (from bar 9; representing the offseiue for PAH/SBNA-
modified surfaces without any contact to target DNA), the remaining intensity irglicate
that the ncDNA molecules had some interaction with the modified surfaces. Possibilities
for that could beamongothers some minor nosspecific adsorption of ncDNAo the
sensor surface, sacalled pi-stack events(a noncovalent integration between the
nucleobasesof a DNA [1i 3] between ncDNA and immobilized ssDNA or partial
hybridization of lower amounts of ncDNANonetheless, a fodimes higher fluorescence
sigral has been measured for surfaces, incubated with cDNA compared to those with
ncDNA. These experimental results shtlvat a selectivity between complementary and
non-complementary target DNA is given by the used sensamsher investigations are
plannedto analyze the exact reasons for the signal occurred during ncDNA experiments
with the aim of improving the selectivity.

It might be confusing that the fluorescence intensities of bar 1 or 3 and 5 are significantly
higher than bar 7, although in all ote four measurements, no fluorescence dye should
be present at the sensor surface. The reason for that relies in threomphance of
comparison between measurements with different fluorescence dyes, because of different
absolute fluorescence intensities
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ABSTRACT

Field-effectbased electrolytnsulatorsemiconductor(EIS) sensors were modified
with a bilayer of positively}charged weak polyelectrolyte (poly(allylamine hydrociuey
(PAH)) and probe singistranded DNA (ssDNA) and anesed for the detection of
complementary singtsetranded targddNA (cDNA) in different test solutions. The sensing
mechanism is based on the detection of the intrinsic molechige of target cDN
molecules after the hybridization evdrgtween cDNA and immobilized probe ssDNA.
The test solutions contain synthetic cDNA oligonucleotides (with saquence of
tuberculosis mycobacteria genome) or P&RplifiedDNA (which origins from a template
DNA strandthat has been extracted frdvtycobacterium avium paratuberculosipiked
human sputum samples), respectively. Sensor responses umib #dve been measured
for the testsolutions with DNA, while only small signals @5 mV were detected for
solutionswithout DNA. The lower detection limit ahe EIS sensors w&¥).3nM, and the
sensitivity was D7.2mV/decade. Fluorescence experiments usiggbrGreeri
fluorescence dye support the electrochemical results

KEYWORDS

DNA detection, labefree, tuberculds, biosensor, fielgffect, polyelectrolyte
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7.1 INTRODUCTION

Field-effect sensor chips have been well established as promising tools for detection of
biological/chemical agents or reactions. Besides the probably mostkvesin
representative of a fieldffectbased sensor, the i@ensitive fieldeffect transistor
(ISFET), which was introduced 1970 by Piet Bergveld [1], many other types céffelct
based sensing devices were developed. Examples areadigigssable potentietric
sensors (LAPS) [i27], silicortnanowire sensors (SiNW)1[&2], or capacitive electrolyte
insulatorsemiconductor (EIS) [138] structures.Field-effectbased sensing has the
advantage that in many cases a labeling of either the analyte or thenr@actieer is not
required, which offers benefits in terms of effort, costs, and preparation time.

Field-effectbased chips rely on a sensing mechanism in which charge changes at the
surface of the sensor alter the distribution of charge carriers in the-dparge region,
which can affect certain sensor characteristics. Hence, different reactions, e.g., pH changes
of solutions [1922] (particularly induced by enzymatic reactionsi[2g]), the binding of
(charged) biomolecules, or the interaction of sulzsar27 29] with the sensor surface
influence the surfacehargesituation and therefore can be measured.

The detection of deoxyribonucleic acid (DNA) is of great interest in many application
fields such as medical diagnostics13Q], genomics [33], biolgical warfareissues [34],
etc.; DNA can be detected ladete by its intrinsic molecular charge induced by the
negatively charged phosphate backbone [35, 36]. The sensing mechanism for DNA is often
based on detecting the hybridization event between lzemimglestranded DNA (probe
ssDNA) and a complementary singlizanded target DNA (cDNA) molecule, in which a
DNA doublestrand (dsDNA) is formed. Target template DNA, whose detection is of
interest, is usually required to be amplified by means of palyseechain reaction (PCR)
before its (electrochemical) detection.

