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Abstract

A biosensor setup was designed for the detection of aflatoxin B1 based on field ef-

fect transistors (FET) using reduced Graphene-Oxide (rGO) as transducer. For the

detection of this analyte specific IgG antibodies are immobilized to the transistor

channel area, specifically capturing the analyte and inducing a change of the surface

charge at binding events. The dependence of the detected signal on the ion strength

of the buffer solution was studied and results were superimposed with the Debye-

length theory, demonstrating the applicable ion strengths for the shown type of

biosensor. Furthermore, characterization of pH responses and the binding of bovine

serum album (BSA) have been tested as a standard for the biosensor. The results

were published in Biosensors & Bioelectrononics [1].

Additionally, the field effect transistor was tested with standard electrochemical

experiments in electrolyte buffer. The binding affinity of aflatoxin B1 on the corre-

sponding antibody was characterized, measuring basic kinetic parameters according

to the Langmuir binding theory for the description of the equilibrium surface cov-

erage as a function of the bulk (analyte) concentration in aqueous solution. The

obtained binding coefficient (KD) for aflatoxin B1 is found to be in the same mag-

nitude as described in literature. Furthermore, the main aim of this project was

the detection of aflatoxin B1 from real-life corn samples using anti-fouling layers

for the protection of the rGO and the diminishment of unspecific surface potential

and charge changes. Therefore a sensor array was used, implicating a FET with

the target aflatoxin B1-antibody and a FET with a non-targeted antibody (BSA)

for comparison of the response signals. For the realization, reduced graphene oxide

(rGO) was synthesized using a wet-chemical method. Afterwards 50 µm channel-

width field effect transistors were fabricated using this rGO. Several techniques for

the fabrication of a suitable protective layer for the graphene have been tested in

this work, including polymers, chemicals with aromatic structures and different sput-

tered metal oxides. Sputtered metal-oxides showed the most promising approach for

the passivation of the graphene layer due to the most efficient ratio of protection

efficiency to the loss of specific signal strength. Hence a passivation coating of 30 nm

Ta2O5 was sputtered on the semiconductor (rGO) without pin-holes. Then, using a

silane as linking molecule, the target antibodies (aflatoxin B1) were immobilized on

the passivated surface just before measurement in liquid-gated configuration. The

passivation prohibits binding of non-specific molecules from the food samples on
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the graphene surface, but still allows for surface potential changes when these food

samples are flushed over the FET channel. Therefore, a negative control FET is

connected serially to the targeted FET and this negative control is performed using

non-target antibodies (anti-BSA). The signals of both FETs are then compared and

the difference from the signal areas is giving a read-out for the aflatoxin B1 binding

on the target antibodies. A comparison of the integrated areas, obtained by the

response signals of the FETs during contaminated corn injections, yields the final

biosensor read-out. The limit of detection (LOD) in real-life samples was found to

be around 10 nM, being two magnitudes higher than for measurements in buffer,

but still below the maximum toxin concentration instructed by the EU and US food

administration. Calibration curves for the binding of aflatoxin B1 on passivated

gate-immobilized antibodies in real-life foodstuffs were obtained using a titration

of 5 different contaminated corn food samples and one certified blank corn sample.

The detection signals were then obtained by the integration of the separate response

signals and the difference of the areas resulting from the integration of the target

FET and the negative control.

The presented approach shows promising results for the development of a novel

biosensor due to the low assay time (around 2 minutes), small device size, real-time

readout and the good cost efficiency. The work on aflatoxin B1 detection was per-

formed in the framework of an COMET project from CEST (Competence Centre

for Electrochemical Surface Technology, Wiener Neustadt, Austria) in cooperation

with Romer Labs R© (Tulln, Austria). Additionally to the sought experimental data

on toxin detection from real-life samples in this Ph.D.-thesis a patent for the system

as a liquid-velocity sensor was accomplished, showing the logarithmic dependence

of the graphene resistance on the volumetric flow rate over the sensing area.
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Chapter 1

Introduction

1.1 Graphene

Graphene is a sp2-hybridized carbon material with a two-dimensional hexagonal

lattice. Due to the unique electronic, mechanical and optical properties of graphene,

a quickly growing interest in research evolved around this topic over the last decade.

Figure 1.1: The structure of graphene [2]

1.1.1 Historical Overview

For better understanding of graphene as a material, a historical overview on the

works with few-layered graphite or graphene is adjuvant, since these papers help

giving a better overview or at least a different perspective on the state of this field

as we know it today. Therefore we have to go back more than 150 years in time,

when in 1859 Charles Brodie experimented on thin oxidized graphite films [3], in-
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troducing a synthesis for graphite-oxide that is basically used until today for the

fabrication of graphene. The theoretical possibility of a stable two-dimensional

crystal was already discussed in the beginning of the 20th century. Bragg [4], Debye

and Scherrer [5], followed by Bernal [6] made major publications on the structure

of graphite and thereby touched upon the topic of single layers of graphite planes.

They explained the fundamental structure of graphite accurately and discussed the

effects of fewer graphite layers, but at this point in time the fabrication of a layer

with thickness of a single atom was not feasible. A decade later, in the 1930s,

Peierls followed by Landau have separately proposed theories on the stability of two

dimensional crystals. They showed that a state of matter where the density only

depends on two or less dimensions can not be stable due to thermal fluctuations

which would destroy the structure of any such crystal, it would melt at applicable

temperatures [7, 8]. This observation is described by the Mermin-Wagner theorem,

originating from statistical and quantum mechanics. It states that for structures

with less than two dimensions a crystalline order isn’t possible due to thermody-

namic long-wavelength fluctuations at temperatures above absolute zero [9]. This

prediction excited a discussion on the stability in two dimensions by a few theoret-

ical physicists in the 1960s [10–12]. Interestingly, around the same time Boehm et

al. fabricated thin oxidized carbon films [13], characterized them with a electron

microscope and found flakes with thicknesses from 3 to 6 Å, indicating the first

documented fabrication of graphene-oxide. In their research they also discussed the

possible reduction methods, the intercalation effects of liquids in between separate

layers of graphite and the resulting change in layer to layer distance. The effects

studied by Boehm and his colleagues are fundamental for the understanding of ob-

servations at the interface of graphene and any aqueous liquid, as shown later in

this work. Some other unique properties, like the high conductivity of a single layer

of graphite were first postulated and theoretically calculated already in 1947 by

Wallace in his publication on few-layered graphite [14]. Another approach for the

fabrication of grahite-oxide was published in 1958 by Hummers and Offeman [15],

is still used until today and known as the Hummers method, defining the basis

for wet chemical synthesis methods of graphene. The band structure of a single

graphite layer was first calculated by DiVincenzo and Mele in 1984, showing that

few layers of graphite have a smaller bandgap than conventional graphite and that

a single layer of graphite has no bandgap at the K-point of its unit cell [16]. Their

results for a monolayer are in good agreement with the results from experiments
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in the 21st century and describe graphene as a semi-metallic semiconductor. Only

until Shenderova et al. performed ab initio calculations on the structure of carbon

nanocomposites in 2002 and thereby showed that a carbon lattice is stable if at least

6 000 atoms are present, the discussion on the stability of a single layer of carbon

perished mostly. Soon after, the first isolated single layer flakes of graphene were

found and characterized by Geim and Novoselov in 2004 [17, 18]. For the isolation

of a single flake they used the ”Scotch-Tape” method, where the researcher is con-

stantly pealing off layers from a piece of graphite, repeating this procedure until

finally only a single layer is left at one side of the scotch tape. This layer then was

characterized using different laboratory techniques. The procedure has the advan-

tage that no chemical modification of the used graphite is necessary and therefore

the obtained graphene layer is pristine. Thereupon they hooked on to the discussion

on the stability of the 2D-material as explained above [19]. Their often cited paper

from 2007 on the intrinsic ripples in graphene [20] postulated that rippling of the

single layers stabilizes the material in that manner that it can’t be broken due to

thermal fluctuations as stated in the Mermin-Wagner theorem. The group of Geim

and Novoselov further experimented with graphene, publishing several papers on

it’s properties and have been awarded with the nobel price for their work in 2010.

Today graphene is used in a wide field of applications and the interest is constantly

growing, rendering graphene as one of the major advances in science in the last

decade.

1.1.2 Fabrication Methods

Wet Chemical Methods

Graphene can be synthesized from graphite by different wet chemical methods. A

few such methods, namely the Hummers method [15] and the synthesis by Boehm [13]

and Brodie [3] have been mentioned in the chapter above. The procedure is similar

for all three synthesis routines, the basic raw material is graphite, which is oxidized

using strong oxidizing agents like potassium permanganate (KMnO4) and sulfuric

acid (H2SO4) in an aqueous medium. The obtained graphite-oxide has a higher

layer to layer distance, which makes it easier to mechanically exfoliate single layers

from the graphite-oxide chunks. This procedure can be realized by ultrasonication
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or simple stirring of the solution to exfoliate the single layers of graphene-oxide

(GO). After a few filtration steps, the single GO layers can be withdrawn from the

solution and applied on the substrate of choice. Usually Silicon wafers with a top

coated oxide layer are therefore used. In a final step the GO is reduced by a reducing

agent. For this purpose many different chemicals can be used and the properties of

the resulting graphene depends strongly on the reducing agents. The most popular

reducing agents are:

Hydrazine gives the best results regarding reduction efficiency but comes with the

downside of being harmful to health if not treated properly [21]

Hydriodic acid is much less harmful but usually doesn’t reduce the material as

well as hydrazine [22]

Ascorbic acid causes no health concerns at all but has the lowest reduction effi-

ciency of the mentioned chemicals [23, 24].

Another option is the use of thermal or photocaltalytic reduction [25]. In this

process the sample is heated up to a certain temperature, which will result in a

lower percentage of oxides bound to the graphene layer. Even reduction of graphene

using microwaves was shown to be possible [26].

Graphene obtained from wet-chemical synthesis is called reduced graphene-oxide

(rGO) to underline the difference to other types of graphene which may vary in

properties depending on the fabrication method [27]. In fact, the properties of

wet-chemically synthesized graphene and graphene from chemical vapor deposition

(CVD) might differ so much in properties that they are considered as different

materials.

Chemical Vapor Deposition

CVD is a bottom up technique for the production of graphene [28]. It can be fab-

ricated from the gaseous phase using CVD techniques. Therefore there are many

different setups for CVD, mostly plasma induced, or epitaxial methods [29]. CVD

can also be performed from atmospheric pressure up to ultrahigh vacuum (UHV) ap-

plications, always depending on the desired product. For the fabrication of graphene,

the widely used carbon sources are methane or ethene gas but also larger carbon
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based molecules can be used [30]. To improve the quality and to change the proper-

ties of the resulting graphene films a catalyst can be applied. Briefly, a copper foil is

placed in a UHV suitable glass tube (mostly made of quartz) which itself is placed

in a spherical oven. Often a pre-modification step of the surface is performed using

highly energetic ions and is annealed at temperatures from 1 200 to 1 500 Kelvin.

The pressure in the glass tube is decreased to UHV (usually around 10-11 mbar),

flushed through the inlet of a inert gas and a carrier gas. Mostly hydrogen is used

as carrier gas, transporting the desired concentrations of the methane gas over the

heated copper foils. There it accumulates and settles on the foils, depending on

the parameters of the process until the desired thickness is obtained. The graphene

layers then have to be transfered from the copper foil to the desired substrate.

Therefore the graphene layer is covered with a polymere like Poly(methyl methacry-

late) (PMMA). Then the copper foil is dissolved with a solution of Iron(III)chloride

(FeCl3) in hydrogen chloride (HCl) and the leftover graphene on PMMA is trans-

fered to the substrate. As the final steps the PMMA is then dissolved in acetone

and burned at high temperatures to minimize the resulting residue from the mate-

rials used. CVD can be performed on different substrates like copper (as mentioned

above), nickel, cobalt, iron, gold and many more. The choice of the substrate will

influence the quality and structure of the fabricated graphene to a large extend [31].

Although CVD is known to fabricate the most pristine graphene layers, this assump-

tion holds only true for ideal processes. The last steps, especially the transfer of

the graphene layer to the substrate, will leave residue from the materials like copper

and PMMA in small concentrations in the reulting graphene. These can modify the

properties of the material, obstructing the applicability when used for e.g. electronic

applications [32]. Depending on the used technique and parameters, the uniformity

of the grown graphene film can vary strongly. Furthermore also impurities on the

surface can lead to nucleation of graphene or graphite layers during the process

leading to the formation of grainy structures [33]. This disadvantage was widely

discussed, since the formation of these graphitic island can compromise the material

quality very strongly and is dependent on the substrate and the system pressure.

These problems can be solved by modification of the used materials and equipment,

since it also has been shown that the graphene films with the highest purity and

uniformity has been produced using CVD [34].
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Mechanical Exfoliation

Fabrication methods for graphene using mechanical exfoliation, like the previously

mentioned ”Scotch-Tape” method have been the first to be used for the fabrication of

pristine graphene [17]. Anyhow, these methods are not applicable for the fabrication

of bulk amounts of graphene and therefore inefficient due to low reproducibility, low

yield and very tedious work for the experimenter.

Other Methods

During the last years also a few other methods for the production of graphene

emerged [35]. Temperature Programmed Growth (TPG) for example is using surface-

attached hydrocarbons as the carbon source, which then are pyrolized at specific

temperatures. Another option is the segregation method, where deposition is per-

formed at such high temperatures that a portion of the carbon atoms segregates

into the bulk of the underlying metal substrate. After cooling of the substrate the

carbon atoms segregate back from the bulk to the surface and form graphene flakes.

Apart from this examples there are even more different methods, which are not

discussed in detail here but can be found in literature in different reviews [36].

1.1.3 Properties of Graphene

The properties of graphene have been studied in a wide extend over the last years

and in this work the main focal point is at the electronic properties of graphene

while other properties are discussed only briefly at the end of this chapter.

As mentioned previously, graphene is a sp2-hybridized monolayer of carbon atoms

arranged in a planar hexagonal lattice. The carbon atoms are bound by covalent

σ-bonds between the 2s, 2px and 2py orbitals, giving the material very strong me-

chanical properties, forming a stiff lattice [37]. The unit cell contains two carbon

atoms with a interjacent distance of 0.142 nm. The electrons in the 2pz orbitals are

bound more weakly by π-bonds and due to their resulting mobility graphene sheets

are very conductive. The sum of these electrons is often referred to as electron cloud,

due to the delocalisation of the electrons all over the graphene surface and their dis-

tribution normal to the plane [38]. Because of the semi-metallic nature of graphene
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(resulting from the electron cloud) very high charge carrier mobilities have been

observed in graphene, with values of up to 200 000 cm2/Vs [39]. Values of around

20 000 cm2/Vs are found at room temperature [40]. The electron and hole mobilities

are dependent on the number of impurities or dopands in the graphene layer. For re-

duced graphene oxide it was shown that potassium and sodium dopands are located

around 0.3 nm normal to the surface [41]. Using this distance for the theoretical

calculation of the number of dopands depending on the electron mobility, it can be

shown that for the highest mobility graphene (200 000 cm2/Vs) the distance between

impurities is around 76 nm with a impurity density of 1.7x1010 cm-2, while mobilities

of around 30 000 cm2/Vs point at a number of impurities which is one magnitude

higher (1.7x1011 cm-2) [42]. Besides impurities, the most produced graphene films

are polycrystalline [43], have point defects in the form of lattice vacancies or non-

hexagonal structures and line defects which can be e.g. dislocations [44]. These

defects can significantly alter the chemical, electrical and mechanical properties of

the material [45].

The electronic band structure of graphene has overlapping π- and σ-bands with the

bandgap being dependent on the position on the graphene lattice. These bands over-

lap at the K-points, which are highly symmetric points defining the edges of the first

Brillouin zone at the corners of the honeycomb lattice. The points of the overlap,

which are also called Dirac points, cause a semi-metallic behaviour of graphene ma-

terials, having a significant bandgap aside of the Dirac points. The theoretical band

properties described here are results of the time-dependent Schrödinger equation in

three-dimensional space for the lattice structure of graphene. The described theo-

retical band structure is disturbed when doping and/or impurities are implemented,

which is often caused by chemical synthesis of the graphene material and there-

fore the band structure of rGO can be significantly altered. Anyhow, all graphene

materials display strong electron-hole symmetry, meaning that the band structure

close to the Fermi energy (EF) is constituted in such way that the bands of electron

charge carriers π* and the bands of the hole charge carriers π are approximately

mirror images of each other [38]. This means that graphene has conducting proper-

ties for both charge carrier types and therefore is a semiconductor with ambipolar

properties, displaying p- and n-type characteristics.

For pristine graphene at a temperature of 0 K, at the ground state of the material,

EF is exactly at the potential of the band overlaps at the Dirac points. Therefore the
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band structure of graphene satisfies the criteria for a conducting material, where EF

is located in the conduction band, as well as the criteria for a semiconductor, where

EF is found in the bandgap. Because of the band overlap at the Dirac points and EF

located exactly at this point, graphene is the only material satisfying both criteria.

This unique property makes graphene a very useful material for applications like

field effect semiconductors, because EF can be shifted almost freely when applying

external electric fields. The properties of graphene can then be tuned to close or

widen the bandgap, which is a very useful feature for electronic applications. The

Fermi velocity, which is the velocity of the highest energetic electrons at 0 K, is

around 106 m/s [46, 47]. The charge transport by the electron cloud is dependent

on two modes: on one side ballistic transport, which is happening independently of

the temperature when no scattering by impurities is the case [48, 49] and on the

other side classical transport, which is activated at a certain temperature. The ratio

of both charge carrier transport types also depends on the size of the used graphene

layers [49].

In an experimental environment it is difficult to insulate single layers of graphene,

especially when using suspended GO solutions from wet chemical synthesis and

therefore the resulting graphene can often consist of multilayered structures. The

thickness and number of layers of a graphene surface is mostly characterized by

atomic force microscopy, low-energy electron microscopy, Raman spectroscopy or

contrast microscopy [50]. The band structure is altered depending on the number

of layers in the observed graphene and the ability to tune the bandgap of graphene

is more pronounced for multilayered graphene. The properties of a single graphene

layer have been described above, it has no bandgap and is a semimetal. The same is

true for a bilayer and trilayer with the additional characteristic that a bandgap can

be induced by an external potential [51]. The more layers are observed, the closer

the band structure and properties converge towards the structure of graphite, which

has metallic properties with no free charge carriers at low temperature. Using high

frequency applications at high temperatures graphite may display semiconducting

properties [52, 53]. Changing the number of graphene layers, another effect, the

increase of effective mass and decrease of mobility of the charge carriers [53] is ob-

served. This effect corresponds to the described changes in the band structure above

and is a direct implication of the theory and solutions of the Schrödinger equation.

The effective band properties of graphene also depend on the underlying substrate.

SiO2 is the most common substrate used and can limit the charge carrier mobility
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of the graphene layer [39]. Anyhow, due to the price-efficient availability, superior

flatness and good electronic properties SiO2 still is the most suitable substrate for

electronic applications based on graphene. Another noteworthy and unique elec-

tronic property of graphene is the Quantum Hall effect [40] which displays shifted

Landau levels in comparison to other materials. The effect is observed at high

magnetic fields when using bilayer graphene and basically is a quantization of the

Hall effect at integer multiples of e2/h, the squared elementary charge over Planck’s

constant. Also the dielectric constant of graphene εg is depending on the number

of layers and changes with external electric fields, being almost constant for bilayer

graphene in regards to the applied E-field and having values of approximately ε⊥ = 3

and ε‖ = 1.8. For example, graphene consisting of 10 layers can have εg increased

manifold when an electric field is applied [54].

Raman spectroscopy is a powerful tool for the characterization of graphene layer

thickness, the density of defects and the plane structure at once [55]. The charac-

teristic features of graphene layers when using Raman spectroscopy are in the region

of 800 to 3 000 cm-1, having a so called G-band at 1 580 cm-1, a D-band at 1 360 cm-1,

a D’-band at around 1 600 cm-1 and a 2D-band at 2 700 cm-1 [55]. When interpret-

ing an obtained Raman spectrum, the ratio of 2D-band and G-band intensities can

be used for the calculation of the number of layers [56]. A single layer of graphene

has the 2D-peak about four times higher than the G-peak. This technique is widely

used although criticised by some scientist in regard to accuracy. The heterogenous

electron transfer, which is the transfer of electrons from chemical species at the

graphene surface to the solid-state electrode is fairly high in graphene with a rate of

1.2x10-3 cm/s, but independent on the number of defects in the graphene layer [57],

whereas studies on CVD-fabricated graphene showed otherwise [58]. Monolayer

and bilayer graphene are electroactive materials, having improved electron transfer

kinetics in comparison to graphite. Electrochemical studies showed that the interfa-

cial capaciatance from measurements of cyclic voltammograms (CV) for graphene is

around 21 µF/cm2, using ferricyanide as redox material, which in this measurement

is negligible due to the high capacitance of the diffuse layer [57]. The quantum ca-

pacitance was measured in other groups and was found around 8 µF/cm2 [59]. The

values obtained from electrochemical measurements can vary strongly depending

on the initial material of the graphene. rGO can still contain a significant amount

of different oxygen containing groups, which have profound impact on the electro-

chemical behaviour of the material [60], changing the capacitances and molecular
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affinities but are not affecting the electron transfer rate.

The graphene carbon lattice has a high affinity for the adsorption of gases and it

can be shown that rGO can re-oxidize in oxygen rich environments, forming oxygen

containing graphitic carbon structures [61]. The resulting doped graphene surface

can be regenerated by heating [62]. These properties qualify graphene as a superb

material for gas sensors and the state-of-the-art results underline the applicabil-

ity [63, 64]. When interactions with the gaseous phase are not desired, the graphene

layer can be encapsulated for different applications, protecting the layer from ox-

idation by the environment using parylene and alumina [65] or metal oxides [66].

Also the application of graphene in biosensors requires a protection of the surface

against non-specific binding or chemical reactions with the environment, therefore

the use of anti-fouling layers and passivation techniques is applied to a wide ex-

tent. Depending on the device different materials are used, including non-covalently

bound pyrene-functionalized polyethylenglycol (PEG) [67] or other polymers [68],

metal-oxides like Al2O3 [69, 70], TiO2 [71], peptides [72], proteins like BSA [73, 74],

alkane-amines [75], nitrogen [76] or aromatic structures like fluorobenzene [77] and

many more. The key factor for any of these passivation techniques is that the pas-

sivating layers don’t impair the electronic properties of the graphene, so that the

sensitivity of the device is not negatively influenced.

The interaction of graphene with aqueous media is of interest and allows some im-

portant insights. When graphene is brought into contact with water an adsorption

of water molecules takes place, doping the material [17]. Graphene is hydrophobic

in principle, but monolayers of graphene are more hydrophilic than multilayers [78].

GO on the other side is more hydrophilic than rGO due to the loss of polar groups

and hence rGO can be seen as an intermediate of pristine graphene and GO re-

garding the hydrophobicity. Just as a graphite layer [79], also the interfaces of two

monolayers of graphene and the space between the SiO2 substrate can intercalate

water molecules. Studies on ruthenium surfaces coated with graphene showed that

water intercalates between the substrate and graphene, increasing the interplanar

distance by 0.6 Å which is attributed to the hydrophobicity of the substrate and the

resulting energetically more favourable state [45]. Hence this should also be the case

for SiO2 substrates. Furthermore, it was shown that confined water is also found in

between two layers of graphene [80] and forms square ice at room temperature with

a thickness of one to three monolayers. The thickness of the confined water depends
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on the graphene layer distance, which can vary due to impurities and defects. For

pristine graphene the interlayer distance of bilayered graphene was calculated to

3.3 Å [81], which is enough to encapsulate one or two monolayers of water [82]. This

effect has profound influence on electronic properties, especially when using flaky

graphene, where single graphene layers are connected by such intercalations and the

charge carriers have to bridge the gap, which is exactly where the water is confined.

Electric fields applied to these confined water films induce phase transitions, change

the crystalline structure of the resulting icy layers and increase the freezing point

of the confined water [83]. For the use of flaky rGO these intercalations can be

responsible for a change of the observed conductivity when the properties of the

aqueous environment are altered, e.g. by change of ionic strength or the pH.

A monolayer of graphene is the strongest material ever measured, having a breaking

strength of 42 N/m, which is hundredfold higher than for steel and a elastic stiffness

of 340 N/m [37], close to the stiffness of a diamond. The thin structure of graphene

makes it very light-weight at the same time, with a weight of only 76 µg/m2. On

the other hand, graphene sheets are very unstable when scrolling or bending into

cylindrical shapes [84] and are brittle in regard to the fracture toughness which is

comparably low [85].

The optical properties of graphene are unique as well. Graphene is highly conductive

and transparent, absorbing 2.3 % of incident white light, which for a single atom layer

thick material is a arguably high value [86]. Interestingly this value only depends

on the fine structure constant α in a very simple relation, where the opacity is

π · α = 2.3. Every further layer increases the opacity by 2.3 % and at the same

time the reflectance is negligible for any thickness, being less than 0.1 % [86]. The

visibility of graphene layers strongly depends on the underlying substrate whereby

thick substrates with a surface oxide layer are increasing the visibility in reflectance.

Therefore transmission microscopy is less suitable in this case. For the optimal

visibility the resonance conditions of the light source and the wavelength of any

used monochromatic light need to be adjusted properly, because then it is also

possible to distinguish between mono- and bilayers of graphene [87] using optical

microscopy. Plasmons, collective density oscillations of the electron cloud are the

gapless excitations of graphene. They can be used for different applications with

high versatility due to the wide applicable frequency ranges, low dissipation and

linear dispersion relation. The tuning of the plasmonic properties of graphene can
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be achieved by gating with an electric field or by doping, where gating changes the

plasmon frequency [88]. Due to these fact graphene can be used for the optimization

of optical applications like surface plasmon resonance and hence has become widely

used in this field [89]. The refractive index of graphene was found to be 3.135

and the extinction coefficient 0.897, measured using surface plasmon resonance at

670 nm [90].

The possible future application for graphene seem to be endless, with many ideas for

the use being published and researched up to date. They include the fabrication of

super-capacitors and batteries [91–93], solar-cells [94, 95], photovoltaics [96], mem-

ory storage [97], filtration membranes for the desalination of water [98], membranes

for gas seperation [99], ultrafiltration membranes [100], as lubricant [79], as super-

conductors [101, 102], transparent electrodes for applications like touchscreens [103],

as thermal conductors [104] for organic light-emitting diodes [105, 106], field effect

transistors [17, 107, 108], biosensors [109, 110], as a neuronal electronic interface in

medicine [111], stronger material composites [112] and many more.
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1.2 Field-Effect Transistors

FETs are electronic elements, fabricated since the 1960s. They have been inves-

tigeted by Bardeen and Brattain first in 1948 [113], bringing the nobel prize in

physics in 1956. Up to date FETs are the most common electronic devices used

in every day life applications. They consist of a Source, Drain and Gate electrode,

contacted via a semiconductor. The basic principle of FETs is based on the elec-

tric field effect of semiconducting materials, which are used as the so called Gate

material. Applying an external electric field at the Gate, the semiconductor can

be manipulated with respect to its electrical conductivity due to the low density

of electrons in the bulk of the material. Thereby the density of charge carries in

the valence and conduction band is altered, changing the distance to the EF of the

material. Depending on the nature of the semiconductor, it hence can supply or

withdraw charge carriers for a current flow from Source to Drain when the applied

electric field is altered. The effect can be enhanced by doping of the material, which

is the insertion of acceptor or donor impurities. They can supply or trap additional

charge carriers, depending on the applied electric field [114].

The most simple setting of a FET consists of three electrodes, connected via the

semiconductor. In standard configuration, a relatively high current is passing through

the FET channel and the Gate material connected via the Source and Drain elec-

trodes. This current then is regulated using a third electrode, the Gate, which usu-

ally is connected perpendicular to the semiconductor through an insulating layer.