Recently, we demonstrated the ability of polyelectroiyidified capacitive EIS
sensors for the lab&lee detection of DNA hybridization as well as dsDNA sensing in
buffer solutions[18, 37] by their intrinsic negative molecular charge. Such EIS sensor
belongs to the simplest fieleffect device and can be fabricated without lithography or
complex encapsulation, which makes it to a preferable choice as #&ffiettl sensing
platform. In these experiments, positively charged weak polyelectrolyte poly(allylamine
hydrochloride) (PAH) was used for sensor modification. Another group has investigated
the possibility of detecting PCBmplified DNA by means of poHc-lysine (PLL)
functionalized fieldeffect sensor$38, 39]. Here, the target DNA was amplified by an
integrated orchip microfluidic thermocycler. This approach might, however, face
difficulties because of the additional thermal influence on the sensor signal. Morbever, t
expected sensor signal might be reduced due to the relatively high ionic strength of the
measurement solution.

In this study, EIS sensors modified with PAH and probe ssDNA using theldgyer
layer technique [18, 4@2] were used to detect target oligolaotide fragments in
different PCRtest solutions: The first test solution (hereafter referred totdial PCR
solution) contains all components required for a PCR reaction including synthetic cDNA.
The second test solution (hereafter referred toeat PCR solutioh contains PCR
amplified template DNA, which has been extracted from pathogenic tuberespileisi
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human sputum samples. As a control, a third test solution without DNA (hereafter referred
to as PCRcomponents solutignhas been used toniestigate the influence of PCR
components onto the sensor signal. The PAH/ssibilified EIS sensors were exposed

to the test solutions while electrochemical investigations including capacitaltage

(CiV) and constantapacitance (ConCap) measurersehve been carried out in
measurement buffer with lewnic strength. Furthermore, measurements with
fluorescence microscopy by using the fluorescence dye SybrGreen | (SG) were performed
to verify the electrochemical results.

7.2 EXPERIMENTAL SECTION

7.2.1 Chip fabrication

The used capacitive El&nsor chips have been fabricated fromia. p-type silicon
wafer (SiMat, Silicon Materials, Kaufering, Germany) with a crystal orientati@hQfX
resistivity of £10q ¢ m, D40@ed thickness. During a dry oxidation process at 1150
for 40min, a 45nm thick SiQ layer has been grown on thengplete wafer surface. Then,
the rear side of the wafer has been chemically etched with 40% HF (Merck, Darmstadt,
Germany) and subsequently coated with ar@9Ghick layer of Al in order to create an
Ohmic contact to the semiconductor material, whichval@an electrical connection for
electrochemical measurements. Afterward, the complete wafer was subdivided into single
10mm x 10mm chips resulting in an Ap-Sii SiO; structure. The separated chips were
cleaned in a fousolvent cascade of acetone, isgpiicalcohol (both from Technic France,
La Plaine Saint Denis, France), ethanol (Merck, Darmstadt, Germany), and deionized (DI)
water, provided by a Millipore Super Q water system (Merck, Darmstadt, Germany). The
chips were cleaned for rBin in each solvenin an ultrasonic bath (Bandelin, Berlin,
Germany).

7.2.2 Chip modification with PAH and immobilization of probe ssDNA

The modification steps of the sensor chip are shown schematicligure 7.1 (left
and right column). The cleaned chips were mounted and fixed into a measurement chamber
made from poly(methyl methacrylate). The chips were sealed by a rubliry ®ith an
inner diameter of 8 mm. The remaig (active) surface area was theref@@5 cnf. In
order to modify the Si®surface with PAH, 106 L od M5RAH (abcr GmbH &
KG, Karlsruhe, Germany) solution (diluted in 1®®1 NacCl, adjusted with NaOH to
pH5.4) was pipetted onto the oxiderface of the mounted EIS chip. After artih
incubation time, the sensor surface was rinsed three times witm@I3phosphate
buffered saline (PBS) solution (pH 7.0, ionic strength of\g), hereafter referred to as
measurement solution.