The voltage at the Gate electrode (VG) is propagating an electric field to the semi-

conductor and hence, depending on the band structure of the Gate material, the

conductivity of the semiconductor is adjusted by VG. Depending on this effect the

FET is called n-type if the channel is conductive for positive VG or p-type if con-

ductive for negative VG. Due to this effect the transistor can be turned on and

off depending on the prefix of the applied VG and hence the current from Drain to

Source (ID) can be regulated, adjusted or turned on and off by adjustment of VG.

The characterization of the FET is usually performed by measurements of IDVG

curves. Therefore a sweep over a range of voltages is performed at the Gate, at

the same time a biased voltage from Source to Drain is applied and the response of

the ID is measured. Using the obtained IDVG curves, several transistor parameters

can be analyzed. The threshold voltage (Vth) is defined as the voltage at which the

transistor is turned on. It is the voltage in the IDVG diagram where the slope of
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the response curve exceeds 0, when investigating the curve from the non-conductive

(shut) side to the condutive (opened) side of the diagram. Hence Vth is the voltage

at which the device switches to the turned on state. If the applied VG < Vth the

FET is turned off, the cutoff region is reached with no conduction from Source to

Drain. When observing the system in detail it can be seen that also for this region a

weak inversion current is measured, called subthreshold leakage [115]. Subthreshold

leakage is occurring because of highly energetic electrons which can pass the closed

channel due to their thermal energy resulting from the Fermi-Dirac distribution of

the charge carrier energies [114].

Another important characteristic curve is the relation of Source-Drain voltage (VD)

to ID for any biased VG, called IDVD curve. It is linear if a conducting material

is used for the channel. For a semiconductor the relation consists of a saturation

region as well as a linear region, which are divided by a cutoff of ID when further

increasing VD. For some applications a fourth electrode, the ”bulk” is applied on

the underlying substrate and can be used for a better integration of the device in

circuits [116]. The properties of the FET are defined by the length and width of

the channel and the used semiconductor material. The relation of these parameters

can be found in equation 3.3. A further option for the characterization of a FET is

the evaluation of the transconductance, which is the ratio of input to output signal.

The mutual transconductance is mostly defined as

gm =
∆Iout

∆V in

(1.1)

which is the fraction of the change in applied voltage to the observed change of the

current [117].

Different configurations for the positioning of the Gate electrode can be used. The

most common configurations are the top-gated FET, where the Gate is positioned

perpendicular to the semiconductor and contacted by an insulating layer. Another

configuration is the back- or bottom-gate, where the Gate is found at the backside

of the substrate, which is used as the insulating material for the propagation of

the electric field. Furthermore, also a liquid-gate configuration can be used, which

basically is a top-gated configuration with an ionic liquid as contact material for

the Gate electrode to the semiconductor instead of an insulating layer. A detailed

description of the gating configurations can be found in [118].
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There are different types of FETs including metal-oxide FETs, junction FETs, ion-

sensitive FETs, orangic FETs, BioFETs and many more, which are used for different

specific applications and depending on the task a wide variety of new FETs is steadily

fabricated. The focus of this work is on the application of liquid-gated graphene

field effect transistors, sometimes called graFET, which themselves are a new type

of FETs emerging since suitable fabrication methods for graphene are available.

1.2.1 FETs as Biosensors

A FET can be used as a biosensor, whereby the readout is produced by holding the

variable voltage parameters constant and using the information from the measured

ID as a signal for biochemical processes in the transistor channel. In principle the

operation of a FET as biosensor is the reversed operation as in the standard use,

where the channel conductance is adjusted by VG. For the operation as a biosensor

the channel conductance is changed by modifications of the semiconducting material

due to environmental influences and the ID is used to read out this change, while

VG is constant. A biosensor is based on the binding/adsorption of target analytes

from the medium of interest to bioreceptors attached on the surface and therefore

the FET has to be designed in such manner that direct contact of the medium with

the surface can be achieved. For the read-out of the binding signals, a transducing

unit which transforms the chemical, electrical, optical or mechanical signals at the

bioreceptor to a readout signal is necessary.

Figure 1.2: Schematic illustration of the basic principle when using a FET as biosensor.

There are almost limitless possibilities for the use of different biorecognition units

like antibody-antigen interactions, cells, tissue, enzymatic reactions, nucleic interac-

tion and more. A suitable biorecognition unit must have significant affinity to the

analyte and interact with the transducing material at the same time. In the case
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of graphene FETs the graphene layer is the transducer while immobilized surface

molecules are used as biorecognition units. They are classified as nanobiosensors

or Bio-FETs. A schematic image for the comparison of the signal transduction for

the use of FETs as biosensors and the classical electronic use of FETs is given in

figure 1.2.

There is a wide range of transducing materials which might be applied for the con-

struction of FET based biosensors such as conductive polymers like pentacene [119]

or pyrrole [120], silicon nanochannels [121], carbon nanotubes [122] or metal ox-

ides [123]. Depending on the conductivity and sensitivity for events at the biorecog-

nition units the choice of transducing material varies with the aimed application. In

general it can be stated that high conductivity and low noise levels combined with

good semiconducting properties qualify a transducing material for sensitive detec-

tion. Hence graphene is considered suitable for a wide range of applications and has

outperformed other materials with regards to sensitivity [109]. Further advantages

of FETs in comparison to other biosensors are the good price-efficiency, small device

size, easy integration in electronic circuits and the easiness of the fabrication of array

configurations on a single device.

1.3 Liquid-Solid Interfaces

The interface formed between a liquid and a solid with respect to its electrodynamic

behaviour is a very challenging topic. It has been studied for centuries, resulting in

great theories from scientists like Helmholtz, Debye or Stern. A complete description

of this topic would exceed the framework of this thesis, but a brief introduction on

the relevant phenomena in this area shall be given in the next subsections.

1.3.1 Debye Length

The Debye length (λD) is the measure of a charge carrier’s net electrostatic effect

in solutions. It can also be seen as the interacting radius of molecules in a solution

(electronic interaction). For example a λD of 100 nm means that a molecule in

the solution has a spherical radius (or Debye sphere) of those 100 nm and will

(most probably) interact with other molecules (attract or repel) in this interacting
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volume. λD for ionic liquids/electrolytes can be calculated by knowing the ion

strength and properties of the present salts by the following equation, as shown by

Russel et al. [124] :

λD =

√
εrε0kBT

2NAe2I
(1.2)

where I is the electrolyte’s total ion strength, T the temperature, εr the dielec-

tric constant of the electrolyte, ε0 the dielectric constant of vacuum, e the unity

charge, NA Avogadro’s constant and kB Boltzmann’s constant. Here, one should

keep in mind that εr falls linearly with increasing electrolyte concentration. Hence

εr can not always be seen as a constant and furthermore has dependency on the ion

strength [125–127] (e.g. 8.5 mM ionic strength has εr = 80 , 170 mM ion strength

has εr = 70). The importance of the Debye screening length for FETs has also been

demonstrated by Stern et al. [128], showing that the expected response signals of

liquid-transistors depend strongly on this parameter.

1.3.2 Electric Double Layers - Grahame Equation

The electric double layer (EDL)

Figure 1.3: Schematic illustration of the liquid-
solid interface, the fixed Stern layer and the diffuse
Gouy-Chapman layer.

formed on the rGO-liquid interface

has an impact on the measuring setup

and is definitely worth a closer anal-

ysis. The most basic theory on the

behaviour of ionic liquids at charged

interfaces is given by the Helmholtz

double layer theory [129], which de-

scribes the innermost layer of water

molecules at the surface. It does not

consider diffusion, adsorption or the

dipole moments of the solvent. The

Gouy-Chapman model includes a dif-

fuse model, describing the charge dis-

tribution depending on the distance from the surface [130]. The Stern model com-

bines both theories, introducing a Stern layer at the the interface and is more accu-
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rate for highly charged surfaces [131]. A graphical illustration of the EDL and the

theories of Stern and Gouy-Chapman are given in figure 1.3. The theory treated

here is the Gouy-Chapman theory for EDLs, considering optimizations proposed by

Grahame [132].

For any electrically charged liquid-solid interface the theory can be used to describe

surface phenomena, but therefore a relation between the surface charge density σ,

the number of free charges ni(x) and the surface potential Ψ(x) is needed. The

x-coordinate mentioned here is directed normal to the surface.

To obtain a suitable dependency of the charge distribution along the liquid-solid

interface, the Poisson equation in one dimension has to be established:

∇2Ψ = − ρe
εrε0

(1.3)

with εr and ε0 being the electrolyte and vacuum permittivity respectively, Ψ the

surface Potential and ρe the surface charge at the interface. Furthermore the distri-

bution of the charge carriers has to be taken into account and therefore the Boltz-

mann statistics for the distribution of the ions in the electrolyte is applied, yielding

the connection of charge to the surface potential:

ni = ni
0e

−W i

kBT (1.4)

where ni is the average local concentration of i-ions at the observed point, ni
0 the

total number of ions present, kB Boltzmann’s constant, T the temperature and W i

is the work needed to move an ion in the field. This work can also be expressed

as the charge movement in the potential Ψ for movements towards the surface:

W+ = eΨ(x); and away from the surface: W - = −eΨ(x). Substituting these obser-

vations into the Poisson equation, the following results for movement towards or

away from the charged surface are obtained:

ρ(x) = ze[n+ − n−] (1.5)
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with

n+(x) = n(∞)e

(
−zeΨ(x)
kBT

)
(1.6)

n−(x) = n(∞)e

(
zeΨ(x)
kBT

)
(1.7)

where n(∞) is the number of ions at infinite distance from the surface, z the va-

lency of the observed ions and e the unity charge. Since the rGO-FET system

for which these calculations are performed in this work can be assumed as a low

potential case, a suitable approximation for the surface potential can be applied

(eΨ0 = eΨ(x = 0)� kBT ), yielding the simplified form of the Poisson-Boltzmann

equation:

Ψ = Ψ0e

(
−x
λD

)
(1.8)

with λD being the Debye length (see chapter 1.3.1).

Calculating the surface charge σ from these observations, the Grahame equation for

the distribution of charges in an electrolyte at a charged liquid-solid interface can

be obtained:

σ =
√

8n(∞)εrε0kBT sinh

(
zeψ0

zkBT

)
(1.9)

This result gives the dependency of the EDL decay along the direction perpendicular

to a solid with surface charge σ on the ion concentration of the electrolyte. It can

be used for calculations of the EDL thickness. When λD and the topography of the

biological materials on the surface are known, this procedure enables the study of

the charge distribution around binding events. It therefore enables the optimization

of working parameters like ion concentration and applied potentials for the detection

of biomolecules in liquids.
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1.4 Biosensing

1.4.1 Langmuir Binding Kinetics

The Langmuir adsorption model was derived by Irving J. Langmuir in 1917 [133, 134]

and describes the adsorption of a given analyte to a two-dimensional surface. The

model requires a surface with a known and constant number of binding sites, which

can bind a single monolayer of the analyte and which is in direct contact to the

solution containing the analyte in infinity concentration. The interaction of the an-

alyte A and the surface binding sites B is occurring through binding and wash-off

of the analyte at the same time for any constant and given concentration until equi-

librium of the reaction is reached. The constant reaction and substitution of A to

B is depending on the number of occupied sites and the injected concentration of

the analyte. For each concentration the system adjusts to a different equilibrium,

leading to a dependency of surface coverage on the concentration of the analyte in

the solution. When all binding sites are occupied, equilibrium is reached at the

saturation concentration, determining the association binding constant KA, which

can be used to determine the affinity of the analyte to the binding sites in a com-

parative way. The resulting curve is called Langmuir binding isotherm, because of

the implicit dependence on the systems temperature and can be described by the

equation:

Θ =
pKD

1 + pKD

(1.10)

where KD is the dissociation binding constant, Θ the surface coverage in percent and

p is the partial pressure of the desired component in the system. The dissociation

constant KD is the reciprocal value of KA, the association constant (KD=KA
-1).

When observing a given binding event which follows the pre-requirements for the

Langmuir binding analysis, the kinetic response can be fitted using a simple expo-

nential function ekt, where k is the exponent of the reaction and is also referred to

as the observed binding constant kobs. Such a direct observation of the binding con-
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stant can lead to the evaluation of the binding affinity of the system by two simple

identities:

kobs = kon[C]− koff (1.11)

and

KD =
koff

kon

(1.12)

where kon and koff are the affinity constants for association and dissociation. Any-

how, better accuracy using the Langmuir binding theory is reached when measuring

a wide range of the analytes concentrations and plotting the obtained kobs versus the

corresponding concentrations. Because of equation 1.11, which has a linear nature,

the affinity constants can be obtained by linear fitting over the observed kobs. The

slope and offset of this linear fit then define kon and koff, which again can be used in

equation 1.12 to obtain the dissociation binding constant KD and furthermore also

KA.

A commonly used means enabling to estimate KD using the Langmuir isotherm is the

fitting of the concentration to the surface coverage. The surface coverage is obtained

by any given response signal in such a way that the concentration where no change

of the response is observed for increasing concentrations of the analyte is defined as

the saturation concentration. The corresponding response signal value is set as a

surface coverage of 100 %. All other response signals obtained are then normalized

to this value, plotted against the corresponding concentrations and fitted with the

Langmuir isotherm function given in equation 1.10. KD can then be estimated by the

value of the concentration at 50 % surface coverage. The obtained affinity constant

is comparable to the IC50 value which is usually obtained in systems like e.g. enzyme

kinetics. A more detailed derivation of the Langmuir binding theory can be found

in [135].
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1.4.2 The Energy Landscape Theory of Protein Folding

Proteins are polymers composed of amino acids. These amino acid chains can fold to

several conformations of the protein, depending on outer factors and are responsible

for the proteins three-dimensional structure. Already in 1959 Kauzmann et al.

showed that the hydrophobic forces play a powerful role in the adjustment of the

proteins structure [136]. The center of any folded protein will contain the main part

of the hydrophobic structures, while the hydrophilic structures will be located at

the surface of the protein. Hence changes in the solvents properties will affect the

energy of interactions between the hydrophobic groups and vary the proteins total

structure.

The protein folding procedure is a highly complex electromechanical process and can

be interpreted on a rough multi-dimensional potential surface. Commonly the native

state of the protein is described as the conformation with the highest possibility if

no external potential is affecting

Figure 1.4: Schematic illustration of an realistic energy
landscape funnel for a given protein [137].

the molecule. These native states

can be recognized by structural

motifs occurring locally at certain

domains of the protein.

An attempt to describe the fold-

ing mechanisms and conforma-

tional changes of proteins is the

statistical energy landscape ap-

proach which is a statistical de-

scription of a protein’s poten-

tial surface. This theory is phe-

nomenological in it’s nature, does

not describe the detailed struc-

ture of the protein and can be ap-

plied for any given molecule [137].

The main, very general assump-

tion is the description by using

few energy parameters in a very

simple form. Usually the Gibbs energy, free energy and total energy of the system
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are used. The energy difference from the ground state to any observed folded state’s

mean energy is called the stability gap ∆E. Basically the energy landscape theory

of protein folding (Eltopf) can be seen as an example of the potential well used

in theoretical physics. From that point of view the ground state is located at the

bottom of the well.

Other local minima can be found at different excitation energies, the energy land-

scape reassembles a funnel with the energy walls being rugged to some extend, the

so-called roughness of the landscape, depending on the type of protein. The rough-

ness of the landscape defines how much energy is needed to excite the protein to fold

from the ground state to any other stable state, overcoming the energy barrier and

leading into another conformation which is located at another minimum, as shown

in figure 1.4. This approach has given good results in the past, yielding different

functions for the prediction of the protein structure.

Some sequences of amino acids found in proteins are thermodynamically foldable,

while others are kinetically foldable [138]. In both cases the folding reaction must

happen so fast, that it is relevant for biologically processes.

Interestingly, the Gibbs free energy of a protein that has bound to an analyte in

it’s vicinity in equilibrium can be calculated directly from the observation of time

constants using any biosensor with sufficient time-resolved analysis. The theory

of the Gibbs free energy and the Nernst equation yield a very powerful identity,

allowing to switch from known binding affinities from the Langmuir theory, to the

corresponding change in Gibbs free energy [139].

∆G(pH) = −2.303 RT log(KD) (1.13)

This relation gives us the difference in energy from the ground state to the confor-

mation of the protein when the analyte has bound, and therefore defines the height

of the energy landscape for protein folding. The width and roughness of the energy

landscape funnel still remain unknown, nevertheless the energy needed for a confor-

mational change to the state of the protein where an analyte is bound is calculated

by the given relation.

The Eltopf allows to obtain further thermodynamic parameters, like the density

of states, from which the entropy can be calculated directly. Unfortunately, for a
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detailed and explicit calculation the exact structure of the energy funnel has to be

known. An explicit analysis of the energy landscape for given proteins was not per-

formed in this work, furthermore the Eltopf was used for theoretical considerations

and the explanation of the transduction principle of the FET.

1.4.3 Signal Transduction in Graphene FET Biosensors

During a binding event of a protein immobilized to the rGO, the conformation of

the protein changes. This conformational change causes a displacement of charged

areas in the protein, inducing a small dipole momentum. This momentum can locally

have significant energy to transfer to molecules close by (approximately 0.5 nm) but

will not have any net effect on molecules located further away, since the resulting

potential drops with 1/R3. Anyhow, the energy transfer to the nearest neighbours,

which in fact can only be ions from the buffer solution in the EDL will lead to a

displacement of the EDL. Hence a change of the surface potential is obtained, if the

distance of the binding event from the surface is less than the Debye length of the

system, following equation 1.8. The charge carrier mobilities in the underlying rGO

change when such surface potential variations occur. Furthermore, the resistance

of the rGO-FETs and the observed IDVG curves will be modified by such binding

events.

In other words, the binding of an anlayte at the antibody will change the Gibbs and

free energy of the systems surface. The corresponding relation can be calculated from

the Langmuir binding theory and the ”Nernst-like” identity (equation 1.13). Using

the Eltopf (see chapter 1.4.2), this relation gives us the difference in energy from the

ground state to the conformation of the protein when the analyte has bound and

therefore defines the height of the energy landscape. The roughness of the energy

landscape funnel still remain unknown, but the energy needed for a conformational

change when an analyte is bound is determined by the given relation.

Due to this conformational change of the protein, two types of charge carriers are

displaced, namely:

1) Displacement of the intrinsic protein charge, which is very low in comparison to

the total EDL charge, but can have a significant effect on the adjacent ion charges,

due to a chain reaction like displacement of the Helmholtz layer, depending on the

signum of the applied electric field.
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2) The displacement of the EDL (induced as stated above) will change the electron

and hole mobility because of the different surface charge, which itself is in direct

contact with the EDL and will have a inverse proportional signum of the charges

from the EDL displacement. This effect will create or remove ”charge obstacles” on

the surface of the rGO, which in fact will modify the electron and hole mobility and

therefore displace the IDVG curve from left to right or vice versa.

For the case of VG=0, two facts have to be taken into account. Firstly, the potential

difference from the Source or Drain electrode to the Gate electrode is still given,

which will create an EDL in the opposite direction as if the potential is applied

at the Gate. Secondly, the charge displacement at the surface would also occur if

the system is not situated in an electric field, since the sole presence of ion charges

in the vicinity of the protein will trigger an interaction when the protein changes

conformation. In this case the charge displacement happens with increased disorder

(higher entropy - therefore a wider energy landscape funnel in the Eltopf theory),

resulting in a higher noise level of the ID baseline of the FET.

The capacitance of the system could also be discussed in this context because it also

defines the ID of the FET. Surface charge variations also modify the capacitance of

the system, which is directly dependent on the charge signum and the number of

charges at the liquid-solid interface. As will be shown in equation 3.3, a change in

charge carrier mobility (induced by the change of the surface charge density) and a

change in the capacitance (due to the displacement of the EDL and surface charge)

have a direct effect on the FET read-out.

In conclusion, it can be stated that the dipole momentum induced by binding events

is not the source of the observed response signal, but triggers a cascade of charge dis-

placements which in the end modifies the charge carrier mobilities and capacitance

and therefore the FET read-out.
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1.5 Mycotoxins

Mycotoxins are produced as secondary metabolites by fungi like aspergillus flavus

and have been discovered in the 1960s. These moulds have no chlorophyll and are

typically classified as parasites, reproducing via spores, called conidium, which are

small structures that can produce new individuals [140]. A single type of mould can

produce different types of toxins, but one type of toxin can be produced by differ-

ent moulds [141]. Mycotoxins are harmful to human health, interacting with the

human organism in many ways, interfering with cellular respiration, carbohydrate

and lipid metabolisms, can even bind to DNA or RNA [142], cause allergic reactions

and weaken the immune system. They can be found in the mould itself or in the

substrate on which the mould grows. Air-borne mycotoxins can also endanger hu-

man health by inhalation [143], which makes indoor growth of moulds hazardous for

the inhabitants. The reason for the production of mycotoxins by mould is not yet

cleared out. It is assumed that the mycotoxins are used as a defensive mechanism,

protecting the fungus from insects and at the same time the toxins are weakening

competing species [144].

In a simplified explanation, moulds invade potential hosts by adsorption of their

conidium on the surface of the plant. The conidium is covered with a self-inhibitor,

which prevents germination of the spore and difuses through the plants cuticle as

soon as in contact with the host, leading to germination of the conidium [145]. The

actual stage of infestation depends strongly on the type of fungus, some moulds kill

the plant cells immediately to feed on them, others form a biotrophic relationship,

keeping their host alive while feeding on their nutrients [146]. A differentiation be-

tween moulds that are infecting their hosts pre- or post-harvest is adjuvant because

of the wide range of mechanisms leading to mycotoxin contamination in plants,

which can be split into these two groups. Post-harvest pathogens have easier ex-

cess to their hosts if the surface is damaged or wounded, leading to higher growth

rates. Once the host barriers are overcome, the pathogen changes from a possible

biotrophic stage to the necrotrophic stage, killing the host by modulation of the pH

environment in the plant, slowing down enzymatic activity and gene expression of

the host and accelerating the mould proliferation to a more suitable environment for

the enzymatic arsenal of the fungus [147]. The change of pH happens by secretion of

ammonia for alkaline fungi or organic acids for acidic fungi [145]. Furthermore, also
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reactive oxygen species are produced by enzymatic reactions of the fungus, which

induces cell death of the host plant [148]. Depending on environmental parameters,

the fungus can produce significant amounts of mycotoxins in this stage, depending

on the availability of nutrients and hence it has been shown that the moulds in harsh

or nutrient rich environments don’t produce secondary metabolites [149]. When the

environmental parameters are suitable for the fungus at beneficial pH and salt con-

centrations and sufficient access to glucose is given, the mould will sporulate [150],

relieving conidium to spread further. Understanding the cycle of mould infestation

can help to preclude toxin contamination by different methods like conservation,

the use of fungal viruses [151],engineering of ethylene-free fruits [152] or the use of

competing fungi [153] [145].

Mycotoxins represent one of the biggest threats to food and feed safety with es-

timated 25 % of the world’s food crops being affected, as published by the Food

and Agriculture Organisation (FAO) [154]. The occurrence of mycotoxins strongly

depends on climatic and geographical factors and might differ for a certain loca-

tion from year to year. This is a key factor for the immanent humanistic need of

supplying the world population with basic food availability and on the other hand

also an important economic factor, because the incomes from luxury products like

coffee are also minimized due to toxin contamination. Agencies like the European

Comission, US Food and Drug administration, the World Health organisation or the

FAO discuss the problems concerning mycotoxins contamination of food stuffs and

propose legislatures ensuring the consumers safety. This is the major motivation for

the development of suitable biosensors, which have become more sensitive, cheap

and easy to handle over the last decades. Therefore the percentage of contaminated

food and feed stuffs found by testing has risen during the last decade because of

better availability and sensitivity of the analytical equipment. Hence the amount

of contaminated food in markets is minimized, but the harvest profits are reduced

at the same time due to the expenses for post-harvest tests of the crop. The need

for further development of price-efficient biosensors for the rapid detection of toxins

can be demonstrated by the example of the 2004 toxin outbreak in Kenya. The

outbreak led to 125 deaths and hundreds of treated patients after consumption of

aflatoxin contaminated (mostly homegrown) maize. The contamination was induced

by a strain of Aspergillus flavus which was not previously found in Africa [155].

Mycotoxins can not be destroyed or broken down easily by means of food treatment
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like cooking or freezing. They can’t be digested and remain in the organism of

any species consuming contaminated food [156]. More than 400 different types of

mycotoxins have been found until today, with new ones being discovered constantly.

Only a few types are commonly found in food stuffs, namely aflatoxins, ochratoxin

A, alternariol, patulin, citrinin and trichothecin [157]. Contamination of food can

only be confirmed by analytical testing of the foodstuffs. It can be challenging to

find a representative sample from a lot or silo which needs to be chosen carefully

due to the heterogeneous distribution of the toxins in large food stashes. The state

of contamination can only be determined by laboratory tests because toxins can be

already present without any visible sign.

1.5.1 Aflatoxins

Aflatoxins are one of the best surveyed toxins

Figure 1.5: Structure of aflatoxin B1.

up to date and are mostly found in products

from Asia, Africa and America. They are con-

sidered to be the most powerful naturally oc-

curring hepatocarcinogen [158], being the most

toxic, teratogenic and mutagenic member of the

mycotoxin family. Aflatoxins are produced by

the mould species of Aspergillus flavus and As-

pergillus parasiticus in a wide range of variation,

containing at least 28 aflatoxin types [159]. They exhibit fluorescence of specific

color indicated by their names like aflatoxin B1, B2 or aflatoxin G1, G2, where the

B stands for blue and G stands for green [160]. They have heterocyclic structures,

are highly oxygenated and different aflatoxins have similar structures [161]. Afla-

toxin B1 (AfB1), which is mainly targeted in this work, is the most potent toxin

and carcinogen among the aflatoxins, being a highly unsaturated molecule with no

hydroxyl group (the structure of AfB1 is shown in figure 1.5). The biologocal ac-

tivity of AfB1 is ascribed to the K-region, at the 2-3 π-bond of the molecule, which

binds via electrophilic addition and when hydroxylated, the toxin looses it’s car-

cinogenity [161]. At the same time AfB1 requires metabolic activation to exert its

reactivity [162]. Ingestion of AfB1 causes a syndrom called aflatoxicosis, which pri-

marily causes liver failure, edema of legs, abdominal pain and vomiting, but also

accumulates in the heart, brain and kidneys and is most destructive for infected
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children. It is also argued that AfB1 ingestion is the main cause for liver cancer,

because affected tissue samples show strong blue fluorescence and occurrence over-

laps with AfB1 contaminated regions [163].

Biosensing of Aflatoxin B1

AfB1 is a small molecule with a size of 312.28 kD and is electrically neutral. Due

to the charge neutrality of the molecule, conventional electronic methods did not

reach the limits of detection (LOD) so far that can be observed when using more

widespread analytical methods like enyzyme-linked immunosorbent assay (ELISA)

or high-performance liquid chromatography (HPLC). ELISA tests for the detection

of AfB1 are already commercially available and are advertised with a LOD around

1 pM in buffer and around 30 pM in real-life samples. This is well below all allowed

maximum concentrations of AfB1 in food stuffs instructed by the international food

safety legislations. Such low detection limits are found for a few publications [164]

and several commercial products which can also be used in-field, while most publi-

cations using ELISA show limits of detection around 500 pM, e.g. [165, 166]. The

main disadvantages of this approach are the long assay time, which usually is more

than several hours, the very high effort in plate preparation before measurement

and relatively high cross reactivity rates (between 30 and 70 %) [167]. HPLC on

the other hand, suffers from interferences from the sample background components,

resulting in strong baseline drifts or the overlapping of peaks. It requires the use of

bulky equipment which can only be used in laboratory conditions and also has rela-

tively long assay times. The LOD using HPLC for real-life samples depends strongly

on the named limitations. Newer techniques are able to correct baseline drifting by

mathematical and statistical correction terms and de-convolute overlapped peaks

using special computer software. Vosough et al. [168] have shown that HPLC is able

to detect AfB1 concentrations with a LOD of approximately 8 nM, using second-

order algorithms for multi-target analysis. The problem of long assay times and

portability was tackled in [169], presenting a portable immunoaffinity fluorometric

biosensor based on optical detection from cuvette. The work demonstrated detec-

tion times of less than 2 minutes and a LOD of 300 fM in buffer, but has not been

tested for measurements in foodstuffs, which probably would not be possible for
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highly viscous liquids due to the proposed structure of that biosensor.

Electrical detection of AfB1 was demonstrated on Silicon based FETs utilizing gold

nanoparticles [170]. The approach is based on an indirect competitive immunoassay

leading to a LOD of 3 nM for the described biosensor. The measurements have been

performed under dry conditions, evading Debye length dependency due to the drying

of the liquid in the channel prior to measurement. Although the sensing characteris-

tics and the detection principle based on nanoparticles demonstrate very promising

applicability for the detection of AfB1, the method in [170] is very facile and needs

the use of lithography, etching, annealing, CVD, plasma treatment and nanoparticle

synthesis. Furthermore, no detection in real-life food samples was demonstrated in

that work.

Another indirect biosensor was proposed in [171], measuring the concentration of

A.flavus in rice with the use of carbon nanotube based FETs. The A.flavus-

antibodies are bound to the nanotubes by a protein G, ensuring ideal orientation.

The rice samples were extracted in buffer and measured in liquid-gated FET config-

uration. Passivation was achived with Tween20 and gelatine. The LOD was found

for 10 µg of A.flavus per g of rice with an assay time of 30 minutes. Anyhow, the

detection of the mould itself is not ideal, because the AfB1 concentration does not

necessarily overlap with the presence of the sole mould.

Another electronic approach for the indirect detection of AfB1 are electronic noses [172–

174], which are based on gas chromatography. This technique utilizes the detection

of gases produced by moulds as an indicator of mould growth and needs to be per-

formed in an insulated headspace which is a major disadvantage.

Furthermore, several aptamer-based biosensors for the detection of toxins were pub-

lished and are summarized in [175]. These sensors show promising behaviour, but

studies have been performed mostly in buffered solutions only and the applicability

of aptamers in more complex media like foodstuffs needs to be tested in future due

to the novelty of the approach.

Biosensors based on electronic detection with the use of antibodies at the moment

show the most attractive features like portability and rapid testing [176]. To our

best knowledge no AfB1 biosensor based on graphene was developed until now, al-

though graphene can fulfull several of the requirements for a suitable transducing

material used as AfB1 sensor.
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1.6 The Corn Kernel

The efficiency of corn growth related to the environment temperature is character-

ized by the growing degree unit (GDU) which describes the direct link to harvested

amounts and is given in ◦C.

GDU = (
Tmax + Tmin

2
)− 10 (1.14)

where Tmax is the daily maximum temperature and Tmin is the daily minimum

temperature of the area under cultivation [177]. The second most limiting factor

for the growth of corn is moisture. With corn plants developing 2 m deep roots,

short time spans of drought can be well handled by the plant if planted in adequate

soil. These two facts ovelap with the ideal conditions for mycotoxin contamination,

which are dry stress and high temperatures. Due to the definition of the GDU, it can

clearly be seen that temperatures which proliferate good plant growth also enhance

the occurance of mycotoxins. Therefore the safest environments for the growth of

toxin-free corn are in regions north or south of 35◦ latitude, where temperatures are

too low for strong germination and the accumulation of mycotoxins. Anyhow, most

of the corn producing regions are not situated in these latitudes due to the lower

yield than in hotter regions. In cooler regions other sorts of crops have to be chosen

to assure good harvest before the first frost, which can limit the growing time of

the crops in the north. Further promotion of mycotoxin contamination comes from

damage by insects, since the physical damage to the plants increases the moisture

content and temperature in the grain itself. The contamination of such damaged

corn was found to be six times higher than in an comparable undamaged plant [178].

Both factors mentioned above, temperature and moisture are also fundamental for

the development of mycotoxins. In comparison to chapter 1.5 on mycotoxins, it

can be seen that the ideal environmental conditions for the growth of corn are very

similar to conditions under which the highest production of mycotoxins is possible.

Therefore mycotoxin analysis is fundamental for the safety of foodstuffs from corn

cultivation.

The structure of corn is crucial for detailed analysis of the unspecific binding that

happens when a corn extract is brought in contact with a biosensing surface, in-
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cluding graphene. To find a suitable passivation against these sorts of unspecific

signals, the compositions of the corn extract can be considered. For the scope of

this work it can be assumed that most foodstuffs that are relevant for testing of

mycotoxins mostly consist of kernels only. Since 82 - 84 % of the corn kernels weight

are constituted of endosperm and the endosperm itself is composed of 86 to 89 %

of starch [158], we can assume that starch is the most present component in the

used corn extracts. The second most prominent ingredient is the germ with ap-

proximately 10 % of the total weight and contains 81 to 85 % of the total kernel

oil. The other parts of the kernel consist to 6.7 % from hemicellulose and 3 % of

cellulose. Insoluble neutral detergent fiber represents the most part of what is left,

while we do not need to consider it for the biosensor approach, since it is not soluble

and therefore will be dismissed during filtration steps before measurement with the

biosensor. Further ingredients are present in portions of less than one percent and

have not been considered in this work. However, it has to be mentioned that the

signal resulting from the presented biosensor originates from surface charge changes,

which can be influenced by charged components of the kernel even if they occur only

in such small quantities.
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Chapter 2

Scope of Work and Goals

The aim of this work was the development of a sensing platform for the detec-

tion of AfB1 from real-life food samples, focusing on grains like corn and wheat.

The requirements of sensitivity, selectivity and accuracy for the developed biosensor

were defined by the American food safety protocols of the United States department

of agriculture for Grain inspection, packers and stockyard administration (USDA-

GIPSA) and their limitations to toxin concentrations in the investigated food prod-

ucts. This task requires a versatile biosensor that can generate reproducible data in

a variable environment. Therefore a highly sensitive transducing material with large

effective area and low degree of unspecific binding of other molecules in the matrix

is required. State-of-the-art biosensors don’t combine portability, electronic-based

detection, rapid read-out, easy handling and low production at once, therefore the

ultimate goal for this work is the development of a biosensor fulfulling the named

criteria. A FET based on graphene qualifies as a promising transducer for biosen-

sors due to the high conductivity of the semiconductor and the hence expected high

sensitivity to surface charge changes. Owing to the complex matrix consisting of

food extracts, a protective layer is needed to shield the graphene surface from bind-

ing of any unspecific components. A liquid-gated approach is beneficial due to the

advantage that the probed solution can be used as the Gate insulating material at

the same time. Furthermore, the liquid-gate can be modified with regard to the

electrochemical properties best suitable for the sensitive sensing of AfB1.

The goals of this thesis are structured as follows:
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• Characterization of the FETs in means of electrical and structural properties,

including optimization of the graphene surface, measurements of characteris-

tic curves and studies on the theoretical predictability of the biosensor. Fur-

thermore, two different graphene materials will be compared, including rGO

obtained from a modification of the Hummers method and rGO obtained from

the synthesis introduced by Brodie. The surface coverage of the FETs will be

investigated by optical and electrochemical techniques to analyse the electro-

chemical activity of the transistor channel. The responsiveness of the FETs to

changes of the electrolyte has to be studied, characterizing the dependence of

the charge carrier mobility on the pH of the solution and studying the influence

of ionic strength by impedimetric measurements.

• Investigations of the biosensing capabilities of the devices by binding exper-

iments of charged proteins in aqueous solutions for the comparison to the

detection of uncharged biomolecules will be performed. Furthermore, the de-

pendency on the Debye length, hence the sensing sensitivity in electrolytes

with variable properties will be analyzed to obtain insight that is needed for

measurements in complex media like food samples. The principle of signal

transduction of rGO-FET biosensors has to be discussed, which to our best

knowledge is not cleared out up to now. Further on also the binding affinities

of AfB1 and the LOD have to be measured and characterized.

• A comparison of different types of AfB1 antibodies and their applicability in

FETs has to be tested to improve the sensing capabilities of the devices. The

sensitivity and especially selectivity will be tested by studies of the responses

to other toxins with chemically similar structures, which could also occur in

the same food sample types. The choice of the antibody is of immanent im-

portance, because the sensitivity of the fabricated biosensors can only be as

good as the sensitivity of the surface immobilized antibodies.

• The effects of food extracts to the bare graphene surface will be tested in direct

and alternating current for the evaluation of the responses by comparison to

measurements from solutions with different ionic strengths. This is supposed

to yield information on the portion of ionic effects (resulting from ions in the

food samples) in relation to the whole unspecific response. A variety of differ-

ent passivation materials could be used for the presented biosensor, therefore

measurements of unspecific binding at various Gate potentials with different
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passivation materials have to be performed. A comparison of polyethylene gly-

col, fluorobenzene, 1,4-Di-n-butylbenzene and metal oxides will be done. The

best suitable material will be characterized thoroughly and an optimization

for the best suitable thickness and material properties elucidated.

• For the detection of AfB1 from real-life food samples an array configuration

has to be established including the development of the theoretical background

for the signal deconvolution. Therefore, a series of binding experiments for

the construction of a calibration curve needs to be accomplished. The bind-

ing behaviour will be characterized by the Langmuir and Rodbard functions,

discussing the advantages of both approaches. Finally, a comparison to the

requirements of the USDA-GIPSA protocols is pursued for both curves, dis-

cussing the possibilities for further optimization and the choice of a suitable

calibration curve as well as it’s limitations.
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Chapter 3

Materials & Methods

3.1 List of used Chemicals & Materials

• Equipment

– AFM picoView (custom)

– Analytical scale (KERN)

– Autoclave (UNIEQUIP)

– 1/16’ tubing connectors (Omnifit)

– Chrome 99.9 %, 2 - 4 mm pieces (MaTeck)

– Electrolyte conductivity tester Laquatwin (Horiba)

– ElProScan ELP1 (HEKA)

– Evaporation system (HHV FL400 Auto 306)

– Gate-electrode Dri-RefTM (Gentaur)

– Gold 99.99 % purity, granular (MaTeck)

– Gold contact pins (Tekon)

– Gold electrodes with cable (Lindeberg)

– Graphite flakes, 2 - 5 mm (NGS Naturgraphit GmbH)

– Heating oven (Thermo Scientific Haraeus)

– IPC High Precision Multichannel Dispenser (ISMATEC)

– Keithley 2336

– Keithley 4200 SCS

– LabRAM HR Raman confocal microscope (Horiba)
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– Molybdenum evaporation boats (HHV Ltd)

– Multimeter 87V True RMS (Fluke)

– Omni-LOK connectors (Omnifit)

– Optical microscope HR800 (Horiba)

– Optical microscope BX51M (Olympus)

– Peristaltic pump IPC 8 (ISMATEC)

– Peristaltic pump tubings, � 0.64 mm, length 300 mm (ISMATEC)

– Pipette tips (Star Labs)

– QSense E4 system (Vaästra Frölunda)

– Self-designed Flow cell (Lindeberg & IFT, TU Vienna)

– Shadow masks for 40 µm channels (Fuhrmann)

– Silicon wafers, 20 x 20 mm (Siegert Consulting eK)

– Silver-chloride elctrode Flex Ref (World Precision Instruments)

– Stirring plates (Heidolph MR Hei Tec)

– SUPRATM 40 Field Emission Scanning Electron Microscope (Zeiss)

– Triaxial tip holders (Keithley)

– Ultrasonicator ELMSA S180H (Elmasonic)

– Sputtering system Univex 450c (Leybold systems)

– Impedence multichannel meter VPM3 (Bio-Logis SAS)

• Software

– AFM picoview (Agilent)

– Gwyddion 2.33 SPM data analysis tool (Czech Merology Institute)

– Analytical software for impedance (EC-Lab)

– Keithley Interactive Test Environment KITE (Keithley)

– Lua Script editor (individual software)

– Mathlab 7.13, R2011b (Mathworks)

– Origin Lab 8.5

– SmartSEM R©V05 (Zeiss)

– Stream Basic (Olympus)

• Chemicals

– 3-Aminopropyltriethoxysilane 97 % (ABCR GmbH & Co. KG)

– Acetic acid 100 % (VWR)
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– Acetonitrile 99.8 % (Sigma Aldrich)

– Ammonia 32 % (Merck)

– Anti-BSA monoclonal (Sigma Aldrich)

– Bovine serum albumin (Sigma Aldrich)

– Citric acid 30 % (Sigma Aldrich)

– Disodium hydrogen phosphate Na2HPO4 99 % (Sigma Aldrich)

– DI Water 18.2 MΩ/cm (Sartorius Stedium Biotech)

– Ethanol 99 % (Australco)

– Ferrocenemethanol 97 % (Sigma Aldrich)

– Graphene-oxide solution (University of Bayreuth)

– Hydrogen Peroxide H2O2 30 % (Sigma Aldrich)

– Hydrazine monohydrate 80 % (Sigma Aldrich)

– Magnetic-bead protein purification kit (Thermo Fisher)

– Monoclonal alflatoxin B1 antibody (Santa Cruz)

– Polyclonal afaltoxin B1 antibody (Agrisera)

– Potassium chloride KCL 99.5 % (Carl Roth GmbH)

– Potassium chloride 99.6 % (AnalaR NORMAPUR, VWR Chemicals)

– Potassium dihydrogen phophate KH2PO4 99 % (Sigma Aldrich)

– Potassium ferricyanide 99 % (Sigma Aldrich)

– Pyrene butanoic succinimidy ester (Invitrogen)

– Silica gel (Merck)

– Sodium chloride 99 % (Riedel-de-Haen)

– Sulfuric acid 98 % (Sigma Aldrich)

– Tetrahydrofuran 99 % (Merck)

– Tris (Sigma Aldrich)

– Tween R©20 (Sigma Aldrich)
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3.2 Preparation Methods

3.2.1 Chemicals

Buffered Solutions

Phosphate buffered saline (PBS) with total ionic strength of 17 mM were applied

for all experiments; pH-values were adjusted using NaOH and KOH solutions. 1-

pyrenebutanoic acid succinimidyl ester (PBSE) was used as linker, purchased from

Sigma Aldrich and diluted to a 2.5 µM solution in tetrahydrofuran (THF) and ap-

plied on the prepared FET devices shortly before antibody incubation for 5 minutes

until the THF is vaporized. The Anti-BSA stock solution was diluted in PBS at

1 µM concentration and incubated after linker immobilization for two hours on the

devices. BSA used for experiments was also solved in 17 mM PBS buffer at pH

7.4 and further diluted to the desired concentration. AfB1 was purchased from

Alfa Aesar and solved in 17 mM PBS buffer with the addition of 1 % acetonitrile.

Further dilutions were performed using the same buffer, keeping the acetonitrile

concentration constant for all solutions. The pH for the solutions used in titration

experiments in buffer was adjusted to pH 8 using NaOH and KOH solutions.

Real-Life Grain Sample Extraction

The extraction of different grain types in this work is based on procedures used by

Romer Labs R©. The intial protocol resulted in very viscous solutions, therefore an

optimized extraction routine for corn samples was developed. The aim was to keep

the extraction efficiency with regards to the toxin concentration as given in the food

samples as high as possible. At the same time the solutions had to be optimized to

a less viscous liquid to reduce the responsive behaviour of the extracts to our FET

devices. Since earlier experiments showed bad reproducibility of corn extraction as

given initially, different optimization steps have been tested. Corn extract yielded

by the following protocol shows best reproducibility of the FET responses and had

most constant pH and ionic strength:
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1. Mixing of 10 g corn + 80 mL of PBS (17 mM, pH 7.4, 1 % Tween R©20)

2. Stirring with magnetic stir bar at 600 rpm for 30 min

3. Stick out for 1 h

4. Collection of the top portion (≈ 60 % of the stuck out solution)

5. Centrifugation for 1 min at 4000 rpm

6. Collection of the top portion (≈ 95 % of the centrifuged solution)

7. Filtration via 0,45 µm Micropore filter

When needed the solutions were then adjusted to pH 5 using NaOH and KOH

solutions. The extractions efficiency was not evaluated in this work and is assumed

at approximately 10 %, based on results of studies on the extraction efficiency by

Romer Labs R©.

3.2.2 Preparation of the Field-Effect Transistors

Substrate Preparation

Silicon substrates with a 300 nm native oxide layer were chosen as base material for

the FETs. The SiO2 substrates were cleaned with a standard RCA cleaning proce-

dure. The substrates were then submerged in a 1-2 % APTES solution in Ethanol

for 1h, APTES forming a self-assembled monolayer to increase the adsorption of

graphene. After rinsing with ethanol, the substrates were heated to 120◦C for two

hours and afterwards cooled down to room temperature. GO sheets were prepared

using a variation of the Hummers method derived for the application on FETs [179].

The obtained GO was applied on Si-wafers via spin coating or drop casting of the

top portion of the GO solution. The devices were then treated in hermetically sealed

glass petri dishes with Hydrazine at 70◦C overnight to accomplish graphene-oxide

reduction, forming the graphene structure consisting of sp2-hybridized bonds. The

GO reduction success was evaluated in previous studies using X-ray photoelectron

microscopy (XPS). Flake distribution was preliminary checked with an optical mi-

croscope and the chosen devices then characterized using SEM. For the attachment

of the antibody to the sensing area, the graphene surface was chemically modified by

a bi-functional linker, PBSE. On one end the linker firmly attaches to the graphene

surface through π − π interactions with a pyrene group and on the other hand it

covalently reacts with the amino group of the protein to form an amide bond. For
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the immobilization 20 µL of a 2.5 µM PBSE solution in Tetrahydrofuran (THF)

was placed onto the rGO-FET channel and incubated until the THF has evapo-

rated completely. The samples were washed with THF afterwards to remove any

non-bound components from the surface and then dried with compressed air.

Electrical Preparation

Electrodes applied consisted of gold (60-100 nm) with an adhesive layer of chromium

(2-3 nm) using a standard evaporation process with a shadow mask. A chip-holder

was designed for this process, ensuring the central positioning of the electrodes as

well as reducing electrode geometry glazing because of unwanted shadow offset dur-

ing the evaporation process. Success of the used reduction technique via hydrazine

was established earlier [179] and the resistance of FET channel on the substrate was

measured to indirectly check the degree of GO reduction by using a Fluke Multi-

meter ”87 V True RMS Multimeter”. To assure that the conductivity of the used

electrolyte is not higher than the conductivity of the used graphene layers, all de-

vices displaying higher conductivity than 1 000 ohm were dismissed, equivalent to

the resistance of 170 mM PBS buffer at room temperature.

3.2.3 FET Setup

The electrical measurements for the characterization of the FETs (ID vs. t and IDVG)

were conducted using a probe station “Keithley 4200”. Results were recorded using

the Keithley Interactive Test Environment software. The FETs were electrically

contacted using spring-loaded gold contact pins (Tekon R©) brazed to gold electrodes

with silver cables for the Source and Drain electrodes. For testing of the FET

functionality, a Dri-RefTM from Gentaur was used as Gate-electrode. The electrodes

were positioned by mounting to the flow cell and the use of triaxial tip holders

(Keithley). For biosensing of AfB1, a silver-silver chloride reference electrode (Flex

ref, World Precision Instruments) was used to operate the FET device in liquid-gated

configuration with a constant Gate bias VG of -0.3 V and a constant Source-Drain

bias ID of 0.2 V. The general procedure of the Afb1 titrations experiment started

with continuously flushing the detection area with pure buffer (17 mM PBS, pH =

8.0), until a stable baseline of ID was established.

43



All measurements were performed using a

Figure 3.1: Image of the custom build
flow-cell used for all experiments. [135]

custom made flow cell (figure 3.1) made

from PMMA with fixed flow channel geom-

etry (16 µL), ensuring a defined flow rate of

300 µL/min to minimize mass transfer limi-

tations of the analyte to the sensor surface in

all experiments. The material of the cell was

chosen to be PMMA, because of its reported

biocompatibility [180]. For the generation of

a defined flow speed, fixed flow channel geom-

etry, exact electrode contacts and FET posi-

tioning, and a defined sample volume are nec-

essary. The construction also provides shock

resistance and ensures the setup being largely unaffected by lateral movement or

axial orientation. The capacitative properties of the analyte liquid solution, the

charged interface, the graphene in the semiconductor channel determine the devices

conductivity. This sensing area simultaneously contains the carrier medium and the

contact layer and hence enables a real-time readout for several applications. Further-

more, electrode drillings for constant Gate-electrode distance (2 mm) and a hollow

with FET geometry for fixed positioning of the devices were incorporated to the flow

cell. As observed in almost all biosensor devices, a slight drift in ID was observed

with time. For this reason, the ID response curves were normalized by subtraction

to the baseline current (ID0) for all measurements if not stated otherwise.

3.2.4 Characterization Equipment

Scanning electron microscopy (SEM)

SEM images were recorded using a Zeiss ”SUPRATM 40 Field Emission Scanning

Electron Microscope” instrument.

Atomic force microscope (AFM)

AFM was performed for the evaluation of surface roughness using a custom build

device provided by the Austrian Institute of Technology, Techgate, Vienna. The

instrument is connected and operated via a picoView software, Agilent. Scanning
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was done on a 3 x 3 µm area with a magnification factor of 1 024 and recording

speed of 0.3 line scans per second. The resulting data was evaluated and illustrated

with a Gwyddion 2.33 SPM data analysis tool.

Raman spectroscopy

Raman spectroscopy was performed using a LabRam Aramais instrument from

Horiba Jobin Yvon. Imaging was performed with a 10 x magnification objective

and for the measurments a excitation wavelength of 532 nm and exposure time of

20 seconds for three repetitions with a 10 % filter was used. The laser spot size

was 520 µm2.

Optical microscopy

Optical images images were taken with an ”Olympus BX51M” microscope in re-

flection mode.

Surface electrochemical miscroscopy (SECM)

SECM measurements were performed using a ElProScan ELP1 system, provided

by HEKA Elektronik Dr. Schulze GmbH, Lambrecht/Pfalz, Germany (HEKA).

The system is equipped by a Controller Unit (ElProScan ESC 3), a bipotentio-

stat/galvanostat (PG 340 USB), a closed-loop optical-encoder based XYZ po-

sitioning system (Applied Scientific Instrumentation), a software controlled 45◦

imaging system (HEKA) for prepositioning of the electrode tip on the sample un-

der visual control, a shear force unit and a data acquisition software (Potmaster,

HEKA). Measurements were accomplished in a three-electrode configuration cell

consisting of a Pt-disk microelectrode, a Pt wire auxiliary electrode and Ag wire

with deposited AgCl as quasi-reference electrode. Ferrocenemethanol, 1 mM in

aqueous solution, was used as mediator. Potassium chloride, 100 mM in aque-

ous solution, was used as supporting electrolyte. Ultrapure water was obtained

from a Seralpur Pro 90 CN (Seral) system with conductivity values lower than

0.05 µS/cm. Pt-disk microelectrodes (tip) were purchased from HEKA. To verify

the functionality and stability of the microelectrode, CV measurements were done

using standard protocols before and after each measurement (data not shown).

Quartz Microbalance measurements with dissipation (QCM-D)

QCM-D measurements were performed on a QSense E4 system (QSense AB,

Vaästra Frölunda, Sweden) using a QFM 401 flow module. Dissipation and fre-

quency were measured simultaneously on OSX 303 sensor crystals. A Q-Tools
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software was used for data recording.

Cyclic voltammetry (CV) and Impedance spectroscopy

Impedance spectroscopy and CV measurements were performed with a VPM3,

Bio-Logis SAS potentiostat. For CV measurements one electrode of the FET

was used as the working electrode, potassium ferricyanide was applied above the

channel and a platinum wire, used as the reference electrode, was contacted by

the solution. Impedance spectroscopy was performed by the application of AC

at the Source and Drain electrodes, while the Gate electrode was operated by a

biased voltage. Signals were recorded using the VPM3 potentiostat and EC-Lab

software.

Reactive sputtering

Reactive sputtering was performed using a Univex 450c, Leybold system. Argon

to O2 ratio was set to 80:20 with a gas flow rate of 6 sccm and chamber pressure

of 2 µbar. A power of 40 W was applied to the target to obtain a sputtering rate

of 0.048 nm/s.
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3.3 Characterization of the Field-Effect Transis-

tors

For the characterization of the fabricated rGO-FETs the graphene surface coverage

and distribution were analyzed first. Tunneling electron microscopy (TEM) and

scattering electron microscopy (SEM) were applied therefore. Furthermore, Raman

spectroscopy was utilized to analyze the quality and impurities of the rGO. In the

next step, characteristic curves of the resulting FETs were measured to evaluate the

electronic properties. The reversibility of the devices and possible energy loss result-

ing from previously applied potentials were evaluated by hysteresis measurements.

3.3.1 Graphene Surface Coverage

The graphene coverage of the FET channel is determining the devices electric prop-

erties and is finally of importance for the applicability of the FET. The coverage and

thickness of the applied graphene films was checked by SEM, TEM and SECM as

shown in chapter 3.4.2. The results from the characterization of the surface coverage

by SEM and TEM are shown in this chapter. Because two types of rGO were used

during this thesis, data for both materials is provided.

Firstly the self-synthesized GO was used for

Figure 3.2: A tunnelling electron mi-
croscopy image of a single oxidized
graphene flake.

the fabrication of the FETs and was used

for all experiments described in chapter 3

and chapter 4 of this thesis. The protocol

for the synthesis was established by [179].

TEM imaging was performed to validate the

topological structure of a single GO flake.

As can be seen from figure 3.2, the unre-

duced graphene oxide flakes are not entirely

flat, but contain wrinkles and foldings. This

behaviour has been demonstrated and ex-

plained in literature by the enhanced ther-

mal stability due to the wrinkling of the
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rGO sheets [20]. A SEM image of the distribution of this graphene is given in

figure 3.4.1c. The self-synthesized GO was always reduced by hydrazine, leading to

resistances of the FETs in the range from 100 Ω to 2 kΩ.

The second type of GO used in this work was provided by the University of Bayreuth,

namely by Prof. Josef Breu and in contrast to the self-synthesized GO, was not

fabricated by a variation of the Hummers method but by the method proposed

by Brodie et al. [3]. The resulting GO solution had a graphene concentration of

0.5 wt% and was too highly concentrated for the direct application on the silanized

SiO2 substrates. Therefore dilutions were tested and a suitable dilution step found

for a best possible homogeneousness to obtain mostly single layer graphene flakes.

The GO was applied by spin coating of 100 µL of the solutions followed by a wash-off

with water. SEM images of two of those dilution steps are shown in figure 3.3a&b.