For DNA immoblization, the PAHmodified surface was exposed to probe ssBNA
immobilization solution, which has been prepared by dilution of lyophilized probe ssDNA
(with a sequence fragment complementary to DNA Micobacterium avium
paratuberculosisin DI water to dinal concentration of 608M. The length and sequences
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of all synthetic DNA oligonucleotides (Eurofins Genomics, Ebersberg, Germany) used in

this work are presented rable 7.1. 100e L of t he ssDNA i mmobili zat
pipetted onto the PAlhodified sensor surface. After an incubation time ofriis at room

temperature, the surface was been rinsed with measurement solution for three times to

remove unbound ssDNA molecules.
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Figure 7.1: Rendered image (middle column, top) of the measurement arrangement. The
sensor surface is shown schematically (left and right column): (1) Unmodified sensor, (2)
after PAH adsorption, (3) after ssDNA immobilization, (4) after cDNA hybridization; + and
i symbols indicate the respective surface charge. The graph (middle column, bottom)
represents the expected (ConCap) sensor signal for the surface states (1-4).

Expected response signal

Table 7.1: Names, lengths, and sequences of the used single-stranded DNA
oligonucleotides.

Name | Length Sequence

probe | o, 5NJGGAT-CGCTGTGTAA-GGACA-CGTCGGCGTG
sSDNA GTCGT-CTGCT-GGGTT-GATCT-GG-3Nj
rget SNACCTC-CGTAA-CCGTGATTGT-CCAGATCAAC-
conaA | 72mer CCAGGAGACG-ACCAC-GCCGACGTGT

CCTTA-CACAG-CGATC-CA-3N;

rper‘l’rf]r:re 20-mer 5NJGGAT-CGCTGTGTAA-GGACA-3N;
fg:;’;’naé? 20-mer 5NACCTC-CGTAA-CCGTGATTGT-3N;
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7.2.3 EIS-sensor exposure to test solutions and electrochemical measurements

The PAH/ssDNAmodified sensorsised in this work were exposed to three different
testsolutions:artificial PCR solution PCRcomponents solutigrandreal PCR solution
The compositions are presentedTiable 7.2. The artificial PCR solutionrepresents a
solution containingomponents after a typical P&Rnplification processncluding high
concentration of complementary target cDNFis solution wasused for evaluation of
hybridizationexperiments, determination of the sensitivity, and the laleéection limit
with the PAH/ssDNAmadified EIS sensord’he PCRcomponents solutiooontains all
required constituentfor PCR amplification but without prier, deoxynucleotide
triphosphates (dNTPs), and DNA. It was used to deterthebackground signal. Theal
PCR solutiorwas prepared bgiluting the respective componeni&ble 7.2) in DI water
andperforming a PCR (initial denaturation at 9@ for 2min; 40cycles: 94°C for 15s,

56 °C for 30s, and 68C for 45s; finalelongation at 68C for 5min). The template DNA
was extracted andsolated from human saliva sample, which heeen spiked with
Mycobacterium avium paratuberculosighis solution was used to study the capability of
detection ofamplified DNA fragments (amplicons) with the PAH/ssDNénsors.

Table 7.2: Composition of test solutions.?