Figure 3.3: a) SEM image of a surface covered with a 1:80 dilution of the stock GO solution. This
concentration was used for further fabrication of the FETs. b) Surface coverage of a 1:100 dilution.
The coverage is too low with no overlaps between graphene flakes, which would not be ideal for
the fabrication of a FET with 40 µm channel width. c) Raman spectrum of a rGO coated SiO2

substrate for the GO from Bayreuth with a dilution of 1:80, for the same structure as shown in the
SEM in figure 3.3a. Because rGO was measured and the 2D and D+G bands are smaller than the
D and G bands, a film thickness of two or three graphene layers can be concluded for the measured
spot. The peaks at low Raman shifts are contributed to residue of hydriodic acid.
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The closest to a single or double layer of graphene flakes with only few overlaps

but continuous coverage of the surface was found for a dilution of 1:80 with diH2O

(figure 3.3a). After reduction of the GO obtained from the University of Bayreuth

with hydrazine, interestingly the resistances of the resulting FET devices were too

high, mostly found in the range of 3 to 6 kΩ. Therefore, different reduction agents

were tested to obtain suitable resistances. Ascorbic acid did not reduce the GO to

the full extend, yielding very high resistances in ranges of MΩ, which would not

be applicable. Furthermore hydriodic acid (HI) was used for the reduction and

in contrast to the self-synthesized GO, the reduction efficiency of HI was better

than hydrazine but only for the GO obtained from Bayreuth. To characterize if

the better conductivity might result from residue of iodine containing groups, the

surface was characterized by Raman spectroscopy, presented in figure 3.3c. The

Raman spectrum showed some residue from the HI at low Raman shifts from 100

to 300 cm-1. To reduce the iodine residue, an additional heating step for one hour

at 180◦C after reduction of the samples was used. This temperature is above the

boiling point of the most iodine species. Furthermore, the use of FETs fabricated

with rGO from the University of Bayreuth was limited to the applications where also

a metal-oxide passivation layer is implemented to minimize possible interactions of

the iodine residue to the solution or analytes. Utilizing optical microscopy, it was

observed that the graphene from Bayreuth shows less impurities, propably due to

more sophisticated filtering steps used during the synthesis of that GO.

3.3.2 Characteristic Curves

Electrical properties of the FET devices were tested analogously to [179]. IDVD

measurements were performed in liquid-gated configuration first, showing no cutoff

voltage before 4 V and a linear slope which is depending on the resistance of the

measured FET (figure 3.6 shows an excerpt). The slope in the IDVD curves clearly

followed Ohm’s law, hence it was demonstrated that the electrical fabrication of the

FETs induced no charge barriers. Because only Source-Drain bias of below 200 mV

were used in the experiments, the cutoff voltage does not induce any limitations for

the FETs.

The IDVG curves for different biases of the Source-Drain voltage (VD) are shown

in figure 3.4. It can be seen that for higher VD also the slope of the positive and
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negative branches in the IDVG curves increases. This can be interpreted as an

increase in charge carrier mobility, which is linearly dependent on the applied VD.

Figure 3.4: IDVG transfer curve of the liquid-gated graphene FET under sweeping VG for different
Source-Drain voltages. The color codes for the corresponding VD are shown in the insert.

For the majority of the tested FET devices ambipolar behaviour with a Dirac point

at slightly positive VG was found. In total an estimated 10 % of the devices showed n-

type behaviour, with no observable Dirac point below 1 V. The transconductance gm

was mostly found from 1 to 5x10-4 S, regardless if an n-type or ambipolar device was

used. The characteristic properties and curves of the rGO-based FETs fabricated

in this work, are very similar to the results obtained for other rGO-FET systems

using exfoliated graphene [107, 110, 179, 181, 182].

3.3.3 Hysteresis

Hysteresis phenomena were checked for several of the presented rGO-FETs. There-

fore a cyclic voltage sweep at the Gate electrode was performed starting from neg-

ative to positive values. The initial direction was then changed for the following

measurement, which should demonstrate that the effect of hysteresis is not depen-

dent on the voltage sweep’s direction. For the measurements a standard PBS buffer

with pH 7.4 and an ionic strength of 17 mM was used. The area of hysteresis for

the left curve in figure 3.5a was found to be 2x10-5 W, while the area for the right

curve in figure 3.5b is 1x10-5 W. For the five FET devices tested for hysteresis in
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average a hysteresis area of (1.28 ± 0.50)x10-5 W was found. This result shows the

good reproducibility of the FETs with regards to hysteresis, all devices displayed

very similar behaviour.

Figure 3.5: Hysteresis of the presented FETs. Measurements were performed in both directions
for several devices. a) Representative measurement of a FET’s hysteresis, from -1 V to 1 V (red
line) and back to -1 V (black line). b) Measurement in the opposite direction: from 1 V to -1 V
(black line) and then back to 1 V (red line).

Small areas in the hystersis curves demonstrate the reversibility of the FETs when

switched between two states. The results from this study indicate high robustness

of the fabricated devices. Furthermore, the displacement of the initial current to the

final current after one cycle shows low energy loss of the FET. Since all measurements

presented in this work are performed with Gate voltages from -0.4 V to 0.6 V,

the effect of hysteresis should not be a limiting factor for the performance of the

presented FETs.
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3.4 FET Device Selection

The fabricated FET devices were characterized for their geomertic channel proper-

ties and outliers eliminated from the selection. Further selection was achieved by

comparison of the channel conductivity in ambient conditions and liquid-gated con-

figuration to minimize the leakage current. The obtained devices were then analyzed

utilizing surface electrochemical microscopy to confirm the electrochemical activity

of the FET channels.

3.4.1 Selection based on FET Measurements

The fabricated FET devices were analysed with respect to the graphene flake distri-

bution by SEM, showing a uniform graphene distribution repeatedly (figure 3.6c).

The electrode positioning and channel width were characterized using optical mi-

croscopy of 100 fabricated devices. While the desired channel width of the FETs

was 40 µm, a variation of ± 30 % was found, resulting from shadow effects due to

the evaporation technique used. Therefore, a selection of devices was performed so

that the channel width was constant at (40 ± 4) µm. An optical image of a FET

channel as used for all experiments with width of 40 µm and length of 4 mm is

shown in figure 3.6b. In addition resistance measurements across the semiconductor

Figure 3.6: a) IDVD characteristics of the FETs for pH from 4 to 8; b) optical image of the split
geometry with channel width 40 µm and length 4 mm; c) SEM image of a rGO distribution like in
the FET channel; d) Measured channel resistance in ambient conditions vs. measured channel cur-
rent (ID) in liquid-gated configuration. FETs were chosen with the maximal available variation in
resistance for demonstration of the dry device resistance and the corresponding resistance in liquid
phase. ID remains constant at a minimum of around 100 µA with increasing channel resistance
due to electrolyte conductivity.

channel at ambient conditions were accomplished to evaluate the graphene contact

between (selection of 750 devices, data not shown). From these measurements, 50
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devices in the range from 0 to 5 000 Ω were also measured in liquid-gated config-

uration of the FET. As experimentally verified, the FET baseline stability of ID in

a liquid-gated configuration stabilizes over time (after ≈ 60 min), hence a washing

step is required prior to any measurement. After the washing step, the resulting ID

was recorded. The results from the measurements of the FET resistance in ambi-

ent condition and the corresponding ID in liquid-gated configuration (PBS, 17 mM,

pH 7.4) were superimposed and are shown in figure 3.6d. Based on Ohm’s law, the

relation is expected to be linear, if no leakage current is ocurring through the elec-

trolyte. In figure 3.6d this is valid only for devices with resistances below 1 000 Ω,

which indicates leakage currents for the used electrolyte if the conductivity of the

FETs is lower. Only devices displaying a resistance of less than 1 000 Ω were chosen

for later measurements, ensuring that the channel conductivity of these devices is

higher than the conductivity of the dielectric isolator/medium layer. This approach

created a low variation in the fabricated FETs with respect to the graphene dis-

tribution, resistance and channel size. Another good indication is the low energy

loss demonstrated by hysteresis measurements of FETs with resistances below 1 kΩ,

indicating that capacitative charging and leakage currents are minimized for the

selected devices.

3.4.2 Surface Electrochemical Microscopy of Graphene

The devices resulting from the FET selection procedure presented in chapter 3.4.1

were used for further characterization of the electrochemical activity in the FET

channel. Surface electrochemical microscopy (SECM) was used therfore. This pro-

cedure should verify the presented device selection and discuss the impact of the

statistically random surface coverage of graphene in the channel on the applicability

of the FETs. The insights obtained in this chapter were published in [183].

Advantages of Surface Electrochemical Microscopy

Wet-chemically synthesized graphene has the advantages of high yields, low produc-

tion costs and easy application from the solution. On the other hand, problems with

rGO are the uncertainty of reduction success and the random surface distribution of

graphene flakes. Therefore, the surface coverage and the degree of reduction success

of the GO sheets over a large area (detection channel) have to be characterized. A

53



characterization method like SECM, that allows for such inverstigations is ideal to

obtain statements about the statistical quality of fabricated sensing devices. Al-

though methods like Raman analysis or XPS can quantify the reduction rate by

analysis of binding energies of the material or for quantitative characterization of

the reduction success by examining the amount of sp2-hybridized orbitals, with these

techniques only a very small spot of the actual rGO surface is examined. The appli-

action of SECM to evaluate the degree of reduction of the GO sheets is measuring

the electrochemical activity and sheet distribution at once for a large area of up to

a few mm2 [184, 185].

Constant distance mode was used for the measurements, which has the advantage

of decoupled electrochemical activity information from the topography [186, 187].

Thus, changes in the recorded tip currents originate only from variations of the

electrochemical activity of the underlying substrate. Furthermore, the measured

current correlates to the position of the tip on the surface and is recorded like-

wise. For comparison of the electrochemical activity before and after reduction, the

electrochemical activity and the topography of a blank SiO2/Si substrate, a GO

covered substrate and a rGO covered substrate were measured. The devices used

for these measurements were chosen by the use of the selection procedure, described

in chapter 3.4.1. Figure 3.7 shows the 2D and the 3D images of tip currents of a

blank sample (a & b), a GO-sample (c & d) and a rGO-sample (e & f) measured by

constant distance mode.

Interpretation of the SECM Data

For the blank SiO2/Si substrate the tip current was measured from 120 to 160 pA,

indicating low electrochemical activity. Because the substrate is non-conductive it

can’t reduce the mediator, resulting in negative feedback (figure 3.7a&b).

The GO-sample shows tip currents around 220 pA along the whole surface, with

no differences between GO-coated and blank areas, indicating non-conductive be-

haviour. As shown in figure 3.7c&d, a tip current of ≈ 200 pA was recorded at

the beginning of the measurement and during the measurement small drifts of the

tip current up to ≈ 230 pA were observed. The continous increase and decrease of

the tip current with progress of the measurement (17 hours) and no found current

peaks, indicate constant electrochemical activity of the surface. The drifting of the

tip current over time has to be attributed to a baseline drift resulting from the
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Figure 3.7: a) 2D and b) 3D constant distance SECM images of tip-current from the blank sample;
Tip currents from 120 to 160 pA were measured, thus silicon dioxide is a non-conductive material
and is not able to reduce the oxidized form of the mediator (negative feedback). c) 2D and d) 3D
constant distance SECM images of tip-current from the GO-sample; During the measurement a
continuous and nearly linear increase of tip-current from 200 pA up to approximately 240 pA was
observed. However, no current peaks are found, indicating a localized electrochemical activity of
the surface. e) 2D and f) 3D constant distance SECM images of tip-current of the rGO-sample;
Blue and dark blue areas: electrochemical non-active areas; yellow and red areas: electrochemical
active areas (rGO flakes), since the surface is able to reduce the oxidized form of the redox mediator.

evaporation of the electrolyte (increasing the redox mediator concentration) or by

a change of the shear force unit SF-amplitude, resulting in a change of the distance

between tip and surface. However, the response of the GO sample did not vary

significantly in comparison to the response of the blank silicon wafer. The primary

sp3 hybridization of GO is the reason for it’s insulating properties, hence the elec-

trochemical activity was expected to be low [61].

The SECM measurements of the rGO-samples showed totaly different behaviour

than both samples observed before. Blank areas, not covered with rGO result in

electrochemically non-active areas and the measured tip-current for these was found

from 150 to 200 pA (dark blue area in figure 3.7e&f). For these spots the result

is the same as the results from the blank and the GO sample. Significantly higher

tip-currents of about 400 - 650 pA were measured in areas overlapping with the

rGO surface coverage observed by SEM (figure 3.6c) and are shown as the yellow

and red areas in the SECM data in figure 3.7e&f. The highest current of 650 pA was

recorded when the tip electrode surface was positioned completely over a rGO flake.
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For the case, when the tip electrode covers only a portion of the underlying rGO

flake, smaller currents were measured, corresponding to the average over the whole

electrode. Depending on the observed area, the current was found from 150 pA for

non-electrochemical-active areas (no rGO) up to 650 pA for electrochemically active

spots (rGO flakes). The electrochemical active areas indicate successfull reduction

of the rGO and good conductivity because the surface is able to reduce the redox

mediator. Therefore, SECM is able to provide information about the rGO surface

coverage and the rGO reduction success at the same time for large areas.

Evaluation of the FET Applicability using SECM Data

To validate the FET device selection protocol derived in chapter 3.4.1, the data

from the SECM measurements was used. The distribution of the electrochemical

active areas from the measurement of the rGO surface was cut into slices of 50 µm to

demonstrate the contact behaviour if applied in a FET channel of the used geometry.

Thereby the functionality and reproducibility of the rGO-FETs, which depends on

the contact of Source-Drain via rGO was evaluated and the FET device selection

procedure confirmed to be effective. At the same time this approach should prove

the statistical balancing of the rGO distribution in the FET channel when using

4 mm long electrodes [1]. A visualization of this approach is given by a presentation

of SECM data with graphical illustration of the electrodes and channel contacts and

is shown in figure 3.8.

Figure 3.8: Five, equal-sized, parallel slices of 3D SECM data of a rGO sample with indicated
Au electrodes on the edges of the slices for evaluation of the functionality of the rGO-FETs. The
evaluated coverage density matches for slice 1: 79 %; slice 2: 74 %; slice 3: 64 %; slice 4: 67 %;
slice 5: 57 %.

The slices measure 50 µm in width, which is close to the actually used channel width.

The Source and Drain electrodes are fully connected by the electrochemically ac-

tive area, hence electrical contact is provided. Five channels of the rGO-FET were

cut out in order to calculate the sufficiency for conduction of the channel by the
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electrochemically activite areas obtained by random graphene distribution. Areas

with currents of ≥ 400 pA were defined as electrochemically active, resulting from

comparison with the data of unreduced GO. The coverage density of electrochemi-

cally active areas was calculated via Mathlab (Mathworks, 7.13, R2011b), obtaining

results for the surface coverage of the five slices: 79 % (slice 1), 74 % (slice 2),

64 % (slice 3), 67 % (slice 4) and 57 % (slice 5). It can be concluded that the rGO

coverage density of 68 ± 7 % provides a very high probability of rGO electrical

contact through the FET channel. Hence it has been demonstrated that the pro-

vided approach using long FET channels to balance to statistical variation of GO

distribution and the described FET selection provide reproducible and applicable

devices.
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3.5 Calculations for the Graphene Field Effect

Transistor

Although a lot of research on graphene was reported in the last years, only few work

had been accomplished in combining theory and experimental results, especially in

the field of graphene FET devices used as biosensors. Lacking a theoretical for-

mulation for quantitative data analysis of the experimental results and a missing

transformation of the established transistor theories to graphene FETs in the lit-

erature triggered our interest in presenting a mathematical approach in this work.

The lack of theoretical models for graphene sensors leads to discrepancies of exper-

imental studies, e.g. studies showed that CVD graphene transistors are insensitive

to pH changes [188], yet other studies reported otherwise [110]. Despite the fact

that a wide variety of biosensor devices based on graphene have been developed and

optimized, the basic requirements for the construction of an applicable biosensor

(reproducibility, a routine for signal prognosis and easy handling) have not been

studied in detail so far. The following subsections present the methods used for the

theoretical disquisition in chapter 4.

3.5.1 Calculation of the Source-Drain Current

For the calculation of ID, firstly characteristic IDVG curves were investigated. As

typical for rGO-FETs, all devices display ambipolar behaviour, with an almost linear

slope for both charge carrier types below ± 1 VG (figure 3.9).

Because the charge carrier mobility (µ) is an important material parameter which

for further studies can be used to calculate ID mathematically, it was determined

by using the linear regime in the IDVG curves. This is possible because the mobility

can be evaluated by the application of an external field, which corresponds to an

Gate voltage. According to [189] the mobility can be determined from the responses

in IDVG curves by the following equation:

µ =
1

αe

dσ

dV
(3.1)
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Figure 3.9: IDVG graph measured from -0.8 V to 0.7 V. Colored lines indicate fits for the linear
regimes of holes and electrons respectively with intercepts defining Vth. Dirac Voltage is found
around 0.3 V. [1]

where α is the induced carrier density by change of VG for 1 V and e is the electron

charge. For the linear parts in the IDVG curves the mobility can be calculated by

equation 3.2, inserting the slopes as mlin obtained by equation 3.1 using a similar

approach as Tanaka et al. [189]. Then the electron and hole mobilities are obtained

after the consideration of the devices properties and parameters, which can differ for

fabricated FETs, therefore also the channel geometry has to be taken into account.

From these considerations the following equation can be obtained:

µeff = mlin
L

WV DC i

(3.2)

with mlin being the slope obtained from the linear fits as described above, W and

L are the channel width and channel length respectively. VD is the Source-Drain

voltage used for the observed IDVG curve and Ci the Gate insulator capacitance per

unit area. The charge carrier mobility was calculated for FETs fabricated using the

described protocols and was measured in the range from 10 000 to 50 000 cm2/Vs

for electrons, with relatively high variations depending on the fabricated FET batch.

However, the obtained values are relatively high in comparison to other values from

literature using rGO. The hole mobility was obtained in the same manner and

measured from 7 000 to 30 000 cm2/Vs, the values being always a little lower than

for the electron mobility of the same FET. This indicates slight p-type behaviour of

the FETs, which can originate from impurities obtained during the synthesis of the
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graphene. In average the results are very consistent with data of other high mobility

FETs that have been presented in another work on rGO-graphene [190]. Knowing

the charge mobility, it is possible to obtain equations for ID and electron density for

both charge carrier types seperately using approaches used in MOSFET theory.

Furthermore, the threshold voltage (Vth) had to be defined for ambipolar devices.

In standard MOSFET theory there is no ambipolar behaviour, therefore the def-

initions of the Vth, classically being defined the voltage at which the FET turns

on, can’t be used for graphene based FETs because the FET never is turned off.

To solve this problem, a routine for the definition of the Vth of ambipolar devices

had to be defined and therefore the branches in the characteristic IDVG curves were

used, choosing the intercept of the linear fit with the voltage axis (figure 3.9). This

leads to the voltage at which theoretically the FET would be turned off, although

that state is not possible to achieve in reality. Nevertheless, two separate Vth are

found for a single IDVG curve, which then has to be used for the calculation of the

corresponding electron or hole mobility. The same approach is used for the formu-

lation of the current in the linear model for metal-oxide FETs (MOSFETs) [191],

where it is defined on the basis of the IDVD diagram, which would not be possible

for a graphene based ambipolar FET. In this work the same calculation routine

was transformed in such manner that it is applicable for the IDVG curve instead

of IDVD which doesn’t change any obtained values or their dimensions, but yields

calculations of channel resistance a priori. For detailed calculation and adjustment

to the structure of the FET used in this work, the oxide layer capacitance had to

be replaced with the electrolyte capacitance due to the same effect in liquid-gated

transistors of the electrolyte than in MOSFETs for the oxide layer capacitance. The

electrolyte capacitance has to be considered a variable, because it can change during

experiments, depending on liquid gate isolator properties which at the same time is

the matrix of the measured analyte. The applicability of the approach was tested

by measurements of ID and comparison to the calculated and expected values and

thereby was successfully confirmed. As explained before, the procedure for the cal-

culation of ID has to consider two cases, one for the more positive and one for the

more negative voltages than the Dirac point voltage. The formulation for ID, de-

pending on the VG, has to take into account the corresponding regime for either hole

or electron charge carriers and their corresponding Vth. From these considerations it

can be seen that the developed theory will not be accurate for results measured for

VG very close to the Dirac-Point. The oxide layer capacitance was replaced by the
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electrolyte’s capacitance and the relative permittivity of the electrolyte is a param-

eter needed for the calcluation of the capacitance. Because relatively low analyte

concentrations were used for all experiments in the scope of this thesis, no change

of viscosity, pH or ionic strength due to different analytes are expected. Therefore,

the named parameters are considered to be constant for a single experiment and

have not been implemented in the equation for ID. For further studies it might be

an advantage to also consider pH and ionic changes in the calculation, because only

then the responses for different matrix types can be mathematically considered.

The relative permittivity of an electrolyte can vary strongly depending on ionic

strength, measurement frequency, temperature and viscosity and can range from 70

to 80 [127]. For the calculations in this work, the permittivity was estimated as 80

because the experimental settings fit best to this value as seen in the corresponding

literature. Considering the equation taken from the MOSFET theory in the linear

model and modifying it to satisfy the considerations of Vth, the liquids permittivity

and capacitance for a PBS buffer with 170 mM total ionic strength and pH of 7.4,

we obtain an equation for ID at constant potentials:

ID = µCox
W

L
(V G − V th)V D (3.3)

For oxide layer capacitance (Cox) the capacitance of the interface from ionic liq-

uid to the graphene surface was used, corresponding to 3 µF/cm2, as shown in

literature [192]. The capacitance which is observed (Cobs) can be split into par-

tial capacitances in the following manner: 1/Cobs = 1/CH + 1/Cdiff, where CH is

the Helmholtz layer capacitance and Cdiff the diffuse double layer capacitance [193].

In total they yield the inverse additive of the observed capacitance which has to

be used for the calculation instead of the Cox, since no oxide layer is given in the

measurement setup. Therefore, both capacitances used in the MOSFET system are

reduced to a single capacitance of the electrolyte. This procedure allows for the use

of the Grahame theory on the EDL as described in 1.3.2. Anyhow, the cases of the

dependency of the total capaciatances can be split for different ionic strength, where

at low electrolyte concentrations Cdiff is lowered and Cobs becomes approximately

equal to Cdiff (Cobs ' Cdiff). For high ionic concentrations Cobs is very close to CH be-

cause Cdiff becomes so high that the reciprocal value can be neglected. PBS buffers

were used as electrolyte due to it’s small solvated ionic radius and low viscosity,

which remain constant throughout the experiments. The dissociated ion concentra-
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tion remains the only variable with influence on the EDL capacitance due to the

associated dielectric constant, which is varying with this factor. In an experimental

check-up of at least 5 FET devices the channel current baseline level was in good

correspondence with the calculations from equation 3.3. An average error of 2 % for

the linear regime and an increased error if VG is closer to the Dirac Voltage than

0.3 V due to the nonlinearity in this region were found. The highest deviations of

devices measured for their baseline to the theoretical results have still been less than

10 %, which clearly underlines the applicability of equation 3.3. The accuracy of this

equation was checked on devices measured at different VG to demonstrate the range

of applicability when changing VG. For all calculations Vth were obtained from the

IDVG diagrams first, which had to be measured beforehand from the intercept in

e.g. figure 3.9.

3.5.2 Protein Adsorption/Desorption Kinetics

The response signal ∆ID from a binding event depends linearly on the surface cov-

erage of the observed analyte bound to the binding sites at the graphene surface.

The Langmuir formulation, which in detail is explained in chapter 1.4.1, can be

transformed to ∆ID and used for analysis of binding events. Hence a mathemat-

ical expression for the system can be obtained when binding constants are known

or obtained from titration experiments [194]. Therefore the determination of un-

known target molecule concentrations can be theoretically performed in advance or

for comparison with obtained experimental results if a suitable equation with good

accuracy is given by combination of the Langmuir binding kinetics and equation 3.3.

The following equation for the channel current is thus derived and stated as followed:

IDS = µCox
W

L
(VGS − Vth)VDS + θ(pH)(

kon[c]Rmax

kon[c] + koff
)(1− e−(kon[c]+koff )t) (3.4)

with Rmax being the maximum response signal, [c] the observed analyte concentra-

tion and θ(pH) the Heaviside-function determining the prefix defining if positive or

negative detection signals are expected (θ(pH) being sign(pI - pH) for proteins, and

(-1) for uncharged molecules). t defines the equilibrium setting time of the observed

concentration, starting with 0 at injection. kon and koff are the affinity constants

and are obtained from the linear fit in the Langmuir model. The formulation shows

good agreement with experiments conducted on multiple FET devices, exhibiting a
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maximum relative error of approximately 20 %. The drift of the baseline is not con-

sidered in this equation and the current is measured and compared to equation 3.4

after stabilization of the baseline to lower than drifts of 1 nA/s.

3.5.3 Theoretical Validation of the analytical Array Proce-

dure

For the measurements in chapter 5.5 real-life samples and an array configuration

are used. The validity of the simple approach for the subtraction of the response

signals to obtain a readout of the response signal can be evaluated theoretically

by using a general model for the electrostatic potential at electrolyte oxide inter-

faces [195]. Thereby the surface potential changes are ascribed to Vth, which can be

measured from the IDVG curves by linear extrapolation of the slopes for the nega-

tive and positive region (electron and hole mobilities) to the voltage corresponding

to a hypothetical 0 A current flow through the FET channel. The model uses the

corresponding equation proposed by Bergveld et al. [196], which states:

Vth = Eref −Ψ0 + χsol − ΦSi

q
− QOX +QSS

COX

− QB

COX

+ 2φf (3.5)

where Eref is the potential difference of the reference electrode, Ψ0 is the electrostatic

potential, χsol the surface dipole potential, ΦSi is the silicon electron work function,

q the elementary charge, Cox the capacitance of the Gate oxide, QOX the charges in

the oxide, QSS the charge of the surface states and QB the depletion charge. In the

original publication φf describes the potential difference of the Fermi levels of doped

and intrinsic silicon [195] because the model was developed using SiO2 ion-sensitive

FETs. It can be shown that the same relation works for other channel materials,

essentially metal oxides. For the case of rGO-FETs, this potential difference could be

ascribed to the Fermi levels of doped and neutral graphene sheets, keeping in mind

that for rGO the synthesis and reduction process dope the surface with residues,

shifting the Fermi level in comparison to e.g. CVD graphene. Interestingly for

this equation, most factors are constant for a specific electrolyte used. To interpret

the simple approach of subtraction of the response signals of two FETs in array

configuration, expression 3.5 can be simplified because the FETs are compared using

the same solution - the corn matrix - under the assumption that the variable AfB1
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concentrations are not altering the solution’s basic properties. Therefore Eref, ΦSi,

QOX, QSS and QB can be seen as constants. Using the mathematical approach |ID1 -

ID2| for the array, the formulation for ID in equation 3.4 and substituting Vth with

the expression in equation 3.5 after calculation of the resulting |ID1 - ID2| = ∆ID the

following relation is obtained:

∆ID = |2φf
(1) −Ψ0

(1) + χsol (1) − 2φf
(2) + Ψ0

(2) − χsol (2)| (3.6)

The three factors that are left after subtraction of the ID’s are the only differing

variables for both FETs in the array (the numbers in superscript in formulation 3.6

indicate the corresonding device 1 or 2 in the array). The difference of Fermi energy

φf is depending on the doping of the surface, which in fact can differ for two FETs,

because of the manual fabrication process in this work. A routine to adjust φf for

all fabricated transistors to the same potential could be achieved by directed doping

of the surface after the fabrication process. The same applies to the surface dipole

potentials χsol, which also are not constant for two different devices. When mea-

suring in array configuration with two FETs, the normalization of the curves for a

given blank corn extract induces the correction of the differing χsol and φf, because

the electrostatic potential Ψ0 for the same electrolyte without any surface binding

to antibodies is constant for both devices. Therefore the dipole potential and φf are

the only variable factors for the reference solution (blank corn extract). The differ-

ence in these variables is evened out by the multiplication of the non-targeted FETs

response curve with any constant which modifies the curve in such a way that ∆ID1

= ∆ID2. This leads to |ID1 - ID2| = 0 for the reference solution. When normalization

is performed in this manner, it will be shown later that |ID1 - ID2| = 0 also for other

non-contaminated food samples used in this work.

Therefore |ID1 - ID2| > 0 only when binding to either the target or non-target an-

tibody is occurring. During specific detection of AfB1 from corn extracts, the used

corn matrices can be of different nature, because the used corn samples in this work

were naturally contaminated and therefore origin from different plants and crops.

Nevertheless φf is a material parameter which is independent of the used analyte

and is evened out by the normalization routine described above and can therefore

be seen as a constant after normalization. χsol changes for different corn extracts

and may vary for different concentrations, but because one observation is performed

only for a certain corn matrix for one concentration at a time, the surface dipole
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potential is assumed to be constant, which simplifies equation 3.6 to:

∆ID = ∆ID(non−target) −∆ID(target) = c(∆Ψ0
(1) −∆Ψ0

(2)) + β (3.7)

where β is the Langmuir-like last term in equation 3.4, which turns to 0 for the non-

targeted FET and is concentration dependant for the targeted FET. The factor c is a

scalar constant obtained from all non-variable factors and Ψ0 is the surface potential,

which can be influenced by binding events at surface immobilized antibodies as

explained in chapter 4.6.1. Therefore the observed difference in response signals

for the targeted and non-targeted FET devices in array configuration is defined by

equation 3.7, with the binding term β and the surface potential Ψ0 as convoluted

variables. Under the assumption of Ψ0 << β, the equation can be further simplified

and yield results that are interpretable by the Langmuir binding theory.

65



Chapter 4

Measurements in buffered
Solutions

4.1 Introduction

The presented graphene FETs were partly developed in my diploma thesis [135] and

are the basis for the characterization and applications performed in this work. Some

basic characterization, particularly ionic strength dependence, protein detection and

pH responses have been studied before and the basic measurements are not shown in

this work, although they are fundamental for the presented research. Nevertheless all

measurements shown in this chapter are based on or are derived from measurements

previously done. The presented results were also published in Graphene-based liquid-

gated field effect transistor for biosensing: Theory and Experiments [1] and are

discussed here in more detail.

4.2 Dependency of the Charge Mobility on pH

For IDVG curves of solutions having different pH, a shift of the Dirac point and

a change of the slopes for electron and hole mobility can be observed. Titration

curves and IDVG relations were measured with PBS buffers with pH values varying

from 6 to 7 and at constant ionic strength in [1, 135]. These results were confirmed

and are shown in figure 4.1a. The similarity to the response curves obtained for

measurements performed earlier in [135] is very high, although the responses are
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found at 5.8 µA for a pH change from 6 to 7, which differs to 0.3 µA from the

previous experiment. Again, steps of ∆pH = 0.1 were chosen for the reproduction,

keeping all other system parameters constant and equal to the results shown in [1].

pH titrations with a range from pH4 to pH8 in steps of ∆ pH = 0.5 were also shown in

that work and are displayed in figure 4.1b. The derived equations for the calculation

of the electron and hole mobilities were applied for these IDVG curves separately,

fitting the linear regime. From mlin obtained by the linear fits in the branches aside of

the current minimum the electron and hole mobility of the underlying rGO layer for

varying pH have been calculated. This in turn gives information about the graphene-

liquid interface and the interactions of liquids with the graphene itself. The responses

of a graphene FET for changes of pH can result from two different effects. Firstly

the formation of the EDL, which for the solutions with different pH can change the

surface charge at the graphene-liquid interface and hence change the mobilities of

the electron cloud, which is the nearest neighbour to the charged Holmholtz layer at

the interface. Secondly, also the effect of intercalations as explained in chapter 1.1.3

of the introduction can change the FET conductivity. The intercalated water layer

between two layers of graphene is also part of the electric circuit which electrons have

to pass when travelling from Source to Drain if any overlaps of multiple graphene

layers are given on their path. In that case a given electron would have to tunnel

from one graphene flake to the other, which is easier if the interspacing of two flakes

is lower or the intercalated water layer has higher conductivity due to increased ionic

strength. Since the ionic strength of the used solutions is constant, only a change

in distance of two overlapping flakes could result in a change of conductivity. This

effect could be induced by a change of the pH value due to the electrostatic forces

of two overlapping graphene flakes might be changed with respect to the pH of the

intercalating solution. This would also change the Zeta potential and therefore the

potential and hence the interlayer distance. The experimental study of this effect

was conducted by a detailed analysis of pH values from 6 to 7, obtaining titration

curves, which are shown in figure 4.1a. Again exponential fits were applied for the

kinetic parameters of each pH step’s time dependent change to evaluate the influence

of the curvature of pH titrations. The exponential fits show consistent behaviour, in

that regard that for changes of ∆pH = 0.1 the same coefficients have been found as

for changes of ∆pH = 0.15 as shown in the insert in figure 4.1a. Furthermore also

for changes of ∆pH = 0.5 the fits applied had constant exponential factors for all pH

changes. The interpretation of this effect can be easily performed when assuming
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the time-dependent build-up of a Gouy-Chapman diffuse EDL at the surface when

the pH is changed. The EDL is being established across the channel length with a

reaction rate having constant k. This rate is depending on the length of the channel

and the liquid flow speed, which determine the liquid exchange speed across the

FET channel. Interestingly, the fitted exponential factors for pH changes seem to

be dependent on the applied VG and are contant for pH changes as long as the

applied VG is constant. An exact evaluation of this time-dependence to the applied

potential still remains to be clarified.

Figure 4.1: a) Titration of the pH of the buffer from pH 6 to pH 7 in steps of ∆pH = 0.1 and
0.15, showing reversibility of the measurements. Exponential fits (red lines) have been applied
for each pH transition. The insert shows that the transition rates are constant for varying pH
with an average value of k = 0.017. b) IDVG curves for pH values in the range pH 5 - 8, in
steps of ∆pH = 0.5. c) Regression of change in channel current with pH value of four different
measurements normalized in such way that the response for pH = 4 was adjusted to 0 µA response.
Arrows indicate if data was obtained from ascending or descending pH value titration. [1]

On the other hand, the linear relation of conductance and pH change was found to

be 30 µS per pH, and the relations for four different measurements are all shown in
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figure 4.1c where the responses have been normalized in such way that any given

response to pH 4 (either really measured or interpolated) is normalized to 0 µA.

The relation is indicating that the relative surface potential and the surface charge

changes have a linear relation.

This relation is crucial for the success and applicability of any given rGO-FET

because it is essential for the quantitative detection of biomolecules in variable ma-

trices. The slope of 30 µS per pH is in good accordance with experimental results

and theoretical considerations shown elsewhere [197]. The shift of the Dirac point

of the IDVG diagrams for different pH values is also in good accordance to litera-

ture [193] and was confirmed with an offset from 0.175 V for pH 4 to 0.31 V for

pH 8, corresponding to a dependency of 0.034 V/pH (figure 4.1b).

Figure 4.2: Charge carrier mobility for electrons and holes in dependence on the pH of the elec-
trolyte. (Obtained from fits of IDVG measurement in figure 4.1b.) [1]

The mobilities of electrons and holes have been derived from fits of the IDVG relations

and their dependence on the pH value is shown in figure 4.2. A transition of the

majority charge carrier type from electrons to holes can be seen at around pH 6,

meaning that below pH 6 electrons are the most prominent charge carriers and holes

become more prominent above pH 6. From this fact a further intrinsic property of

the rGO is obtained, showing the dependency of the charge carriers and conductivity

of the material on the pH. It gives a good estimation at which pH n-type or p-type

behaviour of the rGO-FETs is to be expected. Similar to the isoelectric point,

which defines the charge of proteins depending on the matrix pH, an analogy for

graphene is used and therefore the point is called “isomobility point” of rGO, which

in our experiments is found to be around pH 6. Furthermore in these experiments
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the corresponding current to the Dirac point was confirmed to be constant and

independent of the pH. For other measurements of the ionic strength it could be

shown that ID is increased for higher ionic strength. At the same time the voltage

of the Dirac point stays constant and the conductivity of the FET devices increases

only slightly with increasing total ionic strength of the electrolyte.

The Debye-length λD of the system is depending on the ionic strength of the used

electrolyte and defining the interactive radius of molecules in the medium and is

defined by the thickness of the EDL. As stated by the Debye theory explained in

chapter 1.3.1 an increase in ion concentration lowers the effective λD in the liquid.

The EDL at the graphene-liquid interface is forming a stronger charge separation

due to the increased ion concentration, which is resulting in a higher potential at

the surface and also exhibits a stronger electrostatic force on charge carriers in the

rGO. The direct consequence of an increase in the ionic strength therefore is a slight

increase in charge carrier mobility, which again can be calculated using the procedure

explained in this chapter.

4.3 Impedance Spectroscopy

Impedance spectroscopy is a powerful analytical tool, which can characterize the

used graphene FETs, yielding further information about the transistors behaviour

for a wide range of analytes and/or solutions. Apart from the information obtained

by measurement in direct current (DC) mode, which is basically only the readout of

the ID, impedance spectroscopy delivers frequency dependent information about the

resistance of the FETs. In contrast to DC measurements, the obtained dimension is

the conductivity |Z| of the FET, which can be used to calculate ID via Ohm’s law,

but can have it’s limitations if the leakage current to the Gate electrode isn’t negli-

gible. Here impedance spectroscopy was used as an additional characterization tool,

to evaluate the responses of buffers with different ionic strengths. The analytical

detection of analytes (AfB1) still was performed in DC measurements. Impedance

spectroscopy rendered useful for the analysis of unknown responses from matrix ef-

fects, as shown in chapter 5, since it is possible to de-convolute signals from ionic

strength change and adsorption to the graphene surface.

For a more detailed characterization of the FETs response to ionic strength changes
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Figure 4.3: Result from the impedance spectroscopy of a blank rGO-FET, performing a titration
of PBS buffers with pH 7.4 and ion strengths from 170 mM to 17 mM. The graph was normalized
to the baseline obtained by the injection of 17 mM. Therefore the negative peek, resulting from
the measurement of diH2O, is not displayed in this figure.

in the used solution, a titration curve of PBS buffers with different ionic strengths

was performed, analogously to the measurements in DC mode (shown in my diploma

thesis [135]). Each buffer solution was washed over the sensor surface for 10 minutes,

using total ionic strengths of 17, 42, 85 and 170 mM as well as diH2O. An example

for an impedance plot is shown in figure 4.3.
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4.4 Application as microfluidic Flow-meter based

on Graphene

During this work different response signals on rGO-FETs, depending on the flow

rate of the liquid were observed. This observation was novel at the time of discovery,

hence a patent was submitted and accepted for the method of flow velocity detection

utilizing graphene FETs. The corresponding Patent ID is 14162292.8 [198]. Com-

mercial flow-meters for very slow flow rates are only found in very high price ranges,

however the fabrication of the presented FET based on wet-chemically produced

graphene can measure and distinguish very slow flows down to at least 50 µm/sek

(lower pump speed could not yet be tested). Several possible application areas

could benefit from a price efficient and accurate measuring device for liquid flows

(medicine, biosensing, lab equipment).

Figure 4.4: a) Measurement for low pump speeds. b) Logarithmic regression of the detection
signal from figure a. c) Measurement for higher pump speed and d) the corresponding logarithmic
regression of signal to pump speed for the measurement shown in figure c.

State-of-the-art flow-meter devices usually determine flow speed and/or mass trans-

portation of high speed flows, ranging down to 500 µL/min, with geometries that

require large amounts of sample liquid. The lowest measuring range of instruments
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on the market is achieved by the technology of thermal mass flow meters, which

measure down to 100 µL/min but are much more costly in production than the

wet-chemical graphene FET devices. Furthermore, scientific work has been pub-

lished by Newaz et al. [199] based on a CVD graphene FETs, but with the flow

speed detection limit already at 4 mm/sek, while the FETs presented in this work

can outperform that by a factor of 80. Additionally the CVD of graphene is more

costly and requires bulky equipment, while wet-chemically synthesized graphene

can be produced at very low cost with minimum equipment. Papers by Proctor

et al. [200, 201], determining the basic effects of pressure on graphene can be seen

as background for all following advancement and applications based on graphene-

surface force interactions (“Graphene under hydrostatic pressure”). Also another

patent was released in China by another group [202], but using graphite alkene and

a different buildup for the determination of gas pressure and flow speeds.

The measurements were conducted at constant VG using a Ismatec high Precision

Multichannel Dispenser device for speed adjustment with step-by-step increasing of

pump speed after a constant signal is detected for the previous speed step. Distilled

water was used as transport medium. The relation between signal output (ID) and

flow speed was found to have exponential character. The Fit for this relation shows

concordance between 96 % and 99 % when plotted on logarithmic scale.

4.5 Measurements of the Debye-length Dependency

For the detection of proteins in solutions various parameters like the variation in λD

or changes in carrier mobilities induced by the electrolyte’s ionic strength have to

be considered. At low ionic concentrations in the electrolyte λD increases but at the

same time the electron mobility and the double layer capacitance decrease, which in

sum yields to a higher response signal of the system for the detection of BSA [1]. The

titration curve obtained when using the ideal parameters for the detection of BSA

is presented in the paper. Furthermore, the sole dependecy of the responses of any

given analyte on λD is of interest. Therefore experiments with surface-immobilized

anti-BSA were performed for the detection of BSA from PBS solutions with differing

ionic strengths and the responses were compared with the theoretical curve from the

Debye theory. The obtained experimental data from this study is in good agreement
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with the Debye-theory for ion concentration variation and is presented in figure 4.5b.

Since the λD can only be calculated with the correct capacitance and ionic strength,

both factors have been considered variable and adjusted for the calculation of every

response separately. The response signals for these measurements of 50 µM BSA

injections have a dependency with a factor of 28.6 ± 2.9 nm/µA for the calculated λD

in dependence on the surface potential. A fit of this relation is shown in figure 4.5b.

Hence it can clearly be seen that λD influences the observed detection signals and

protein detection has to be conducted in a suitable aqueous environment. For the

experiments with BSA good system properties were found when using a buffer of

pH 7.4, clearly above the isoelectric point (iP) of BSA, which is stated in literature

at pH 5.4 [203]. The molecules are negatively charged for pH 7.4, which was chosen

because of comparability to physiological conditions. The detection signals are then

predicted to have a negative prefix and the signal response in PBS buffers, with

changing ionic strengths was tested in such manner that a quantitative evaluation

of the dependency of sensitivity on the corresponding λD variation is obtained.

The increase of total ID with decreasing ionic strength (figure 4.5a) can be associ-

ated with the change of the capacitance in the EDL interface and the charge carrier

density in the graphene, respectively. With lower ion concentrations, the charge mo-

bility slightly decreases, but increasing the capacitance of the gate insulator plane

generates a higher total current flow for voltages close to the Dirac Minimum in the

IDVG plots (Vi). For higher voltage, VG-Vi (further away from the Dirac voltage),

the effect of charge mobility predominates the decrease in capacitance change and

the total current increases with ionic strength of the electrolyte. The results from

figure 4.5a have been superimposed with the calculated curve for the λD dependence

on ionic strength from the Debye theory (figure 4.5b). For the λD calculation a vari-

able capacitance and ionic strength have been considered. Following this procedure

shows a good agreement of the calculated Debye curve characteristics with the mea-

sured experimental data for 50 µM BSA injections, linked by a factor of (28.6 ±
2.9) nm/µA.

The readout current can be written in form of the surface potential by simple use

of Ohm’s law, converting the current to the conductivity of the FET. The surface

potential and surface charge are related and can be calculated from each other by

use of the λD for known system parameters as stated in the Grahame equation

(equation 1.9).
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Figure 4.5: a) Measurement of detection signal behavior for 50 µM BSA, gradually decreasing
the ionic strength (indicated by background color change) from 170 mM to 8.5 mM at VG =
-0.2 V. Blue arrows indicate rinsing with the same buffer solution used for the associated BSA
injections. b) Overlap of responses from figure a) and the expected dependency calculated from
the Debye-theory for electrolytes.

The relation can therefore be simplified for low potential cases (valid for the pre-

sented rGO-FETs) and leads to the equation:

σ =
εε0Ψ

λD

(4.1)

where σ is the surface charge, ε the dielectric constants, Ψ the surface potential and

λD the Debye length. The simplicity of the equation for aqueous systems allows the

calculation of the distance dependent potential normal to the surface. Furthermore

it helps to understand the principle of signal transduction from biomolecules immo-

bilized onto graphene surfaces with known distance to the graphene layer.
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4.6 Biosensing of Aflatoxin B1

For the approach presented in this work, detection of AfB1 was performed using the

corresponding AfB1 IgG antibodies which were immobilized to the graphene surface

via pyrene chemistry (PBSE linker). AfB1 can interact or bind to the antibody

either via hydrogen bonding or hydrophobic interactions [204]. Because of the charge

neutrality of AfB1, a suitable VG has to be used for the formation of an EDL. Charge

displacement of that EDL at the protein during a binding event will then also

interfere with the surface charge density and therefore modify the conductivity of

the underlying graphene layer in such a manner, that a detection signal is obtained.

The isoelectric point (pI) of the AfB1 antibody usually is found in the range of pH 6

to pH 7 [205, 206], therefore the used buffer solutions for the detection of AfB1 were

adjusted to pH 8 with an addition of 1 % acetonitrile as solvent when measuring in

buffer. In this case, the antibodies are negatively charged, which would point to the

use of a positive VG, since the EDL charge at the surface would then be positive

and displaced more significantly for binding events or conformational changes of the

antibodies at the surface. For the detailed characterization of the biosensor, studies

on the dependency of the response signal on the ionic strength of the used buffer

solution, the displacement of characteristic IDVG curves, the behaviour during a

titration of low AfB1 concentrations and the non-specific interactions of AfB1 to

the rGO layer are performed. Furthermore, the cross reactivity of the antibodies is

studied, using four different types of antibodies and based on the results a supplier

for the AfB1 antibody was chosen for all further experiments.

4.6.1 Basic Sensing Principles

As the first step for the detection of AfB1, IgG-antibodies supplied by Romer Labs R©

were immobilized with a concentration of 5 µM using the PBSE linker. Firstly, the

suitability of the sensing platform was investigated by the injection of a fairly high

AfB1 concentration (10 µM) during different ion concentrations of the correspond-

ing matrix which in this case was a standard PBS buffer. The measurement was

performed for increasing as well as decreasing ion strength to evaluate the system

reversibility and dependency of an observed response signal on previous binding

events. From these measurements, shown in figure 4.6 and figure 8.1, it can be seen
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that high AfB1 concentrations like 10 µM can be detected in aqueous solution also

for physiological ionic strength of 170 mM. However, the detection signal increases

when the ionic strength of the used buffer is decreased due to the dependency on

λD.

Figure 4.6: FET response curves for injections of 10 µM concentrations of AfB1 at different ionic
strengths, which are indicated by the background colors and molar values. A higher detection
signal was observed between 25 mM and 50 mM ionic strength, as expected due to a change of λD.
The same measurement was performed for decreasing ionic strength and is shown in figure 8.1,
reproducing the results and demonstrating the reversibility of the specific signal in regard to the
ionic strength of the used electrolyte.

The responses of the FET to concentrations of 10 µM AfB1 were 5.5 µA at 170 mM

ion strength, 5.2 µA at 100 mM, 7.4 µA at 50 mM and 9.2 µA at 25 mM. The

decrease of the signal strength is in good correlation to the theoretically predicted

results from the Debye equation for electrolytes. The exception of the response for

the 170 mM solution (which is higher than expected) can be explained due to the

high concentrations of AfB1. At this ionic strength surface saturation is already

taking place and therefore the Debye theory is not applicable. The saturation at

this high concentration is to be expected for the sensor surface but can further be

adjusted using different VG (a more detailed explanation follows).

The same measurements were performed for lower AfB1 concentrations of 100 nM

with the same parameters as explained for the measurements shown in figure 4.6

and 8.1. Furthermore, a test experiment, adding 0.1 % of Tween R©20 to the buffer

solutions to test the change in graphene FET behaviour due to this compound was

performed. Tween is widely used as a detergent to promote solubility of toxin dur-
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ing the extraction of real-life samples [207, 208], for the inhibition of non-specific

binding [209] or as an excipient to stabilize toxins in solution [210], while it does not

affect protein activity. As result of the performed AfB1 titration, no change in tran-

sistor behaviour and characteristics could be observed for such low concentrations of

Tween R©20, indicating that no binding of Tween R©20 to the graphene surface occurs

(figure 4.7). Similar measurements were performed with Tween R©20 concentrations

up to 1 % in all solutions (figure 8.2). This experiment was performed to further

demonstrate the influence of Tween R©20 to the graphene surface and hence the chan-

nel conductivity. Apart from slightly worse baseline stability, no significant change

in the FET behaviour was observed, independant of the Tween R©20 concentration

(comparison of figure 4.7 and figure 8.2).

Figure 4.7: AfB1 detection in PBS buffers of variable ion strength with an addition of 0.1 %
Tween R©20 in all solutions. A low toxin concentration of 100 nM was chosen for proof of low LOD.
A good response signal for nanomolar toxin concentrations was obtained only for PBS buffers with
total ion strength of 25 mM.

Based on the results for the detection of AfB1 in PBS buffers of various ionic

strengths and various concentrations of Tween R©20, the standard buffer for the de-

tection of AfB1 in aqueous solution was chosen to be PBS buffer with a total ionic

concentration of 17 mM and 1 % of acetonitrile. Due to the fact that no influence

of Tween R©20 or acetonitrile at concentrations below 1 % were observed, Tween R©20

was used for the measurements in real-life food samples, while acetonitrile was used

for AfB1 detection in buffer solutions for easier handling. For further characteriza-

tion of the binding affinity of AfB1 to the used antibody, IDVG characteristics of the

graphene FET were measured for different concentrations of AfB1 in the nanomo-
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lar concentration range. Since a slight baseline drift was observed for almost all

fabricated FET devices, the measured IDVG curves were normalized by the slope

calculated from the linear baseline drift. Therefore the responses at 0 V were chosen

as reference and the remaining part of the IDVG curves were normalized in such

manner that the current at 0 V is not decreasing due to the baseline drift. From

this measurement (figure 4.8) it can be seen that at the correct VG, a detection limit

in the low nanomolar or picomolar concentration range can be expected in a con-

trolled environment using a buffered solution as matrix. Since the IDVG curves for

different concentrations of AfB1 diverge at positive VG, a positive VG ideally higher

than 0.4 V has to be used to obtain concentration dependent response signals during

titration.

Figure 4.8: IDVG distinction of nanomolar AfB1 concentrations in dependence of VG.

4.6.2 Evaluation of the Surface Binding Kinetics

Optimization of the binding kinetics following exactly the Langmuir theory was not

the main focus of this work due to the fact that for the construction of the presented

biosensor the LOD, the standard deviation of the data and the specificity have much

higher impact on the applicability of the designed device than the binding affinity

obtained from the Langmuir fitting procedure. Furthermore, a useful dependency

of the response signal on the AfB1 concentration was observed only in the range of

pico- and nanomolar AfB1 concentrations. For higher concentrations the response

signal’s signum changes and a complete Langmuir titration analysis is therefore not

possible for AfB1 concentrations in the micromolar range. The region of concentra-

tions having a viable dependency to the response for Langmuir theory fitting can
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be altered almost linearly by changing the applied VG. As shown in figure 4.8, the

characteristic curves for different AfB1 concentrations have several crossing points

which are defining the signum of the response signals during a titration experiment,

depending on which VG the experiment was performed. The signum of the response

change will then be dependent on the concentration range of the supplied analyte

during the IDt measurement. Therefore for different VG also different saturation

concentrations can be observed, depending on the magnitude of the analyte concen-

tration and the signum of the responses. This FET behaviour was not seen as a

limitation, since the concentration dependent detection of such high concentrations

of AfB1 was not targeted in this work. The suitable areas for the assessment of a

Langmuir titration curve are in the domain of 0.4 VG up to 0.6 VG for nanomolar

up to micromolar concentrations. For negative VG above -0.2 V, a difference in

the characteristic curves for picomolar and nanomolar concentrations was observed,

using a buffer with pH 8. However, Gate voltages above ± 0.6 V are not applicable

due to high capacitative effects and leakage currents which increase the noise level

for several magnitudes. They also impair the stability of the immobilized antibodies

which can have disturbed functionality when exposed to high voltage potentials.

The variations for negative VG aren’t depicted in figure 4.8 due to the correction of

the baseline drift and the graph selection. The initial point for the baseline correc-

tion was chosen at 0 VG because the detection of AfB1 should lead to displacement

of the curves at positive voltges. When using buffers with pH higher than the pI

of the antibody, detection is theoretically expected to be more effective when using

positive VG. However, this turned out to be true for nanomolar and micromolar

concentrations, but for the detection of even lower concentrations down to picomo-

lar concentrations, negative VG promoted the linearity of the response signals and

was used for the assessment of the LOD in buffer, which can be seen in figure 4.9a

where the lowest detectable concentration is 33 pM.

Different titration curves of AfB1 binding to surface immobilized antibodies were

measured and an evaluation of the affinity constant was obtained by the titration of

five different concentrations, starting with low picomolar concentrations up to the

10 nM of AfB1 while using a VG of -200 mV.

The fit of the koff in the time-dependent measurement after the titration (rins-

ing step) corresponds well to the koff obtained from the linear fitting procedure

(1.1x10-2), which is a good indication for the fitting consistency and accuracy. The
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Figure 4.9: a) Titration of AfB1 with fitted binding parameters kobs. Figures b) and c) below
show the analysis of the obtained parameters and fitting corresponding to the Langmuir theory.
b) The binding affinity obtained from the linear relation of kobs to the concentration was found
to be 630 pM. For better illustration of the measured data the concentration scale is shown in a
logarithmic scale. c) The result for the binding constant KD from the relation of response signal to
concentration was found at 250 pM. The result was normalized to 1 for the highest concentration
and plotted as the surface coverage of the graphene FET according to Langmuir binding. The IC50

concentration is marked by the orange line.

obtained binding constants KD from both fitting procedures are in the same mag-

nitude, being 250 pM and 630 pM which again is a good indication for the validity

of the results obtained from the titration of AfB1.

Literature values for the affinity constants were compared to the results obtained

in this work. As shown by Li et al. [204], the IC50 values for AfB1 antibodies pro-

duced by different methods, using different antibodies (monoclonal or polyclonal)

can range over the order of three magnitudes, from 4 pM up to 7 nM. Since the IC50

values were obtained in the same way as the binding affinity KD, when not analysing

the kinetic interactions, both factors are comparable. The obtained binding affin-
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ity from figure 4.9, being approximately 0.5 nM is in the same range as shown in

publications using different analytical methods and matches the range described by

Li et al. [204]. The obtained LOD of around 33 pM can be compared to the data

of other electronic methods for measurements of AfB1 in a controlled environment

like PBS buffer. A liquid-gated FET based on silicon nanowires has demonstrated

a LOD of 3.2 nM [170], a fluorometric immunoaffinity biosensor showed a LOD of

320 pM [169] and a photosensitive silicon photodiode FET a LOD of 16 nM [211].

4.6.3 Unspecific Binding

Measurements for the evaluation of unspecific binding were performed, because an

interaction of AfB1 with the bare graphene surface is possible. For a good com-

parability with the specific measurements shown above, a non-targeted antibody

was immobilized on the graphene instead of the specific anti-AfB1. Because of the

comparable size (anti-AfB1 size is around 150 kDa, while the anti-BSA is around

69 kDa), properties and availability, BSA antibodies were chosen for those experi-

ments. Nanomolar concentrations of AfB1 were washed over the anti-BSA immo-

bilized surface and the response signal was measured using the same buffer and

FET parameters as for the specific detection. A representative curve from these

experiments is shown in figure 4.10.

Figure 4.10: The unspecific responses for AfB1 were measured on graphene FET‘s with immobilized
PBSE-linker and BSA antibodies. For all tested devices no response signal was observed, indicating
that no binding of AfB1 to the graphene surface, linker or non-targeted antibody is occurring.

The same measurements were performed beforehand, using only the bare graphene

surface with no linker or antibody and results from these measurements show signif-
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icant binding of AfB1 to the graphene surface. These results are shown in figure 8.3.