Name Components

A 1x OneTaq standard reaction buffer (New England Biolabs GmbH,
Frankfurt am Main, Germany); composition: 20/
Tris(tris(hydroxymethyBaminomethane)HCl, 22mM KCI, 22mM
NH.CI, 1.8mM MgCl,, 0.06% IGEPAL CA630 (polyethylene
glycoloctylphenol ether), 0.05% Tween 20 (polyoxyethylene (20) sorbiti

artificial PCR
solution _ monolaurate) _
A 10.42mkat (0.629J) Taq polymerase (New England BiblaGmbH,
Frankfurt am Main, Germany)
A 0.04% bovine serum albumin (BSA, Sigildrich, Taufkirchen,
Germany)
A 600nM target cDNA
PCR A 1x OneTaq standard reaction buffer
components| A 10.42 mkat Taq polymerase
solution A 0.04% BSA
A 1x OneTaq standard reaction buffer
A 10.42 mkat Taq polymerase
real PCR A 0.04% BSA .
solution A 300 nM reverse primer DNA
(composition A 300 nM forward primer DNA _ _
before A200 €M dNTPs solution (egquimol ar

deoxycytidine, deoxyguanosing and deoxythymidingriphosphate, each
50e M)

20% extracted and isolated template DNA from human saliva sample,
which was spiked wittMycobacterium avium paratuberculosis

amplification)

b

1 DI water was used as solvent
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100¢L of the respective test solution was pipetted onto sbesos surfaces and
incubated for 4@nin. Afterward, thesurfaces were rinsed three times with measurement
solution.

The EIS-sensor chips were electrochemically characterafezt each modification or
incubation step. For characterizatiothe chamber hadeen filled with ImL of
measurement solutian which a doublgunction Ag/AgCI reference electrode (filledth
3 M KCI, Metrohm, Filderstadt, Germany) is immers@tie reference electrode and the
rearside contact of the El&hip are connected to a Zéam electrochemical workstation
(Zahner Elektrik, Kronach, Germany). The electrochentbalracterization includes the
recording of leakage current (lapplied voltage from 3 to +3V, sweeping rate of
100mV/s), CiV characteristics1(3 to +3V, steps of 00mV), and measurements in
ConCap mode, where the capacitance ok#resor system is kept constant by applying a
feedback sigiinverted voltage. CV- and ConCap measurements wpegformed with a
superimposed 126z voltage with 20nV (peakto-peak) amptude. All electrochemical
characterizatiorexperiments have been done in a Faradaic cage at teoperature.
Details for operation of th€onCapmeasuringnode are described elsewhpt8, 44] The
mounted sensor chipith measurement chamber as wadl the exemplarily expected
ConCapsensor signal before and after each modification atepshown inFigure 7.1
(middle column).

The pH values of masarement solutions inside tneeasurement chamber have been
additionally controlled witha MPC227 pH Meter (Mettlefoledo, Giel3en, Germany)
before and after each electrochemical experiment.

7.2.4 Fluorescence staining

The SGworking solution has been prepared by 1:1000 dilutioB®fstock solution
(obtained from Sigmdldrich, Taufkirchen, Germany) with DI water. The fluorescence
staining was carried out by pipetting 1@ Sé&sfworking solution onto the ElSensor
surface.After 40min of incubation time, the unbound SG molecules were removed by
rinsing the sensor surface with measurement solution three times and dried with nitrogen
gas. The fluorescence images of the dried surfaces have been taken with an Axio Imager
Alm fluorescence microscope (Zeiss, Jena, Germany).

7.3 RESULTS AND DISCUSSION

7.3.1 Electrical detection of DNA immobilization and hybridization with capacitive
EIS sensors

The leakage current of all used sensor chips was measured to verify thgu&igy.
Sensors wih a leakage current of more th2BnA were sorted out and not used for further
experiments.

As an exampleFigure 7.2 shows results of aitW- (a) anda ConCap (b) measurement
of an unmodified sensor chip, aftBtAH adsorption, after immobilization with probe
ssDNA, andafter incubation inartificial PCR solution Each @V curve shows a
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characteristic sigmoiddike shape with an accumulation (less tharlV), depletion

( bet we/eamdD(.5YV), and inversion (more thaD0.5V) region. By comparing the
respective €V curves, within the depletion region, a shift along the voltage axis of