However, these measurements are not representative, since the surface structure dif-

fers from the specific case and the unspecific signals from aflatoxins binding on the

graphene surface are expected to be further minimized when a linker and antibody

are used. The pyrene π − π stacking of the PBSE linker to the graphene during

the formation of a self-assembly monolayer can protect the surface from molecules

binding, as stated in literature [212]. When using non-targeted antibodies (BSA),

the binding was diminished in comparison to bare graphene as well as to the de-

tection with immobilized aflatoxin antibody. Hence a shielding effect of the linker

has to be supposed, which would fulfil the Debye-Hückel law [213] by lowered total

charge and therefore increased relative λD from the graphene surface. Furthermore,

a foresighted view of this work implies that a passivation of the surface has to be

developed anyhow, since the measurement in real-life samples most definitely will

include compounds that evoke non-specific signals as a result of the interaction to

the graphene surface. Hence a detailed analysis of AfB1 binding to the graphene

surface is not needed.

4.6.4 Cross-reactivity

The cross-reactivity and specificity of a biosensor are crucial properties for the ap-

plicability of an in-field biosensing device. For the graphene FETs used in this

work, these factors mainly depend on the antibody used for the sensing experi-

ments. Firstly, an antibody supplied by the cooperation partner Romer Labs R© was

used for sensing experiments in buffer solutions. Before measurements in real-life

samples like corn extracts can be conducted, a validation of the sensor specificity

has to be performed. At first this was done using the supplied antibodies by Romer

Labs R©. Five different toxins were tested which all are common for grains. Deoxyni-

valenol also known as vomitoxin and zearalenone also known as F-2 mycotoxin are

commonly found in corn, rye and barley and are some of the widest spread toxins

and most hazardous to health of live stock and consequently humans. Ocratoxin A

is also one of the most common toxins and is found in a very wide range of foodstuffs

including wine, coffee, peppers etc. Aflatoxin B2, just like AfB1 are produced by

the same species of fungi and therefore are found contaminating the same plants.

Furthermore aflatoxin B2 has a very similar structure as AfB1 (only one double-

bond difference) and is assumed to have the highest potential for cross-reactivity to
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the immobilized antibodies.

Figure 4.11: Cross selectivity of the antibody used for the measurements in buffer. This experiment
was performed in buffer with 100 nM toxin concentrations for any of the tested toxins. The
antibody shows very low specificity, having the strongest affinity constants for AfB1, aflatoxin B2
and deoxynivalenol. The structures of the used toxins are shown on the top of the figure.

The first measurements of the cross-reactivity of the antibody supplied by Romer

Labs R© and the observed kinetic constants as well as the chemical structures of

the used toxins are shown in figure 4.11. It can clearly be seen that the used

antibody is not suitable for specific detection from real-life samples. Therefore a

chromatographic pre-step of the antibody was performed in forefront and showed

that only around one third of the used material correspond to the molecular sizes

expected for this type of antibody. Therefore the antibody was purified using a

magnetic bead-based purification kit from Thermo Fisher and after purification an-

other chromatography showed that approximately 60 % of the used material is in

the size-range of antibodies after the purification (see figure 8.6 in the appendix).

The same cross-reactivity measurements as shown for the non-purified antibodies

were then conducted using the purified antibodies. The purification of the Romer

Labs R©-supplied antibody slightly increased the selectivity, but still showed a cross-

reactivity to aflatoxin B2 of around 70 %. The high affinity of the non-purified

antibody to zearalenone was diminished after purification to approximately half of
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the initial signal and the affinity to deoxynivalenol was completely cleared. The

affinities of all different toxins were evaluated by exponential fitting of the binding

and wash-off curves and the results are shown by the numbers next to the corre-

sponding injections in figure 4.11. The obtained values still show the highest affinity

for AfB1 (0.038), slightly lower affinities for aflatoxin B2 and ochratoxin A (0.031

and 0.030) and the lowest affinities for deoxynivalenol and zearalenone (0.018 and

0.006). However, the cross-selectivity was still not seen to be sufficient for the fab-

rication of an useful biosensor, because the obtained responses in a more complex

sample should be ascribed to a single specific toxin for proper evaluation of the

contamination of the food samples.

Figure 4.12: Cross selectivity of AfB1 antibodies. For each antibody type four measurements,
each using five different toxins with concentrations of 100 nM were performed. The mean values
of signal response and the standard deviation for all measurements is shown in the block chart.
Antibodies from Santa Cruz and Agrisera show the best specificity.

Furthermore different suppliers for the AfB1 antibodies were tested accordingly.

Significant differences in selectivity and sensitivity are observed for all different

antibody types, while Agrisera polyclonal antibodies show the strongest responses

with good selectivity and the Santa Cruz monoclonal antibodies show by far the best

ratio of specific to non-specific response with a significantly lower response. From

the direct comparison of the antibodies, using the same parameters and solutions,

it can be concluded that the non-specific response signals origin from the antibodies

itself. This is a good indication for the reliability of the biosensor, since differences

between antibodies were expected and could be demonstrated sufficiently by the
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use of graphene FET system. The responses of the cross-reactivity testing for the

Santa Cruz and Agrisera antibodies are shown in figure 8.4 and are compared in

figure 4.12. The detection in real-life samples requires high selectivity, since the

matrices for analysis may contain different types of unknown contaminants, implying

a high possibility of false positives, which would limit the applicability significantly.

Therefore the antibodies with the highest specificity, namely the supply by Santa

Cruz, were chosen for further experiments, although this antibody showed the lowest

total response signal and therefore most probably will also have the worst LOD. In

this work the choice between sensitivity or selectivity was made for selectivity.
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Chapter 5

Measurements in Real-life Food
Samples

For the measurements in real-life samples, naturally contaminated and grounded

corn and wheat were supplied by Romer Labs R© and used for the experiments in this

work. Since the extraction from both grain types results in a low pH of the obtained

extract (usually between pH 4 and pH 5), the antibodies immobilized to the FET

channel are expected to be positively charged. Also because of the different nature

of different corn or grain types the pH is expected to shift from extract to extract,

therefore it has to be readjusted to constant value after extraction for comparable

measurements.

To evaluate the non-specific binding and molecular adsorption of real-life foodstuffs

to the bare graphene sensor surface, a series of measurements was performed using

different types of grain extracts (extraction protocol is given in chapter 3.2.1). This

approach was chosen to elucidate the key factors of any given grain type and the

corresponding behaviour of the FET. The measurements were performed in DC and

alternating current (AC) mode. In a next step the responses of the FET to corn ex-

tracts were tested, different passivation layers developed and a suitable linker for the

immobilization of the antibodies to the passivated surface found. Subsequently the

responses of corn extracts were tested in DC and AC mode and compared to the re-

sponses from ionic changes. Furterhmore, an array detection system was established

and theoretically evaluated. Finally dose-response curves for AfB1 concentrations

in corn extracts were measured, a calibration curve plotted and the obtained results

compared to the requirements of the food safety legislature.
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5.1 Impedance Spectroscopy of Grain Samples

Since the responses when using DC do not give any detailed information of the origin

of the response signal, impedance spectroscopy was performed using the same flow

cell, chip geometry and working materials as used for all other measurements in this

work. The advantages and disadvantages of impedance spectroscopy are described

in chapter 4.3.

Six different corn types were used in this work: rye, barley, corn whole, corn ground,

soy and wheat. For a better impression of the texture, dimension and condition of

the used samples, photos of the used samples are given in figure 8.8. Extracts

from all corn types were measured with a FET initializing impedance spectroscopy.

Therefore a baseline was recorded using a PBS buffer (pH 7.4, 17 mM ionic strength)

for approximately ten minutes, followed by the injection of the first grain extract

and switching back to PBS after another ten minutes. This procedure was repeated

for all grain extracts. Ultimately the results were compared to the results from the

ion strength titration in figure 4.3 to obtain an approximate measure of the influence

of ionic components from the grain samples.

Figure 5.1: a) Normalized impedimetric measurement of different grain types. The arrows mark
the injection using the color codes on the top left. b) 2D representation of the same measurement
for grain type responses at different frequencies.

As can be seen from figure 5.1, the responses at higher frequencies decrease the

impedance of the FET, while the responses for lower frequencies are increasing the

impedance. The de-convolution of the responses from real-life food samples are

almost impossible to analyse in detail since there are plenty of factors resulting from
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the food ingredients that can influence the sensors impedance. Therefore, only an

estimation of the origin of the observed signal can be perforemd here, but the results

from the ion titration shown in chapter 4.3 show a very strong response of the FET

to the change of ionic strength of the used solution and can therefore justify an

approach in which the influence of ion strength is compared to the responses of the

grain types. Indeed, the measured impedance spectrum for grain types show a very

similar behaviour for high frequencies as it can be observed when using standard

buffers with variable ion strength. Keeping this in mind, a simple calculation of

the ionic strength of the grain extracts can be provided using the results from PBS

ion titration as a standard calibration curve at high frequencies. Results obtained

from this procedure can then be compared again with the ionic strength measured

directly from the extracts and lead to an estimation of the influence of ion strength

change after extraction. Also a comparison of the Bode plots obtained from the

ion titration with the responses for the grain types was accomplished. As a third

route for comparison of these results, an equivalent circuit for the graphene FET

system was used and the fitting parameters were plotted against the calculated ionic

strength to evaluate if the resistance of the grain extracts change in accordance to

the ionic strength of these solutions. The sum of these results still gives no prove

of the origin of the nonspecific signals observed from matrix effects, but gives an

overview and allows an estimation of the impact of ions that are contained in different

concentrations in different grain samples.

In detail, firstly a calibration curve resulting from the ion strength titration in fig-

ure 4.3 was plotted using a simple exponential fit. The exponential fit for every

magnitude of frequency can be seen in figure 8.5. Interestingly, the dependency for

lower frequency becomes almost linear with a change of the reactions exponential k

value from negative to positive. For a frequency of around 20 Hz no responsive be-

haviour of the FET should be observed. All frequencies below 20 Hz display only a

slight slope, which could also be fitted linearly, which was done for the measurements

of ionic strength shown in previous work. Anyhow, for the calculation of unknown

ionic strength of the grain extracts, the exponential fits were used as calibration

curves and the evaluation was performed for 103, 104 and 105 Hz. The results for

the calculation at 105 are shown in figure 5.2a. The deviations and results for the

calculations at different frequencies are shown in the block diagram in figure 5.2c

and table 5.1. As can be seen in that diagram, the results have a deviation of up

to 25 %, depending on the frequency used for calculation. Also there is no trend
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Figure 5.2: a) The results from the ionic strength titration in figure 4.3 are shown as dark blue
data points, and the calibration curve (dashed light blue) was fitted using a simple exponential fit
over the ion titration data. The changes in impedance for all grain types were correlated to the
ionic strength and are shown as coloured dots. b) The Bode plots of the responses from the ion
titration are shown as dashed lines, while the results from the measured grain types are shown as
solid lines. c) Results for the evaluation of the ionic strength for all grain extracts, using different
frequencies for analysis. d) The fitting parameter of the equivalent circuit R3, which corresponds
to the conductivity of the used matrix (the grain extracts), plotted against the calculated ion
strength. Error bars were calculated from the deviations using different frequencies for the ionic
strength calculation.

observable for the relation of the calculated ion strength to the frequency used for

calculation, yielding the maximal results for 10 kHz. The mean value and standard

deviation was then calculated from the results of all three frequencies and used for

comparison with the equivalent circuit, developed for the presented system. The

equivalent cirquit used here was developed in the framework of a diploma thesis

by a student under my supervision [214]. The curves from the Bode diagram (fig-

ure 5.2b) were fitted using the equivalent circuits equation, yielding values for all

equivalent circuit parameters, which contain the capacitance, the resistivity of the

graphene layer and the resistivity of the used solution (resistor R3). Because the
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conductivity of an electrolyte is linearly dependent on the ionic strength of the liq-

uid, a linear fit for the relation of the conductivity to the calculated ion strength

was performed and is shown in figure 5.2d. The accordance of that fit is a further

indication of the high impact of ions on the properties of the obtained extracts from

different grain types. The Bode plots of the ionic strength measurements in buffer

as well as in grain extracts are shown in figure 5.2b and were used as a control for

the results of ion strength calculation as described above. All curves for the extracts

have the same shape as the curves from the ionic strength measurements in buffer.

They also progress in the same manner as the results calculated from the impedance

and are located exactly between the two curves for 17 mM and 42 mM. The result

of the Soy extract is an exception and gave a calculated ionic strength of 60 mM,

hence lies at the half way between the curves for 42 mM and 85 mM. This observa-

tion corresponds well to the results obtained by titration and direct measurement

of the conductivity. For validation of the obtained results the conductivity of the

grain extracts was also measured with a water conductivity meter and the values

from that measurement were used to calculate the corresponding ionic strength of

the solutions and are shown in table 5.1. The ionic strengths found by impedance

measurements for most of the grain extracts are very close to the ionic strengths

obtained by the conductivity meter, which underlines the applicability of the pre-

sented approach and validates the results obtained by the rGO-FET system.

Table 5.1: Comparison of the results for the ionic strength of the grain extracts obtained by
impedimetric measurements to the results from measurements with the water conductivity meter.

Grain type Impedance Conductivity meter
Soy 54 mM 53.9 mM

Barley 29.6 mM 34 mM
Corn ground 17.2 mM 32.8 mM

Rye 26.5 mM 29.3 mM
Wheat 25.6 mM 28.1 mM

Corn whole 27.2 mM 26.9 mM

Concluding, it can be said that a full proof of the origin of the responses for injections

of real-life samples could not be stated so far, but it is highly likely that the main

effect responsible for changes observed in DC is the change of ionic strength. On

the other side, impedance spectroscopy has been shown to be non-sensitive against

changes of the pH [214], a factor which could also play a major role in DC mea-
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surements. Therefore this investigation focuses only on the ionic strength, while

the change in pH during extraction was evaluated by a simple pH electrode mea-

surement. Further effects like the adsorption of materials to the surface definitely

overlap with the observed behaviour, but the good correspondence for all three ap-

plied calculation routines of the ionic strength indicate that the effect obtained by

ionic strength is the most prominent reason for non-specific response signals when

measuring different grain extracts. With this knowledge a passivation mechanism

could be found to shield the surface from these effects while still allowing a specific

measurement of the desired analyte from real-life food samples.

5.2 Grain Extract Responses in DC Mode

The responses of different grain types

Figure 5.3: Dependency of the response signals for
corn extracts (black) and gluten extracts (red) on the
baseline level of the corresponding FETs. A linear
trend is observable, but the variation of the data is
too large for analytical interpretation.

to the sensor surfaces were also stud-

ied using DC measurements. Because

the final sensor should be working

in DC mode, this evaluation type is

very important due to the high com-

parability with the results aimed for

the finished devices. Firstly, a series

of measurements using only two dif-

ferent grain types was performed in

such manner, that a baseline was es-

tablished for a given FET device and

then the injection of the grain ex-

tract was performed, measuring the

ID. Thereby attention was paid to the baseline level and the correlation to the

response signals obtained by grain type injections to answer the question if the con-

ductivity of the transistor would define the response signal strength for a given grain

extract. The goal was to find a mathematical approach of normalizing the response

to a certain extract from the measurement data and hence extracting only the afla-

toxin binding responses from the read-out curves. Fifty devices were measured in

that way, half using corn extracts and the other half using a wheat gluten extract.

Both solutions were not tested on a single device because it can not be excluded that
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the matereial is not washed off the surface, which would tamper the significance of

the results. The relation of baseline levels to the grain extract responses is shown

in figure 5.3.

As can be seen from these measurements, the dependency of the responses on grain

extracts are not directly dependent on the conductivity of the corresponding FETs.

A basic linear dependency can be observed, but the ID range of interest around

400 µA shows the highest variation of data and therefore can’t be used to predict the

response levels of corn extracts for different FETs with known resistivity. Arguably

several other factors, like the number of intercalations of graphene sheets in the

channel, the surface potential of these sheets, different affinities of the devices to the

extracts or also the non-homogeneous nature of the grain extracts itself can have

significant impact on the responses for the grain extracts obtained by the graphene

FETs.

To compare the results from impedance spectroscopy, where ionic strength was as-

sumed to be a major factor for the responses on the grain extracts, a correlation

of the responses for ionic changes to the baseline level of the corresponding FETs

was evaluated. The relationship of the responses of eleven different graphene FETs

when changing the ionic strength from 85 mM to 42 mM to the baseline level of

the corresponding devices was evaluated and is shown in figure 8.7. As can be seen

from that measurement, also for the change of ionic strength no defined relationship

of the devices conductivity to the responses can be observed. This means that the

conductivity of the fabricated FET devices is not crucial for the expected level of

response when changing the ionic strength of the used electrolyte. This result gives

further indication that the main share of the response signals obtained by grain

extract responses is originating from variations in the ionic strength of the extracts.

In other work it was shown that the conductivity of graphene layers is modified

by the binding of aromatic structures [215] by dispersion reactions of the π elec-

trons [216], oppositely charged molecules [217], hydrophobic compounds [218] or ma-

terials binding covalently by carboxylic or hydroxyl groups to the surface [219, 220].

During such non-specific binding events the local carrier concentration is modified

and leads to step-like changes in the conductivity [62]. A real-life food sample,

like the studied grain extracts, containing a vast variety of different molecular com-

pounds most likely also contain a non-negligible amount of biomolecules that can
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form or adhere via some of the mechanisms described above. Therefore a total pas-

sivation of the surface is most likely only possible if the entire graphene surface is

spatially isolated from the analyte solution. It can be concluded that for the re-

producible detection of aflatoxins from real-life food samples either the extraction

process has to be modified or a passivation for the graphene FETs has to be devel-

oped, minimizing the non-specific signals.

5.3 Surface Passivation

Since the responses of the graphene FETs to real-life food extracts apparently have a

dependency on several factors, a technique has to be developed for the normalization,

elimination or predictability of these signals. For the fabrication of an automatized

detection system for toxins from food-stuffs an approach utilizing the application

of a passivation layer and measurements in array configuration with two or more

graphene channels were chosen in this work.

A definition on what a passivation layer is, is given by the Electrochemical corrosion

nomenclature in [221] and states as followed:

Passivation is the process of transition from the active to the passive state by forma-

tion of the passivating film. Passivation is achieved by... the presence of an oxidized

substance in the neighbouring solution which passivates by being reduced (passivator).

A passivation layer has to be found which shield the graphene surface from the

interaction with the samples, ideally gives predictable and reversible results but also

allows the application of linker molecules and surface antibodies while still function

in such manner that the detection principle is not changed. In principle two types

of such protective layers can be applied:

a) A single layer of molecules, chemically binding to the graphene surface and the

linker molecules which do not hold a protein. The advantage of this approach

would be the unchanged structure of the transistors, not significantly changing the

dielectric properties and therefore not minimizing the response signals but only

bringing the surface potential to another level. Unfortunately changes of the ionic

strength in the real-life food samples still would influence the conductivity of the

graphene layer undamped in comparison to the case of bare graphene, which would
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again give unpredictable signals because of unknown ionic strength of the foodstuff

extracts additionally to the arguments in chapter 5.2 (also see figure 8.7).

b) A solid layer of a high-K material, preferably a metal oxide would completely

shield the graphene surface from contact with the food samples, but would also

minimize the detection signals. The measure of signal loss is dependent on the ratio

of layer thickness and electrical permittivity of the chosen material. The disadvan-

tage is that the coupling chemistry for surface antibody immobilization has to be

changed when using a non-graphene-like surface.

5.3.1 Chemical Protective Layers

Materials which are widely used in literature for the passivation of graphene, but

also materials with an appropriate chemical structure were tested. The range of

measured extracts was minimized for this study in such means that only corn extract

was used. All further measurements for the passivation of the graphene FETs were

performed using the same protocol for the extraction of the corn sample and the pH

of the obtained corn extracts was adjusted to pH 5 for all samples.

The testing was performed using different VG, since the EDL could also manipulate

the binding behaviour of the extract to the graphene surface because of the change

of the surface potential for different Gate voltages. Firstly, a standard curve was

measured using a blank graphene FET. The measurement was performed by injec-

tion of the food sample at different VG’s and was used for further comparison with

the responses obtained by passivated devices. Also a 800 mM glucose solution was

prepared in PBS buffer for comparison to the responses obtained by corn samples

(data shown in the appendix figure 8.10).

The three materials tested for the passivation of the graphene surface are 1,4-Di-n-

butylbenzene, fluorobenzene and polyethylene glycol (PEG). From literature PEG

is known to have a good effect as a surface passivation agent on graphene, mini-

mizing the unspecific binding and being used by many groups therefore [215]. For

comparison of different passivation agents again signal normalization was applied

for the observed Baseline level (ID0) of the measurement. The results for the tests

of the passivation effect of these materials on graphene are shown in figure 5.4. 1,4-

Di-n-butylbenzene, and fluorobenzene show only minor change of the responses in
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Figure 5.4: Corn responses to a) bare graphene, b) graphene coated with 1,4-Di-n-butylbenzene,
c) graphene coated with fluorobenzene and d) graphene coated with PEG. The chemical structures
of the used materials are shown in the top left of the corresponding measurements.

comparison to bare graphene and hence are not suitable as passivators. PEG showed

the most diminished response signals for negative VG, but still does not completely

passivate the surface against corn extract response signals. In literature PEG is often

presented as a powerful passivation agent. Hence a detailed study of the passivation

properties of PEG for corn extract signals was performed. Therefore variation of

PEG concentration, incubation length and the use of PEG in combination with the

linker used for antibody immobilization (PBSE) were tested (data not shown). The

effects of PEG passivation are diminished when applied after linker immobilization,

pointing at an interaction of the corn extracts with the linker molecules.

5.3.2 Metal Oxide Passivation Layers

A different approach for surface passivation was tested by using a high-K metal

oxide layer. The surface was covered completely with an insulating layer of Ta2O5 by

reactive sputtering. A metal oxide was used for this purpose due to it’s inert surface,
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insulating properties and high electrical permittivity which allows the detection

signals to couple through the layer to the transducing unit, the graphene layer.

Because of previous experiences with this material for the fabrication of protective

layers [222], a Ta2O5 layer applied by reactive sputtering in a defined thickness

was chosen to be the best suitable for this approach. Due to it’s high dielectric

constant Ta2O5 is widely used for the fabrication of capacitors in electronics [223].

Tantalum oxide films also display very high chemical and thermal stability [224],

low interfacial reactivity [225] and reactive sputtering allows for the formation of

films with low surface roughness [226], which decreases the surface area and allows

for more planar distribution of immobilized biomolecules. The dielectric constant of

Ta2O5 films strongly depends on the films thickness, the lattice structure and states

of oxidation [227]. A realistic estimation for the dielectric constant εr of Ta2O5 is

around 20 [224].

The technique used for the application of the Ta2O5 layers was reactive sputtering,

which used a solid Tantalum target and oxidises the material during the sputter-

ing using a specific ratio of Argon-O2 as reactive gas. O2 is introduced into the

chamber and also reacts with the sputtering targets, which in the presented case is

the graphene surface and will oxidise during the sputtering process, therefore the

conductivity of the FETs is lowered. It was observed in the framework of this thesis

that the resistance of the FETs after the sputtering process can increase even hun-

dredfold if the sample is exposed too long. The target voltage, emission from the

plasma, the partial gas pressure and the sputtering time were optimized for the low-

est possible exposure time of the samples to the reactive gas and plasma to keep the

oxidation of the rGO layer as low as possible. The disadvantage of higher sputtering

rates are that this can result in a less homogeneous layer of the sputtered material.

Pinholes in the sputtered layer can occur even for thicker layers when using shorter

process times.

To evaluate the effect of the metal oxide layer on the graphene surface, a series of

test measurements was performed and the results are shown in figure 5.5c-f. FETs

were fabricated using 10 nm and 50 nm thick Ta2O5 films, but also a negative con-

trol was performed in means of a FET with no underlying graphene layer but only

the Ta2O5 layer as the semiconducting material. Ta2O5-FETs have been fabricated

before and were applied for the detection of ionic changes and pH [228]. It could

be argued that the Ta2O5 itself can be used as the transducer and semiconductor
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Figure 5.5: Schematic structures of a) an non-passivated FET and b) a Ta2O5 passivated FET.
Titrations of PBS buffers with various ionic strength were performed for the following FETs: c)
Bare graphene. No passivation layer was applied. d) Graphene with a 50 nm coating of Ta2O5. e)
A 50 nm thick Ta2O5 coating with no underlying graphene layer. This measurement was used to
prove the insulating properties of the Ta2O5 layer. f) A 10 nm thick Ta2O5 layer.

of the FET, but the conductivity of this layer is much lower than the graphene

layer’s and therefore is not expected to supply a relevant part of the charge trans-

port. With the measurement in figure 5.5e these concerns were eliminated, because

the total current through the Ta2O5 layer was found around 1x10-10 Ampere after

stabilization of the baseline, which is about five orders of magnitude lower as for

the same film with a basal plane of graphene shown in figure 5.5d. The slow sta-

bilization in this measurement can be accounted to capacitative charging effects of

the surface when the potential is applied. To achieve good comparability of the

non-passivated and passivated FETs, devices with very similar conductivity have

98



been chosen. As described in chapter 3.4.1 for the detection of biomolecules, only

FETs with a resistance below 1 kΩ were initially selected. Because of the sputtering

process re-oxidation of the graphene layer of the sputtered FETs takes place and

therefore for good comparability also blank devices with higher resistances were cho-

sen: 15 kΩ for the non-passivated FET (figure 5.5c) and 19 kΩ for the FET with a

50 nm Ta2O5 layer (figure 5.5d). In comparison to the FETs without a passivation

layer as shown in figure 5.5c, the responses to changes of the ionic strength of the

FETs with a Ta2O5 layer have a higher noise level and lower response signals. The

device fabricated with a 10 nm thin film of Ta2O5 shows a particularly high noise

level, which is resulting from the porous structure of such thin films sputtered un-

der the adjustment for quick sputtering to reduce the exposure time to the Ar-O2

reactive gas.

It was shown by Christensen et al. that a 500 nm thin Ta2O5 layer, applied by

the sputtering technique used in their work has a pinhole density of 3 cm-2 [222].

These layers were amorphous and had to be annealed first to achieve polycrystaline

structures. However, the dielectric constants of these films have been studied and

it was shown that a higher crystal structure also leads to higher electrical permit-

tivity [229], which is desired for the fabrication of a biosensor because of the better

coupling to the base transducing layer, the graphene. Contrary to that, other studies

showed that annealing below 600◦C will increase the leakage-current and provided

TEM observations which prove that annealing at lower temperatures increases the

pinhole size [230]. As for the scope of this work no annealing aperture which could

reach such high temperatures was available and therefore (to not increase the pinhole

size) annealing was not performed. Nevertheless the pinhole density was measured

by CV, as already demonstrated in other work a viable tool for the testing of the

porousness of a insulating film [231, 232]. Therefore a droplet of ferrocenemethanol

was applied on the Ta2O5-coated FET surface and the working electrode was posi-

tioned 2 mm over the surface in direct contact with the electrolyte. The protective

metal oxide layer should prevent a redox reaction of the mediator [233]. The same

measurement was performed for a non-passivated graphene FET and the results

compared. From the difference in area of the volotammograms the ratio of leakage

current through the Ta2O5 layer can be estimated. The corresponding measure-

ment is shown in figure 5.7b. AFM of a 30 nm Ta2O5 film sputtered with the same

parameters as the passivating films for the FETs was performed to evaluate the

roughness and porousness of the layer. Evaluating the results, a root mean square
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Figure 5.6: a) 3D view of the Ta2O5 surface structure measured by AFM. Impurities/contaminants
are seen as the yellow spikes in the structure. b) Top view of the same area as shown in figure a, the
structure of the underlying graphene flakes is visible as the brighter areas, with the difference in
height of this areas and the darker areas being a little less than 1 nm in average, which corresponds
to the height profile of graphene flakes.

for the surface roughness was found to be 0.45 nm, which is very low. Besides a

few impurities which resulted in 2 nm high features, the rest of the surface seems

to have even lower roughness values. The shape of the underlying graphene flakes

also is seen through the Ta2O5 as an imprint of the structure which is shown in the

AFM image in figure 5.6.

Furthermore, the binding behaviour of corn extract samples to the surface was

studied by Quartz Crystal Microbalance with Dissipation (QCM-D) measurements.

Two comparable devices with similar conductivity were used for these measure-

ments, establishing a baseline with PBS, followed by injection of the corn extract

for 30 minutes and then was washed with dH2O for another 90 minutes, followed
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Figure 5.7: a) QCM-D monitoring of a graphene FET coated with a 15 nm layer of Ta2O5 (red
and orange data) in comparison with a non-passivated FET (black and grey data). The frequency
shift is lowered for about 80 %, which indicated less mass adsorption at the sensor surface for the
passivated FETs. b) CVs of a non-passivated graphene FET (black curve) and a FET coated with
a 15 nm layer of Ta2O5. The curve area is lowered for only about 40 % which indicates a porous
film.

by rinsing with PBS buffer again. The results are shown in figure 5.7a and indicate

that the Ta2O5 layer protects the surface in such way, that only about 20 % of the

material from the extract binds to the surface. This can be concluded due to the

fact that the frequency shift for the bare graphene layers was found around 650 Hz

and that for the Ta2O5 layers around 120 Hz. The relation of frequency shift to the

mass absorbed to the sensor surface has a linear dependency, while the dissipation

(orange and grey curves) give a measurement of the rigidness and density of the

adsorbed material on the surface. Higher dissipation and more broad distribution

of the overtones, which are shown as separate lines in the same color in figure 5.7a,

stand for higher viscoelasticity or softness of the adsorbed layer and can be seen as

indication for the passivation of the surface with less dense binding in comparison

to the bare graphene surface. At the same time the leakage current measured in

the CV in figure 5.7b is lowered for about 95 % (calculated from the area of the

curves), which corresponds to good shielding of the surface and reduction of the

charge transport through the metal oxide layer. Anyhow, these results show only

the preliminary testing for the fabricated devices and indicate that a thicker layer

of Ta2O5 could deliver more homogeneous surfaces with less pinholes and at the

same time protect the surface from molecular adsorption even more than the de-

vices fabricated with passivation layer thickness of 15 nm like they are shown in

figure 5.7. Because thicker metal oxide layers also increase the sputtering time and

therefore the oxidation of the graphene surface, a trade-off of layer thickness and

conductivity-loss had to be found. Investigations on thicker films of Ta2O5 have
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been performed in the framework of an associated diploma thesis [214], where it was

shown that a 30 nm thick layer is sufficient to decrease the leakage current in CV

measurements for more than 90 %.

Figure 5.8: a) Interaction of corn extracts to the graphene surface of the FET. For both corn
extracts different response signal strengths are obtained with signal strengths of approximately
20 µA and 50 µA. b) Interaction of the same corn extracts with a Tantalum passivated surface.
The resistivity of the FET is lowered, but no responses for the corn extracts are obtained and wear
off in the noise of the baseline, which is higher for the passivated devices.

Interestingly, the major advantage found for the application of Ta2O5 layers is the

increase of comparability and predictability of different FETs. In opposite to the re-

sults shown and discussed in chapter 5.2, the responses of different FETs passivated

with Ta2O5 have a consistent relationship of response signals and device conductiv-

ity. It should be therefore possible to find a normalization routine to increase the

comparability of the conductivity and sensitivity of the FETs which, non-passivated,

has a high variation due to the variations resulting from the fabrication process.

Linker Chemistry on Metal Oxides

For the coupling of antibodies to the sensor surface a suitable linking agent has

to be found. The linker of choice for the immobilization on graphene was PBSE,

which is bound to the surface via a pyrene π − π interaction. On a metal ox-

ide surface another method has to be used and for this purpose two different

linkers have been used during this dissertation. For the testing of the applica-

bility of the linking materials 3-Glycidoxypropyltrimethoxysilane (GPTS) and 11-

Pentafluorophenylundecanoatetriethoxysilane (PFDTS) have been tested. Test of

the unspecific binding of corn extract, AfB1 detection in aqueous buffer solution and

assessment of electron mobilities were performed for the characterization of these

linkers. The experiments were performed for FETs with 15 nm layers of Ta2O5 as

well as for 30 nm of Ta2O5 protective layers.
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PFDTS (11-Pentafluorophenylundecanoatetriethoxysilane) was tested as linker for

the immobilization of proteins on Ta2O5 coated surfaces with Ta2O5 thickness of

15 nm and 30 nm. Therefore a 1 µM linker concentration was diluted in Tetrahy-

drofuran (THF) and applied on the Ta2O5 surface of the FETs. Tests were carried

out in PBS buffer to exclude effects from the corn extract. AfB1 detection was

successfully performed in PBS buffer solution as matrix medium. For the detection

of lower Aflatoxin concentration in PBS the measurements were reproduced on a

15 nm Ta2O5-coated FET. In comparison to experiments performed without linker

and antibody on Ta2O5 coated FETs an unspecific signal from the corn extract is

observed when using PFDTS. This indicates to nonspecific adsorption or binding of

the corn extracts ingredients to the linker or the immobilized antibody. IDVG curves

were measured for FETs before and after linker immobilization, showing a change

in charge carrier mobilities when the linker is applied, which indicates successful

binding to the metal oxide surface. Furthermore IDVG curves were recorded when

washing with buffer as well as for the injections of corn extracts and a significant

displacement of these characteristic curves is observed on PFDTS functionalized

surfaces (data not shown). Also a relatively higher noise level was observed in

comparison to non-functionalized surfaces, again indicating interactions of the corn

extracts to the linker molecules. Furthermore a titration experiment of AfB1 was

performed in buffer and in corn extract, testing the responsive behaviour of the FET

when using PFDTS as a linker molceule. The Signal-to-Noise-Ratio was not suffi-

cient for a proper analysis of the binding data, although peaks for concentrations

of 160 nM (50 ppb) and 16 µM (5 ppm) were observed, proving the functionality of

the linker.

As for the second option in the choice of linker molecules, GPTS was tested in the

same way as it was performed for PFDTS. Again, Ta2O5 thickness of 15 nm and

30 nm were used, detection was performed in buffer and in corn extracts and IDVG

characteristic curves were recorded before and after corn extract injections. The

obtained data shows much more stable responsive behaviour of the biosensor when

injecting corn extract samples, but still showing a response when injecting uncon-

taminated corn samples, less than for PFDTS, but clearly indicating an interaction

of the corn matrix to the linking molecule. Also a titration curve using immobilized

GPTS linker and the corresponding antibodies was performed, obtaining responses

for even lower concentrations than for the PFDTS linker and all in all confirming the

functionality of GPTS as a linker for the antibodies on metal oxide surfaces. The
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much better signals when using GPTS in comparison to PFDTS can be explained

by the relatively shorter structure of GPTES and the resulting increase in Debye

length. Unspecific binding of corn extract onto the surface or linker was observed

to be much lower (only 200 nA) than with PFDTS linker. Transistor characteristics

were obtained and charge carrier mobilities were found to be diminished for only

about 50 % in comparison to the same device before Ta2O5 coating. The direct

comparison is shown in the IDVG graph in figure 8.9.

Due to the findings in this chapter, GPTS was chosen as the linker for antibody

immobilization on Ta2O5 for all future measurements conducted in the scope of this

work.

5.4 Array Configuration

A new approach is to measure the response of corn on two FET devices simultane-

ously with the goal to establish sensor arrays in seria. The first of those separately

measured devices should contain the linker and specific antibody, while the second

device is immobilized with a linker and an unmatched antibody (anti-BSA). By

comparison of the results of the two devices, a calculation of the specific signal is

possible. A sensor array was created by serial connection of two FETs and the

corresponding measuring equipment, see figure 5.9a. The figure shows a photo of

the preliminary measurement setup. Two flow cells and FET devices are connected

serially and flushed with the same solutions while read-out is performed on two

measurement channels. A 15 second measurement delay is induced by the liquid

pumping times, which was subtracted from the shown data and hence the FET re-

sponses were synchronized. Measurements were performed by immobilization of a

target antibody and a control antibody onto the chips separately.

For the detection of AfB1 in PBS the sensor array shows that a response signal is

only obtained for the devices with the target antibody, while the Anti-BSA immo-

bilized devices shows no response (figure 5.9b). An increased read-out performance

is achieved by serial measurement and peaks can be ascribed to specific AfB1 bind-

ing due to the automatically included negative control. It was also shown that the

LOD is well below 6.5 ppb (21 nM) which corresponds to the results measured for

the characterization of binding affinities for the AfB1 - antibody interaction shown
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Figure 5.9: a) Image of the array setup as used for the array measurements using a serial connection
of two separate flow cells and FET devices immobilized with targeted and non-targeted antibodies.
b) Detection of 20 nM (6.5 ppb) and 200 nM (65 ppb) of AfB1 using the array buildup with targeted
(black curve) and non-targeted (red curve) antibodies. No responses can be seen for the control
measurement, while the other FET with the targeted antibodies responds with a signal of almost
30 µA.

in chapter 4.6.2. Also the change in direction of the detection signal at around

33 ppb (106 nM) was confirmed and the data recorded is shown in figure 8.11 in the

appendix.

The array shows a better performance if the device comparability is improved for

further analysis, hence great attention has to be spent to the fabrication routine of

the FETs. Because the fabrication in this work was performed completely manually,

the operators error increases the deviation in the FET characteristics, which is

not ideal for the approach of comparative array measurements. Nevertheless, the

principle of this detection method was used for further measurements in real-life

samples because it seems to be the most viable tool to tackle the challenge for the

detection of low concentrations of AfB1 from real-life food samples.
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5.5 Array Measurements in Corn Samples

5.5.1 Application of the Array Configuration for the Detec-

tion of Aflatoxin B1 from Corn Extracts

Normalization

For the array measurements with corn extracts following protocol was used: First a

baseline is established with PBS. Then two corn extracts from different corn samples

without any AfB1 contamination were injected (GGU corn and Victor corn types,

obtained from Romer Labs R©). This step is supposed to give a valid comparison

between the used FETs as they might slightly differ in device parameters. The

responses for both sensors in the array configuration are then normalized to these

two responses in such manner, that the responses obtained for the used VG give the

same total change in device conductivity. Therefore a constant is multiplied to the

negative control FET in that way that the responses from blank corn extracts have

the same size in both curves. This procedure does not affect the characteristics of the

obtained curves, furthermore it is only scaling both curves to the same size. The

relation for the responses of contaminated corn extract injections is still differing

from the responses of blank corn injections if a specific binding event was monitored

successfully.

Reversibility

After every corn injection washing with PBS buffer is done to confirm that the

signals are not originating from irreversible binding events on the surface. If the

baseline level is reached again, all signals obtained from blank corn samples should

then originate from a surface potential change (reversible). Finally the contaminated

corn extracts were injected and the responses of the devices compared to obtain the

difference which is then ascribed to the binding of AfB1 to the targeted antibod-

ies. The difference of the response signals (|ID1 - ID2| or ∆ID) from the FET with

the target antibodies and the negative control should then give the signal portion

corresponding to the specific binding of aflatoxin to the antibody on the targeted
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Figure 5.10: Array measurement of an uncontaminated corn reference sample (GGU blank) and two
contaminated corn samples with AfB1 concentrations of 99.3 ppb (320 nM) and 7.3 ppb (23 nM)
on a FET with targeted antibodies1 and a nontargeted FET with BSA antibodies. The pink area
marks the response signal area, the blue horizontal line indicates the stable baseline level, while
the green horizontal line shows the signal obtained by surface potential changes due to the injected
corn extracts, which is in accordance to the response levels for the nontargeted FET.

FET (marked with a pink area in figure 5.10). As a proof of principle, for dif-

ferent measurements the sequence of contaminated sample injections with 7.3 ppb

(23 nM) and 99.3 ppb (320 nM) was altered to proof that the detection signal is

being independent of previous injections. This was verified by eight measurements,

altering the sequence for every second and obtaining the same results independent

of previous corn extract injections and a sample of two of those curves is shown in

figure 5.11.

Response Signal Prefixes

Likewise to the detection-signal-prefix-change of AfB1 detection in buffer (see chap-

ter 4.6.2), a response signal prefix change can also be observed in corn extracts. The

specific signal from AfB1 binding to the antibody and the surface potential change

due to corn extract injection are merged in the readout of the curves. When a prefix

change occurs, the difference of the target FET and the negative control FET also

has a negative prefix but the sensitivity is not affected. Because there is a negative

control curve generated by the second FET in the array, a simple calculation of |ID1

- ID2| gives the response signal due to specific binding of AfB1 and indicates the

presence of toxin in the solution. The response signal (again indicated by pink area)

has the same characteristics, as in measurements with a positive overlap of signals,

only the prefix changes and a demonstration of this effect is given in figure 5.11a,
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where a positive ∆ID is oserved and in figure 5.11b where ∆ID is negative. This effect

could be suppressed by using graphene with defined ratios of p- and n- dopands.

Figure 5.11: Test measurements with normalization of the baseline to the obtained signal levels
from two different blank corn extract samples (GGU and Victor) with no AfB1, followed by the
injection of contaminated samples: a) first, the low concentration (7.3 ppb or 23 nM) is tested,
followed by the higher concentration (99.3 ppb or 320 nM), for both concentrations the baseline
level is reached again. b) first the high concentration was tested, followed by the low concentration
and again the signal regenerates to the baseline level. Although fabricated in the same batch with
the same parameters, the devices used in measurement b display much higher noise ratios than the
devices in a.

Noise Levels

The devices used for test measurements and the proof of principle for the array detec-

tion were fabricated using the same protocols and 30 nm of Ta2O5 layers. Anyhow,

they have a variation in resistance from 300 Ω up to 3 000 Ω and different noise

levels, which seem to be mostly independent of the resistance of the corresponding

device. Only for very high resistances above 2 kΩ always a high noise level was

observed. On the other hand, some FETs with lower resistances also display high

noise levels (like the FETs in figure 5.11b, with resistances of 450 Ω and 300 Ω)

in contrast to other devices with comparable resistance but much lower noise levels

(like the FETs used in the measurement in figure 5.11a, with 280 Ω and 350 Ω).

The reason for this effect could not be evaluated in the scope of this work, but the

noise level was used for the calculation of the error bars for the detection signals in

such way that higher noise levels also lowered the certainty of the obtained results

and the error bars were constructed from multiplication of the mean noise level to

the standard deviations obtained by integration of the area for the analysis of the

response signals.
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Negative Control Measurements

Negative control measurements have been performed using a FET sensor array with

both devices being coated with 30 nm Ta2O5 and used without linker or antibody.

The same corn extract solutions as in the experiments for specific sensing of AfB1

were used for the negative controls. Negative control measurements showed that

the response signals for all solutions were overlapping for both FETs within an

error range of up to 10 % of the response signal level (e.g. 120 nA for 1.8 µA

response). This results can be interpreted for the determination of the LOD for

AfB1 sensing using the FET array. The specific detection of aflatoxin was possible for

concentrations of 7.3 ppb (23 nM) with a variation in response signals around 10 %

in the worst cases. In regard to the results from the negative control measurements

the LOD then is approximately lower than 7 ppb (22 nM). Therefore calculation

of the LOD from the negative control measurements with use of antibody yields

approximately the same results as for the negative controls without antibody – the

LOD is found in the magnitude of very low ppb concentrations.

5.5.2 Measurement of a Calibration Curve for the Detection

of Aflatoxin B1 from Corn Extracts

For the quantitative analysis of AfB1 concentrations from food samples, calibration

curves have to be established first. These calibration curves would build the stan-

dards for comparisons of future detection, give proof of the system usability and

demonstrate the device reproducibility. For measurement of the calibration curve

6 different corn samples were provided by Romer Labs R© in the range from 5 ppb

(16 nM) up to 99.8 ppb (320 nM), including a blank corn sample which was used for

the normalization of the curves. The same basic sensing parameters and FET prop-

erties were used as for the measurements for the proof of principle in chapter 3.5.3.

The signal strength was evaluated by integration over the time span of corn injec-

tion for the FETs immobilized with the AfB1 or BSA antibody. The obtained areas

were subtracted one from the other and then plotted versus the AfB1 concentration.

Since the area of the curve difference between two curves is intended to be the re-

sponse signal, a device for time controlled injection of the analytes is needed. Only

in that manner a exact comparability between two different injections is possible,
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which is needed to fit a calibration curve with an error that is as low as possible. An

automatic titration pump was used for the injection of every single concentration,

so that the response signal length is always adjusted to exactly 300 seconds. In that

way the responses of different injections stay comparable, because the area is always

calculated from the response signal multiplied by the length of injection, which in

this way is held constant. A calibration curve fulfilling the Langmuir theory is ex-

pected and the obtained responses are fitted onto that curve. Standard errors were

obtained from integration over the area multiplied by the mean noise level of the

curve. The noise in the IDT curve is implying a large error when integrating over

some curves, as discussed in chapter 5.5.1. Therefore additional noise reduction will

be performed by using lower time-resolutions during the measurements, obtaining

less data points, but averaging over the noise so that the resulting noise is lower

than for high time resolutions.

Figure 5.12: Two representative curves for the array detection of AfB1 contaminated corn extract
samples containing concentrations from 5 ppb up to 100 ppb, corresponding to a range from 16 nM
up to 320 nM. a) Normalized response curves of two FETs with resistances of 190 Ω (target) and
1 300 Ω (non-target). The response for 5 ppb is a outlier because of an air bubble, which caused
the peak at the beginning of the injection (green arrow) and was not considered for the Langmuir
evaluation. b) Langmuir isotherm for the measurement in figure a, using the difference in integral
area as the response signal. c) Normalized response curves of two FETs with resistances of 1 100 Ω
(target) and 120 Ω (non-target). d) Langmuir isotherm corresponding to the measurement in figure
c.
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From six array measurements, two of which are shown in figure 5.12, a calibration

curve was fitted. Therefore all Langmuir isotherms obtained for separate measure-

ments were plotted together in one figure and the non-weighted average was used as

the calibration curve. The problem with the use of this approach are the divergent

values for the saturation level. Since the calibration curve in the saturation regime

is having a slope close to zero, a small variation in the response level for the injec-

tion of a unknown solution will give either no corresponding and valid concentration

value (if the response is even incrementally higher than the saturation level) or will

have a very high error (if the response is below the saturation level). Therefore such

a calibration curve using the Langmuir theory curve is much more accurate at lower

concentration, further away from the saturation regime. Since the main aim is not to

quantify concentrations higher than the limits of non-toxic concentrations as given

in the food safety regulations, a calibration for the lower concentrations already is

satisfying the given requirements. The observed saturation level at around 100 ppb

(320 nM) is too low for the evaluation using the USDA-GIPSA protocols, because

of the limitations in accuracy emerging from the detection of concentrations in the

saturation region, as described above. Therefore a optimization of the sensor has

to be performed, adjusting VG to a voltage in which the saturation is reached for

higher concentration than 100 ppb (320 nM) only. Evaluating the shift in VG neces-

sary to obtain saturation at higher concentrations from the measurements of IDVG

curves in corn extracts from figure 8.12 it could be concluded that the outlook for

better accuracy for higher concentrations would at the same time imply a shift in

the LOD to higher values, which on the other hand would disqualify the sensor for

competitive use due to this regard. A second approach to tackle this problem would

be to use a different mathematical routine for the calibration curve itself, which un-

til now was assumed to follow the kinetic analysis given by the Langmuir isotherm.

A widely used approach is the use of a Rodbard function instead, which is sup-

posed to overcome uncertainties from measurements much better [234]. In contrast

to the Langmuir isotherm binding theory, the Rodbard function can’t be deduced

from physical or chemical backgrounds, but uses four distinct parameters which are

not associated with any defined system properties. The function works for a wide

range of application and is used for calibration curves for systems like immunoassays

without the considerations of physical parameters implied in the function. It can be

written in the form of:
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y =
a− d

1 + (X/c)b
+ d (5.1)

where a, b, c, d are the four parameters, y is the response variable and in this case

x corresponds to the measured concentrations of the analyte. To obtain results for

the response variable which can be written as the surface coverage of the FET in

a meaningful range, the equation has to be adjusted in such way that the function

converges towards 1 for increasing x. This can be achieved by setting the fitting

paramter d = 1 and was done for the fitting of the calibration curve in the Rodbard

model. Anyhow, the approach using the Rodbard function was also tried for the

fitting of the obtained data and the construction of a calibration curve (Rodbard

fit in figure 5.13). It is showing the same problem as for the Langmuir fit: for high

concentrations the accuracy is decreased due to the low slope and therefore high

error of readout in the saturation region.

Figure 5.13: The response signals, calculated in surface coverage of the transistor from the satura-
tion concentration against the corresponding injected concentrations of AfB1 in the corn extracts
used for analysis. The violet curve is the best fitted Langmuir isotherm for all six array measure-
ments, while the green curve shows the best fitted Rodbard function.

The slope of the Rodbard curve for lower concentrations is higher than for the

Langmuir curve, which in comparison gives too low values with higher error for low
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concentrations. On the other hand, the accuracy for the concentrations of 10, 20

and 50 ppb (32, 64 and 160 nM) is higher for the Rodbard fit than for the Langmuir

isotherm, shown in figure 5.13. Because of these reasons, the results obtained for

the measurements using the parameters and measurement like shown in figure 5.12

were used for comparison with the food safety legislation and can only be seen as

a proof of principle for the construction of a label-free AfB1 sensor array based on

rGO-FETs with a Ta2O5 passivation layer. Figure 5.13 shows the median of all

Langmuir fits (violet curve) and Rodbard fits (light green curve) given in the six

array measurements considered for the derivation of the calibration curve.

5.5.3 Evaluation of the established Setup following the USDA-

GIPSA Requirements

As already discussed in chapter 5.5.2, a comparison to the USDA-GIPSA legislature

for food safety protocols was performed for the evaluation of the applicability of

the presented biosensor for the aflaoxin B1 analysis from food samples. Therefore

the measured responses were handled as if they were unknown concentrations and

then the respective concentration was calculated by comparison with the calibration

curve. The values obtained in this manner were then again compared to the real

injected concentration to evaluate the deviation and therefore the viability of the

calibration curve as well. For all six arrays and five samples of corn extracts a total

of 60 responses of FETs was measured and out of these 60 responses there were 6

outliers, disqualifying 4 of the the 30 total response signals, which have not been

taken into account for the evaluation in this chapter. The outliers can mainly be

assigned to air bubbles which create a strong but short change in the conductivity

of the FET. During the short time they pass through the channel of the flow cell,

the Gate electrode is cut off from the sensor surface due to displacement of the

electrolyte. One of these outliers can be found in figure 5.12a. In the evaluation

of the curve in figure 5.12b the response was not considered for the fitting of the

Langmuir curve. Furthermore all results obtained in this manner were compared to

the requirements stated by the food safety regulations, namely the USDA GIPSA

protocol, which are shown in table 5.2.

The results from the evaluation of the six array measurements used for the demon-

stration of the sensor capabilities using the Langmuir isotherm as the calibration
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Table 5.2: USDA-GIPSA requirements for AfB1 analysis

Conc. Max RSDi Stdev. Range
(ppb) (%)

5 25 1.25 2.5 - 7.5
10 22 2.2 5.6 - 14.4
20 20 4 12 - 28
50 n.a. n.a. n.a.
100 16 16 68 - 132

curve are shown in table 5.3, while the results when using the Rodbard function as

the calibration curve are shown in table 5.4. It has to be taken into account that the

toxin concentrations as given in the table are referring to the corn samples in solid

state before extraction. The extraction efficiency was not taken into account for the

evaluation of the data because it was still unknown. But it can be argued that the

extraction efficiency is definitely lower than hundred percent and the recognised con-

centrations of AfB1 are even lower than the numbers given. To make sure that the

LOD and sensitivity are not biased by wrong assumptions, the extraction efficiency

was treated as if it was 100 % which leads to higher concentrations and therefore

the presented sensitivity is worse than it would be after survey of the extraction

efficiency.

The ranges and standard deviations found by the calibration curves in table 5.3

and table 5.4 exceed the allowed limits stated by the USDA GIPSA protocol. To

evaluate the results in detail, first the results obtained by the Langmuir isotherm

will be discussed.

Calibration using the Langmuir Isotherm

For the results obtained by calibration with the Langmuir isotherm it can clearly

be seen that the mean value of the measured intervals has an offset to the actual

expected concentration. For the 5 ppb (16 nM) injection a mean of 2.4 ppb (7.7 nM)

was measured, for 10 ppb (32 nM) a mean of 4.8 ppb (15 nM), for 20 ppb (64 nM)

a mean of 15.8 ppb (51 nM), for 50 ppb (160 nM) a mean of 31.4 ppb (101 nM)

and for 100 ppb (320 nM) a mean value of 75.6 ppb (242 nM) was measured. For

all concentrations the mean value found for the AfB1 concentration is found below

the actually injected concentration, partially with a error of more than 50 %. This
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Table 5.3: Results of the evaluation using the Langmuir isotherm as calibration curve.

Conc. Max RSDi Stdev. Range
(ppb) (%)

5 41 2.3 0.9 - 5.1
10 36 2.6 2.8 - 7.7
20 25 7.1 7.6 - 19.8
50 25 9.8 25.1 - 44.6
100 29 33.2 42.1 - 120.4

effect can’t be ascribed to the extraction efficiency, because the extraction of the

corn extract solutions was performed for all solutions simultaneously with the same

parameters, so that it can safely be assumed that the efficiency is less than 100 % but

constant for all solutions. Therefore, if the extraction efficiency would be taken into

account, it would result in the shift the calibration curve to lower concentration but

would not alter the shape and slope of the curve. To correct the offset from measured

concentrations to injected ones in such manner that the mean would also be found at

the desired value, the slope of the calibration curve would have to be smaller for low

concentrations and therefore another calibration curve needs to be used. The high

values of the Max RSDi are a direct consequence of the mean concentration offset

of the measured responses, because the Max RSDi is calculated from the maximal

deviation of the reponses to the expectancy, which would be smaller if the offset

could be minimized. The standard deviation (Stdev.) is not affected by this effect,

since it calculates relative values, independent of the expectancy value. Anyhow,

comparing the standard deviations found in the performed experiments with the

USDA-GIPSA requirements, still the Stdev. is about twice to high to fulfil the

requirements.

Calibration using the Rodbard Function

Similar to the calibration using the Langmuir isotherm, the mean values for the

detected concentrations have a offset from the actual concentrations. In detail the

offset of the mean values from the expected values were 2.6 ppb (8 nM) for the 5 ppb

(16 nM) concentration, 4.8 ppb (15 nM) for 10 ppb (32 nM) injection, 21.1 ppb

(67 nM) where 20 ppb (64 nM) were expected, 44.9 ppb (144 nM) for the 50 ppb

(160 nM) concentration and 122.2 ppb (391 nM) for 100 ppb (320 nM) concentration.
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Table 5.4: Results of the evaluation using the Rodbard function as calibration curve.

Conc. Max RSDi Stdev. Range
(ppb) (%)

5 44 3 0.6 - 6.1
10 35 3.4 3.1 - 9.6
20 26 10.1 9.5 - 26.9
50 16 15.7 33.7 - 66.1
100 19 30.8 61.9 - 123.3

In total the offset for low concentrations is very similar to the offset obtained from

the Langmuir calibration curve for low concentrations (5 ppb and 10 ppb), while

the Rodbard function works better as a calibration curve for concentrations of 20,

50 and 100 ppb where the offset is in an acceptable range. Due to this reason also

the Max RSDi values for the named concentrations are very close to the necessary

range. On the other hand, the standard deviations obtained from the Rodbard

function are higher for every concentration except for 100 ppb, being three times

higher than necessary to fulfil the requirements of the USDA-GIPSA protocols.