T 1 2nV after the modification with PAH is noticeable. PAH is knoas a weak
polyelectrolyte with an isoelectric point between pHand pHL1[45,46]. The pH of the
measurement solution was 7.0; therefore, the PAH molecules are positively charged, which
allows the electrostatic adsorption of PAH to the negatively chargeg&iface. The PAH

adsorption leads to a change of the surface potential tdtsé a shift of the ©/ curve
in the direction of more negative potential.

a) 45
40+
L 354
5 1
o 30
o |
L
'g 204 (@ unmodified sensor
% | @ after PAH adsorption
¢ 154 @ after immobilization
{1 of probe ssDNA
104 @ after incubation in
5 artificial PCR solution
T T T T T T T T T
-3 -2 -1 0 1 2 3
Voltage (V)
b) -250
c §%
5] 3=
=< @ L <
© = 0= 0O
B0 89 | 3fs
£ = 5 aa €3 5 &
-~ = o S g QO s c
D -350 = £ 8 T a -
& c® © © S5 [T
= - © 29 mv
= | | sy [———_—_—t ]
4004 126 mV
33 mv
-450
0 10 20 30 40
Time (min)

Figure 7.2: Ci V- (a) and ConCap (b) response of an EIS sensor, recorded before and
after adsorption of PAH, after probe ssDNA immobilization, and after incubation in artificial
PCR solution. The dashed line in (a) indicates the chosen working point at 25 nF for
ConCap measurements in (b). Distinct signal shifts after each modification step can be
seen.

The recorded signal shifs in good correlation with previous studies on PAH
modification of fieldeffect devices with a Siurfacg7, 29,47,48]. A shift of the GV
curve of +36mV could be identified after the exposure of the sensor to probe ssDNA
solution. This shift isalso caused by a surfapetential change; it is induced by
immobilization of negatively charged probe ssDNA molecules onto the-mééified
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SiO, surface The following shift of +31 mV was observed after incubatiomuriificial

PCR solution containing 60 nM of target cDNA. The target cDNA molecules hybridize
with the probe ssDNA during the incubation and lead to a further increase of negative
charge at the surface, which results in the observé&tcrve shift.

Besides €V measurements, investigationsrogans of ConCapignal recording have
also been performed during the experiment. The working point for ConCap measurements
has been chosen from the depletion region of the recoiidéd@ve and was set to 26-.

The ConCagrecording time after each moitdiition step was 1fin. Similar to the signal

shifts of @V curves, three potential changes were observed during the ConCap
experi ment : The sV gfteraadsorgtionoop RAH byl ingrebse$ by

+33mV after immobilization of probe ssDNA and agdy +29mV after incubation in

artificial PCR soluton Aver aged values nvWzlimVyt88m¥ensor s w
+ 7mV, and +32nV + 8 mV for PAH adsorption, probe ssDNA immobilization, and

cDNA hybridization, respectively. These voltage changesragmod correlation to the

recorded shifts of ©V measurements within the depletion region and serve also as an

evidence for surfaepotential changes induced by adsorption of PAH and ssDNA as well

as hybridization of target cDNA molecules.

In additional &periments, the sensitivity and lower detection limit of the PAH/ssDNA
modified EIS chips for cDNA have been studied. In order to evaluate these parameters, a
series ofrtificial PCR solutionswith different target cDNA concentrations (froom4 to
5¢ M)was exposed to the sensor chips. The solutions have been applied to the
PAH/ssDNAmodified EIS chips for 4@nin in order of increasing concentrations, each
step followed by surface washing with measurement solution and Cexigieg
recording. This proceda has been repeated for each concentrefigare 7.3a shows the
ConCap signal of an Ei§ensor chip after surfageodification steps with PAH and qve
ssDNA and after incubation artificial PCR solutionsontaining different concentrations
of a 72mer target cDNA. A clear dependence between the signal amplitude and the cDNA
concentration has been observed. The signal change way/ ¥@r a target DNA
concentration of hM and increases up to &V after incubation oértificial PCR solution
with 5¢ M ¢ D NPidtting the amplitude values versus the respective cDNA
concentrations results in a calibration curkg(re 7.3b) from which the sensitivity was
estimated to b®7.2mV/decade. The curve depicts a logarithmic behavior of the sensor
signal as a functioof the target cDNA concentration. The averaged background signal for
three EIS sensors IRCRcomponents solutiowas 3mV £ 1.4mV. The lower detection
limit was evaluated according to Shrivastava and Gupta [49] by the intersection between
the calibratbn curve and the mean background signal pHisld background standard
deviation. The estimated lower detection limit 2853 nM. In comparison to other works
with planar FET and EIS sensors, the obtained values for sensitivity and lower detection
limit are similar for this concentration range [50].

The amplification of one singieemplate DNA molecule, which could be extracted, for
instance, from a human sputum sample, requires a minimum of 34 amplification cycles to
generate a concentration of >@8 target cDNA in a sample volume of 80L € B O i s
enough to cover the whole sensor surface during incubation in target solution). Therefore,
the developed sensing device might be able to detect amplified oligonucleotides from one
singletemplate DNA underdieal conditions with a standard PCR technique.
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Figure 7.3: ConCap response of an EIS sensor exposed to artificial PCR solution with
di fferent concentrations from 1 nM to 5 -eM (a). Cal
limit (b).

7.3.2 Influence of PCR components on the sensor signal

In order to evaluate a possible interaction of PCR components with the PAH/ssDNA
modified EISsensor surface and, therefore, an influence onto the sensor signal, an
additional experiment has been performed in which a PAH/ssBiddified EIS chip has
been eposed toPCRcomponents solutiorFigure 7.4 overviews a recorded ConCap
signal of thisexperiment. The signal changes after PAH adsorption and gsibEA
i mmobilization were 1T103 and +37 mV, whil e o
recorded after the incubation of tRERcomponents solutiorsince thd?CRcomponents
solutioncontains no target cDNA molecules, no hybridization can occur atifheutfiace.

The small signal change might be induced because of minor interaction of the PCR
components with the modified sensor surface. In comparison to the results obtained with
artificial PCR solution(containing target cDNA molecules), which is shawfigure 7.2,

a six times lower signal was measured in this experiment.
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Figure 7.4: ConCap response of an EIS sensor, recorded before and after adsorption of
PAH, after probe ssDNA immabilization, and after incubation in PCR-components solution.

7.3.3 Detection of amplified target DNA inreal PCR solution

In order to test the developed sensor device under more realistic conditions, the
PAH/ssDNAmodified sensors were incubatedéal PCR solutionscontaining amplified
DNA fragments with a sequence Mycobacterium tuberculosigenome.The World
Health Organiztion announced that in 2016 about 10.4 million people fell ill with
tuberculosis disease. Due to the high mortality rate, tuberculosis is the ninth leading cause
of death worldwide and the leading cause from a simféetious agent, ranking above
HIV/AID S [5]1]. The detection of tuberculosis mycobacteria in human individuals is of
great interest for the respective treatment.

The amplicons have a complementary sequence to the immobilized oligonucleotides,
which allows hybridization of the moleculeBigure 7.5 shows the recorded ConCap
response of a sensor which was exposaddbPCR solutiorwith amplified target DNA
(40 cycles). Before electrochemiaakasurements, the tube that containg 30 reaf
PCR solutiorwas heated up to & for 2min in order to denature the amplicons followed
by a rapid cooling step, where the tube was placed immediately into an ice bath for
approximately 2® until the slution temperature reached room temperature. Thisibed
rapid cooling procedure has been carried out in order to keep the amplicons in single
stranded form. After the incubation time of 40 min and three washing steps, the ConCap
signal was determined measurement solution.

A ConCap signal increase of +41 mV was recorded after the incubatreali?CR
solution These experiments demonstrate the ability of i&eel detection of the
hybridization of PCRamplified DNA with PAH/ssDNAmodified EIS serw's.

127



50

: | : S
- | | I 63
0 | I é( i E"g
=z
-50 - 88 @ 89S
- B8 1+ -
< 3 S g ol
© 1004 £ 35 z8 E?S w £
o B2 aa s a =
© =) =5 ¢ =
5 g “ L2 5 °
= 150 = T B
-200 |
|
[}
-250 . g .
0 10 20 30 40
Time (min)

Figure 7.5: ConCap response of a PAH- and ssDNA-modified EIS sensor after incubation
in real PCR solution containing DNA, which has been extracted from tuberculosis-spiked
sputum samples and amplified by 40 cycles.

7.3.4 Fluorescence measurements &lS-sensor surfaces

In order to verify the results of electrochemical experiments, investigations by means
of fluorescence microscopy have been performed. The used fluorescence dye was SG,
which is weltknown to increase its fluorescence intensity dramatically by binding with
dsDNA[52i 55]. For fluorescence experiments, surfaces of&dBsor chips, which were
incubatedn different test solutions, were exposed ta\B&king solution for staining. The
recorded fluorescence images of the dry sensor surfaces are preséigenldry.6. The
first image(a) serves as a control, it was taken from a PAH/ssBh#lified sensor
without incubation in the test solutioAlmost no fluorescence signal was obsenied.
contrast, a strong and bright fluorescence image was recdrddelAH/ssDNAmodified
surface, which has been exposeadttificial PCR solution(Figure 7.6b).

Figure 7.6: Fluorescence images of three PAH/ssDNA-EIS chip surfaces: (a) After
immobilization of ssDNA, (b) after incubation in artificial PCR solution, and (c) after
incubation in PCR-components solution.

The high fluorescence signal indicates that dsDNA molecules are present on the chip

surface. The dsDNA molecules are formed by hybridization of target cDNA molecules of
artificial PCR solutionwith the immobilized ssDNA moleculeé&nother fluorescence
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image has been taken of a PAH/ssDI#odified sensor, which has been incubate@iiir
components solutiofFigure 7.6¢). A very weak fluorescence signal was observed that is
comparable to the signal Figure 7.6a. Since thd?CRcomponents solutiopontains no
cDNA, only ssDNA is present on the sensor surfadeus, the observations made by
fluorescence measurements support the results of electrochemical experiments.

7.4 CONCLUSIONS

The labelfree detection target oligonucleotides in different test solutioasificial
PCR solutiorandreal PCR solutionhas been realized by the use of fieftectbased EIS
sensorsin order to evaluate the influence of PCR components onto the sensor signal,
additional eperiments witiPCRcomponents solutionave been carried outhe charge
sensitive EIS sensors have been modified with a layer of positively chargedaPdH
probe ssDNA molecules prior to the incubation in test solutions. Electrochemical
investigations bymeans of CV- and ConCap measurements were used to monitor the
signal changes after each modification step. The electrochemical results show clear signal
changes and a shift of +32 8/ after incubation irartificial PCR solutioncontaining
600nM of target cDNA, while only a small signal shift ofBY was measured after
incubation in PCRcomponents solutiorwithout target cDNA. The experiments
demonstrate the possibility of the detection of target cDNA in PCR solution. The sensitivity
as well as the lower detection limit were determined tDB& mV/decade an®0.3nM,
respectively. Investigations by meanfsfluorescence staining with the dye SG prove the
on-chip hybridization after exposing the sensor surface to test solution containing target
cDNA and verify the electrochemical results.

The final tests for detecting a hybridization event of genomic tubmsis target DNA
were carried out by incubation of PAH/ssDNwodified sensors ireal PCR solutionThe
template DNA of this solution was extracted frdtycobacterium tuberculosispiked
human sputum and amplified by PCR. A sensor signal of 41 mV dematsstihe
successful detection of the genomic DNA extracted from human sputum samples, which
has been spiked with tuberculosis bacteria.

The developed capacitive EIS chip can serve as a dagtal sensing device for
providing a logical yes/no answer tosaccessful/unsuccessful PCR process. Further
experiments will focus on testing samples obtained from infected individuals; moreover,
the influences of DNA length and sequence as well as investigation of reusability of the
sensors will be studied.
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