Calibration Curve Efficiency

To conclude it can be said, that no suitable calibration curve was found for the

fabricated FETs because the differences between the devices are significant when

observing the saturation level concentration. Therefore a more normalized distribu-

tion of the saturation concentrations for different FETs has to be found. Up until

this point all FET devices were fabricated using synthesized reduced graphene oxide,

which leads to strong variations in the surface coverage with graphene. Since the

surface coverage with graphene which is the transducing material has a significant

impact in the saturation levels of the Langmuir curve, a more homogenous surface

distribution could be advantageous.

Also the mean value for the obtained concentrations from the calibration curve in

regard to each actually injected concentration, are not at the half of the stated inter-

val. This indicates that the Langmuir isotherm and Rodbard function (despite it’s

accuracy in theory) may not be the ideal curves for the generation of a calibration

curve, while the Rodbard function shows good accuracy for concentrations above

20 ppb (64 nM), but needs to be modified to fit better for even lower concentrations.
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In direct comparison the Rodbard function is more applicable than the Langmuir

isotherm, yielding lower offsets of the mean values, better ranges of measured con-

centrations but also worse standard deviations which can be ascribed to the lower

slope of the fitted Rodbard function and therefore higher read-out intervals.

The fabricated devices in this work display worse sensitivity than most ELISA meth-

ods [165, 166] but better than some HPLC sensors [168] and not as sensitive as the

best devices fabricated for the purpose of AfB1 detection. Anyhow, the sensitivity

and selectivity of the device show the best outcome for the electronic detection of

AfB1 to our knowledge. This may result from only very few applications which try

to detect AfB1 using an electronic principle and therefore the presented approach

demonstrates an innovation to the field of biosensing.
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Chapter 6

Summary and Conclusions

Summary

In summary firstly graphene-oxide was synthesized using a variation of the Hummers

method and a second type of rGO was obtained by collaboration with the university

of Bayreuth. The graphene-oxide flake distribution on the silanized Si/SiO2-wafers

was optimized to obtain the best possible surface coverage by characterization of

the distribution by SEM and SECM. The surface coverage found by SEM is esti-

mated around 70 % with no significant overlaps of the graphene flakes. A suitable

reducing agent was investigated by comparison of hydrazine and hydriodic acid and

it was demonstrated that hydrazine is a better reduction agent but the surface is

less damaged by the use of hydriodic acid. Source and Drain electrodes were then

applied using thermal evaporation and the resulting rGO-FETs were measured for

resistance, defining the suitable range of resistances used for biologial experiments.

The electrochemical activity of the obtained rGO surfaces was evaluated by SECM

measurements and thereby it was demonstrated that the geometry of the channel is

suitable for randomly distributed graphene flakes to form a conductive bridge with

high probability for the outcome of applicable devices with good resistances when

using the described graphene oxide and 40 µm channel width. Further basic char-

acterization was performed by measurements of ionic strengths and pH from buffer

solutions and characterization of the electron and hole mobility in liquid-gated con-

figuration. Furthermore the hysteresis effects of the FET devices was evaluated and

it was found that only minor energy loss is occurring due to hysteresis measure-

ments. Furthermore also the reversibility of the devices and the dependency on the
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Debye length were demonstrated. The influence of the solutions flow speed when

using liquid-gated configuration was experimentally evaluated and a logarithmic de-

pendence of flow speed to the Source-Drain current was found. For the detection

of aflatoxin B1 firstly the influence of solvents was tested using acetonitrile and

Tween 20 at different buffer ion strengths to test the dependency of the response

signals to the Debye length in regard to the concentrations of the used solvents.

No influence of the solvents was observed and saturation of the transistor surface

was found for concentrations in the micromolar concentration range. For the spe-

cific detection of aflatoxin B1, the corresponding antibodies were immobilized to the

graphene surface using a PBSE linker and the binding kinetic were evaluated mea-

suring titration curves. A binding affinity constant of 6x10-10 M was found, which is

in good agreement with literature values. The LOD in buffer was found at approx-

imately 30 pM. Unspecific binding was analysed and it could be demonstrated that

binding of alfatoxin B1 to the graphene surface is happening if no linker molecules

are attached to the surface, but as soon as the surface is functionalized with the

linker and any protein, the unspecific binding is diminished due to a shielding effect

of the linker. The specificity of the used antibodies was tested and it could be seen

that the antibodies used in first place induce strong interactions with other non-

targeted toxins. Therefore different suppliers of antibodies have been tested and

a comparison of the specificities was performed, where it was seen that the mon-

oclonal antibodies have the highest specifity but lowest detection signal strength,

while polyclonal antibodies show much stronger signals but way less specificity. Due

to the aimed measurements in real-life samples the monoclonal antibodies were cho-

sen for further experimentation. As the next step different protective/passivation

layers where tested in regard to the responses of the passivated FET to different

corn extracts. Therefore impedance spectroscopy was used to evaluate the origin

of the signals obtained by corn extract injections and it was shown that with high

probability the major factor for the change of graphene conductivity when brought

into contact with corn extracts is the change of ionic strength, which was calculated

and measured for different grain types using a calibration curve obtained by titration

of buffers with different ionic strengths. The results were compared to the responses

seen for the injection of corn extracts in direct current mode. PEG, different aro-

matic molecules and metal oxides were tested as passivation layers by observation of

the responses to the corn extracts under different Gate voltages. Ta2O5 showed the

most promising results and also encapsulates the graphene surface completely from
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the contact with the foodstuffs containing the analyte. The Ta2O5 layers were ap-

plied by reactive sputtering, characterized by CV, QCM-D and AFM measurements

to evaluate the pinhole density and binding behaviour to the surface. A suitable

linker was tested for the metal oxide surfaces, where GPTS showed the best proper-

ties, attaching the proteins to the surface via an epoxy group. To solve the problem

of deconvolution of surface potential changes due to the used food extracts to the

potential changes induced by specific binding events, an array configuration of two

rGO-FETs was assembled and tested in buffer solutions. A mathematical validation

of the used approach using the surface potential equation was presented and mea-

surements from real-life corn foodstuffs contaminated with aflatoxin concentrations

from 5 ppb (16 nM) to 100 ppb (320 nM) was performed for the presented array.

The results were reproduced until satisfying amounts of data for the construction

of a calibration curve have been obtained. The calibration curves were based on

the Langmuir binding theory and the Rodbard fitting function and evaluated seper-

ately. Thereby it was demonstrated that the Rodbard function gives results that are

closer to satisfy the food safety legislature stated by the USDA-GIPSA protocols.

Anyhow, the aimed LOD was achieved for the presented setup, but the variation in

means of RMS and standard deviations when using the presented calibration curves

could not satisfy the criteria of the food safety legislature. The deviations from

the desired accuracy stated in the food safety legislature was about 30 % of the

measured concentration error. Anyway the applicability of the presented biosensor

was demonstrated, which also fulfills the desire of cost efficiency, sensitivity and

selectivity for measurements in real-life food samples.

Conclusion

The presented approach for the fabrication of rGO based FETs has the advantage of

good reproducibility of the results of the FET due to the chosen method for selection

of the devices explained earlier in chapter 3.4.1. It further allows a theoretically pre-

diction of the devices without the use of complex equipment like lithography during

fabrication steps. At the same time fragile production steps, as it often is the case

for manual positioning of the graphene flakes in other systems, are avoided. Other

studies have demonstrated good reproducibility [235] but need a lot of effort for

the positioning of the graphene and electrodes for the fabrication of a single device.

Methods like CVD [236] allow easy material positioning due to the fact that large and
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uniform films are obtained. In comparison to liquid-dispensed graphene much more

bulky and cost intensive equipment is needed and the fabrication speed and number

of devices fabricated at once is limited. The rGO from wet chemical synthesis used

in this thesis is easy to apply and large numbers of devices can be fabricated at once,

but the surface distribution of applied graphene sheets is not exactly controllable

and results in mostly random distribution structures after the adsorption from the

liquid onto the surface. The casting parameters can be optimized and the problem

hence minimized because very uniform flake distributions can be obtained by the use

of suitable rGO dilutions and rotation speeds for spin coating. Statistical balancing

of the electronic properties of these randomly arrange rGO flakes is achieved by the

choice of a relatively long conducting channel, which in our case was chosen to be

4 mm (hundredfold longer than the width). The approach used here is different to

most standard methods where single flake are positioned exactly in the channel of

the FET, which enables the use of small and short channels. For the FETs used

in this work, the statistical balancing of the graphene-covered surface area over all

separate graphene connections in the channel, achieved by the channel geometry,

was investigated by SECM. Thereby the reproducibility of this procedure has been

proven and demonstrated in chapter 3.4.2. The results show good reproducibility

for the device fabrication with 68 ± 7 % of the surface being electrochemically

active. The deviation of the devices obtained is comparable to other methods which

need more costly equipment and have much higher production costs. Furthermore,

the evaluation of the presented rGO-FETs in this work demonstrates that the ion

strength and pH dependence of the response signals is linear and characterizes the

shift of charge carrier type with pH. The measured dependency of 30 µS per pH is in

good accordance with literature values for other ultrasensitive FETs [197]. A math-

ematical expression for the Drain current of the FETs was developed and compared

to experimental results. The results were in good agreement with the mathematical

formulation, which confirms the suitability of the theoretical considerations.

The biosensing capabilities were tested by sensing of BSA in different buffer solu-

tions. Thereby the response dependence on Debye length was investigated at once.

BSA concentrations of 10 µM were detected successfully and the dependence on the

ionic strength showed good correspondence to the Debye theory. Considerations

and experiments on the Debye length demonstrated that it can be used as a work-

ing parameter rather than a limiting factor, as it is the case for other publications.

Furthermore, a logarithmic dependency of the flow speed on the ID of the FETs was
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demonstrated. The sensing capabilities of the sensor for Aflatoxin B1 have been

successfully demonstrated in buffered solutions. The LOD found at 33 pm is not

as low as for methods like ELISA or HPLC, but it has to be taken into account

that in contrast to these methods the presented biosensor in this work could be used

for portable, real-time measurements. Furthermore, the LOD found at 33 pm was

measured with the use of antibodies supplied by Romer Labs R©, while other mea-

surements in this work have shown that monoclonal antibodies from Agrisera show

much higher response signals. Therefore, it can be concluded that a significantly

lower LOD could be found when using more sensitive antibodies. In the comparison

to other liquid-gated FETs, only a publication for the detection of toxin were found.

One of these devices utilizes carbon nanotube FETs with monoclonal antibodies for

the specific detection of ε-toxin [237] and found a LOD of 2 nM in buffer. ε-toxin

has a size of 33 kDa and is a much bigger molecule than AfB1. Furthermore, FET

measurement based on silicon ninowires with the enhancement by gold nanoparti-

cles have been used for the detection of aflatoxin B1 in other work [170]. The LOD

found there was 3 nM in buffered solution by the use of the indirect competitive

immunoassays. Both publications have higher LOD’s than the biosensor presented

in this work. A liquid-gated FET, based on AlGaN for the detection of botulinum-

toxin (149 kDa) has been shown to have a LOD of 7 pM. The LOD is in the same

range as the biosensor shown in this work, but in contrast to AfB1, botulinumtoxin

is charged and a much bigger molecule, expected to induce a higher surface charge

when binding. Another simililar device is the single walled carbon nanotubes paper

biosensor for the detection of microcystin-LR (995 Da) [238]. The LOD in buffer

was measured at 600 pM and is comparable to the device presented in this thesis.

For the measurements in real-life food samples, different antibodies were tested and

the one with the highest specificity was chosen for further experiments. The choice

was suitable to ensure the specific origin of response signals, but sensitivity would

be increased with the use of other antibodies at the disadvantage of higher cross-

reactivity. The use of metal oxides over chemical components for the passivation of

the rGO was distinct. The experiments have clearly shown less non-specific signals

for metal oxides with the disadvantage of lower sensitivity and conductivity of the

FETs in comparison to other chemicals. The demonstration of binding signals being

transduced through the metal oxide layer could have high impact for the future

fabrications of biosensor FETs and is seen as a major result of this work. By

measurements of corn samples it was demonstrated that a concentration of 20 nM
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can be sensed by the array configuration of the FETs and the LOD in food samples

is at least lower than that value. Other biosensors, e.g. single walled nanotube

FETs for the detection of ε-toxin have shown a comparable LOD of 10 nM [237] and

were passivated with PEG. In comparison these devices were operated with higher

voltages and used for the sensing of a very large and charged molecule. Another

carbon nanotube based FET was used for the direct sensing of A.flavus in rice [171].

That sensor was passivated with Tween20 and gelatine and showed a LOD of 10 µg

A.flavus per 1 g of rice, which is a relatively high value in relation to the size of

A.flavus. Hence it can be concluded that the sensor presented in this work shows

the potential to overcome the sensing limitations of other electronic devices for the

sensing of pathogens from foodstuffs. Anyhow, measurements of the calibration

curve showed that a significant percentage of the devices exhibit problems in device

stability due to the long measurement times for all seven concentrations of the

calibration curve. Impurities in the corn extracts, air bubbles and other undesireble

effects partially led to spikes in the device signals and therefore some measurements

had to be considered as outliers and were not used for the statistical evaluation.

The deviations for the food samples with the highest toxin concentrations were

too high for fulfilment of the requirements of the food legislature. Anyhow, for

the limitations explained, the RMSi and the standard deviations resulting from the

calibration curves were close to the requirements (less than 30 % deviation) and

could be optimized to fulfil the requirements by optimization of the system.
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Chapter 7

Outlook

For future applications regarding the biosensing of Aflatoxin B1 with rGO FETs,

more detailed studies of the passivation layer have to be performed. Due to high

variety of metal oxides available, a deep analysis of different metal oxides has to be

performed for the choice of the best suitable material. Furthermore, also alloys of

metal oxides could be applied in different ratios to obtain the best possible transduc-

tion while further reducing unspecific signals. For further improvement, the linker

molecules used on metal oxides could also be synthesized in such manner, that the

bound protein is located closer to the surface, resulting in shorter Debye lengths and

therefore higher sensitivity of the biosensors. A further improvement of the system

would be a miniaturization of the measurement setup and FETs. Smaller channel

widths than 40 µm would have a better reproduction rate when using rGO with

partially random distribution. Therefore, the noise level of the devices is then min-

imized and the sensitivity increased, resulting in lower LOD’s due to a better signal

to noise ratio. Another approach to increase the sensitivity of the devices would be

the use of antibodies with higher response rates and good selectivity. The discussion

on the specificity of the antibodies in chapter 4.6.4 showed that for the same con-

centrations of the analyte, significantly different specific responses can be observed,

depending on the immobilized antibody. Hence the use of a more sensitive antibody

would also optimize the LOD and yield better statistical quality of the data for the

concentration ranges used for the measurement of the calibration curve. Further-

more, a novel approach is the application of aptamers instead of antibodies [175],

which showed promising results and could also be tested for the device presented in
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this thesis. Signal amplification for graphene based FETs could be achieved by the

use of indirect competitive immunoassays like methods utilizing gold nanoparticle

for amplification [170]. Also the implementation of de-noising filters could optimize

the statistical quality of the measured data. Thereby the requirements by the food

legislatures could be satisfied more accurately. The development of portable de-

vices is a long-term aim of this work, implying miniaturization and the availability

of commercial micro-electronics. The criteria for an in-field sensor imply the use

of defined configurations and high reproducibility of the device fabrication routine.

Therefore an automatic fabrication of the rGO and the sputtered metal-oxide layers

would be needed to minimize the variations caused by user handling.
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Chapter 8

Appendix

For better overview of the data and reading flow, several data sets have been moved

to this chapter and are referenced in the text accordingly. Anyhow, only data sets

with further significance have been printed in this chapter, omitting reproduction

data and curves with low scientific output. However, data sets including or demon-

strating the reversibility of a measurement, the functionality under different set-up

conditions or working materials are shown in this section for a thoroughly investi-

gation of the topic.

Measurements in buffered solutions

Figure 8.1: A 10 µM concentration of AfB1 was detected in PBS buffer of different ionic strengths,
starting with low concentrations. The blue areas in the graphic mark the region within the cor-
responding ionic strengths. A stronger response for a 10 µM AfB1 concentration is observed in
electrolytes with lower ion strengths as stated by the Debye length theory.

I



Appendix II

Figure 8.2: Aflatoxin B1 detection in PBS buffers of variable ion strength with an addition of 1 %
Tween in all solutions. Again a 100 nM toxin concentration was tested and could be detected only
for 25 mM ionic buffer.

Figure 8.3: For the analysis of the binding affinity of aflatoxins on bare graphene surfaces test
measurements were performed using blank FETs. Signal strengths for nanomolar concentrations
were found to be only around 10 % than for the measurements where the target antibody was
used.



Appendix III

Figure 8.4: Cross-selectivity measurements of a graphene FETs with: a) Santa Cruz monoclonal
antibodies. A response of 1.2 µA is obtained for AfB1, while no responses are observed for the
other toxins. b) Agrisera polyclonal antibodies. A response of 5.3 µA is observed for AfB1. The
other toxins also interact with the antibody, with ochratoxin A showing the strongest unspecific
response.



Appendix IV

Figure 8.5: The responses for different frequencies for the measurement shown in figure 4.3. The
lines are simple exponential fits over the data and converge with a R2 of 0.99, which points to an
exponential dependency of the ionic strength to the corresponding response signal.

Figure 8.6: SDS page for the purified Romer Labs antibody and for the commercially obtained
Santa Cruz and Agrisera antibodies. It can be seen that also after purification the Romer Labs
antibodies contain significant amounts of molecules with molecular sizes not corresponding to
antibodies. The commercial products show only sizes of around 55 kDa and 25 kDa, which are in
the expected range.



Appendix V

Figure 8.7: Baseline level in relationship with the responses obtained from a change of the buffer’s
ionic strength from 85 mM to 42 mM. VG was set to 0 V and a IDS of 200 mV were used. No clear
dependency can be observed, meaning that the resistivity of the graphene FETs in not defining
the sensitivity to ionic changes.

Figure 8.8: Pictures of the different grain types used for analysis. Extraction was performed
according to the standard protocol, described in chapter 3.2.1.



Appendix VI

Figure 8.9: IDVG curves of a rGO FET withour passivation coating (black) and a 30 nm Ta2O5-
coated FET (red). Two different devices with similar resistance were chosen for this comparison.
A decrease of charge mobilities can be observed for the Ta2O5-coated FET can be observed. The
mobilities for this device are µe- = 18 000 cm2/Vs and µholes = 28 100 cm2/Vs, which is lower than
for the bare rGO FET, where the mobilities are µe- = 25 800 cm2/Vs and µholes = 39 200 cm2/Vs.
The mobility is therefore decreased ≈50%.

Figure 8.10: Responses of a blank graphene FET with no passivation layer to a) corn extracts as
used as the matrix for the detection of aflatoxin B1 and b) injections of 800 mM glucose in PBS
buffer. The responses obtained for different Gate potentials are not comparable for the responses
of corn and glucose, indicating that the glucose parts in the corn samples don’t have a significant
effect. The response signal strength is very comparable for both materials, but 800 mM is a by far
higher concentration than can be expected in the corn solutions.



Appendix VII

Figure 8.11: Titration of Aflatoxin B1 concentrations from 0.5 ppb (1.6 nM) up to 5 ppm (16 µM) in
array configuration. The LOD for this measurement is found around 50 ppb (160 nM) for responses
with negative signal change, while the higher concentrations give negative response signals for the
used Gate voltage. This effect is ascribed to the crossing points of the characteristic curves in the
IDVG graphs.

Figure 8.12: IDVG measurements of a Ta2O5-passivated rGO FET immobilized with target afla-
toxin B1 antibodies form corn extracts. The first curve is measured in PBS buffer without any
toxin contamination, while the remaining four curves were measured for the corn extracts and also
used for the measurements and detection of aflatoxin B1 for the construction of a calibration curve.
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[70] A. ZurutuzaáElorza et al., “Highly air stable passivation of graphene based

field effect devices,” Nanoscale, vol. 7, no. 8, pp. 3558–3564, 2015.

[71] Y. Fan, X. Yang, C. Yang, and J. Liu, “Au-tio2/graphene nanocomposite film

for electrochemical sensing of hydrogen peroxide and nadh,” Electroanalysis,

vol. 24, no. 6, pp. 1334–1339, 2012.



Bibliography XV

[72] D. Khatayevich, T. Page, C. Gresswell, Y. Hayamizu, W. Grady, and

M. Sarikaya, “Selective detection of target proteins by peptide-enabled

graphene biosensor,” Small, vol. 10, no. 8, pp. 1505–1513, 2014.

[73] G.-X. Zhong, P. Wang, F.-H. Fu, S.-H. Weng, W. Chen, S.-G. Li, A.-L. Liu, Z.-

Y. Wu, X. Zhu, X.-H. Lin et al., “Electrochemical immunosensor for detection

of topoisomerase based on graphene–gold nanocomposites,” Talanta, vol. 125,

pp. 439–445, 2014.

[74] A. Pattammattel, C. L. Williams, P. Pande, W. G. Tsui, A. K. Basu, and

C. V. Kumar, “Biological relevance of oxidative debris present in as-prepared

graphene oxide,” RSC advances, vol. 5, no. 73, pp. 59 364–59 372, 2015.

[75] B. Long, M. Manning, M. Burke, B. N. Szafranek, G. Visimberga, D. Thomp-

son, J. C. Greer, I. M. Povey, J. MacHale, G. Lejosne et al., “Non-covalent

functionalization of graphene using self-assembly of alkane-amines,” Advanced

Functional Materials, vol. 22, no. 4, pp. 717–725, 2012.

[76] W. Qiu, P. D. Nguyen, and E. Skafidas, “Graphene nanopores as negative

differential resistance devices,” Journal of Applied Physics, vol. 117, no. 5, p.

054306, 2015.

[77] W. Fu, C. Nef, A. Tarasov, M. Wipf, R. Stoop, O. Knopfmacher, M. Weiss,

M. Calame, and C. Schönenberger, “High mobility graphene ion-sensitive field-

effect transistors by noncovalent functionalization,” Nanoscale, vol. 5, no. 24,

pp. 12 104–12 110, 2013.

[78] M. Munz, C. E. Giusca, R. L. Myers-Ward, D. K. Gaskill, and O. Kaza-

kova, “Thickness-dependent hydrophobicity of epitaxial graphene,” ACS nano,

vol. 9, no. 8, pp. 8401–8411, 2015.

[79] D. Berman, A. Erdemir, and A. V. Sumant, “Graphene: a new emerging

lubricant,” Materials Today, vol. 17, no. 1, pp. 31–42, 2014.

[80] I. Strauss, H. Chan, and P. Kral, “Ultralong polarization chains induced by

ions solvated in confined water monolayers,” Journal of the American Chem-

ical Society, vol. 136, no. 4, pp. 1170–1173, 2014.

[81] N. Greenwood and A. Earnshaw, Chemistry of the Elements. Elsevier Science,

2012.



Bibliography XVI

[82] G. Algara-Siller, O. Lehtinen, F. Wang, R. Nair, U. Kaiser, H. Wu, A. Geim,

and I. Grigorieva, “Square ice in graphene nanocapillaries,” Nature, vol. 519,

no. 7544, pp. 443–445, 2015.

[83] Z. Qian and G. Wei, “Electric-field-induced phase transition of confined water

nanofilms between two graphene sheets,” The Journal of Physical Chemistry

A, vol. 118, no. 39, pp. 8922–8928, 2014.

[84] S. F. Braga, V. R. Coluci, S. B. Legoas, R. Giro, D. S. Galvão, and R. H.

Baughman, “Structure and dynamics of carbon nanoscrolls,” Nano letters,

vol. 4, no. 5, pp. 881–884, 2004.

[85] P. Zhang, L. Ma, F. Fan, Z. Zeng, C. Peng, P. E. Loya, Z. Liu, Y. Gong,

J. Zhang, X. Zhang et al., “Fracture toughness of graphene,” Nature commu-

nications, vol. 5, 2014.

[86] R. Nair, P. Blake, A. Grigorenko, K. Novoselov, T. Booth, T. Stauber,

N. Peres, and A. Geim, “Fine structure constant defines visual transparency

of graphene,” Science, vol. 320, no. 5881, pp. 1308–1308, 2008.

[87] D. Abergel, A. Russell, and V. I. Fal’ko, “Visibility of graphene flakes on a

dielectric substrate,” arXiv preprint arXiv:0705.0091, 2007.

[88] A. Grigorenko, M. Polini, and K. Novoselov, “Graphene plasmonics,” Nature

photonics, vol. 6, no. 11, pp. 749–758, 2012.

[89] L. Wu, H. Chu, W. Koh, and E. Li, “Highly sensitive graphene biosensors

based on surface plasmon resonance,” Optics express, vol. 18, no. 14, pp.

14 395–14 400, 2010.

[90] H. Jussila, H. Yang, N. Granqvist, and Z. Sun, “Surface plasmon resonance

for characterization of large-area atomic-layer graphene film,” Optica, vol. 3,

no. 2, pp. 151–158, 2016.

[91] M. F. El-Kady, V. Strong, S. Dubin, and R. B. Kaner, “Laser scribing of high-

performance and flexible graphene-based electrochemical capacitors,” Science,

vol. 335, no. 6074, pp. 1326–1330, 2012.

[92] M. F. El-Kady and R. B. Kaner, “Scalable fabrication of high-power graphene

micro-supercapacitors for flexible and on-chip energy storage,” Nat Commun,

vol. 4, p. 1475, Feb. 2013.



Bibliography XVII

[93] R. Raccichini, A. Varzi, S. Passerini, and B. Scrosati, “The role of graphene

for electrochemical energy storage,” Nat Mater, vol. 14, no. 3, pp. 271–279,

Mar. 2015.

[94] Z. Zhu, J. Ma, Z. Wang, C. Mu, Z. Fan, L. Du, Y. Bai, L. Fan, H. Yan,

D. L. Phillips, and S. Yang, “Efficiency enhancement of perovskite solar cells

through fast electron extraction: The role of graphene quantum dots,” Jour-

nal of the American Chemical Society, vol. 136, no. 10, pp. 3760–3763, 2014,

pMID: 24558950.

[95] Z. Liu, Q. Liu, Y. Huang, Y. Ma, S. Yin, X. Zhang, W. Sun, and Y. Chen,

“Organic photovoltaic devices based on a novel acceptor material: Graphene,”

Advanced Materials, vol. 20, no. 20, pp. 3924–3930, 2008.

[96] Z. Yang, H. Sun, T. Chen, L. Qiu, Y. Luo, and H. Peng, “Photovoltaic wire

derived from a graphene composite fiber achieving an 8.45% energy conversion

efficiency,” Angewandte Chemie International Edition, vol. 52, no. 29, pp.

7545–7548, 2013.

[97] I. Valov, E. Linn, S. Tappertzhofen, S. Schmelzer, J. Van den Hurk, F. Lentz,

and R. Waser, “Nanobatteries in redox-based resistive switches require exten-

sion of memristor theory,” Nature communications, vol. 4, p. 1771, 2013.

[98] A. Geim, “Researchers show graphene is super-permeable with respect to wa-

ter,” Membrane Technology, 2012.

[99] D.-e. Jiang, V. R. Cooper, and S. Dai, “Porous graphene as the ultimate

membrane for gas separation,” Nano letters, vol. 9, no. 12, pp. 4019–4024,

2009.

[100] L. M. Pastrana-Mart́ınez, S. Morales-Torres, J. L. Figueiredo, J. L. Faria,

and A. M. Silva, “Graphene oxide based ultrafiltration membranes for photo-

catalytic degradation of organic pollutants in salty water,” Water Research,

vol. 77, pp. 179–190, Jun. 2015.

[101] B. M. Ludbrook, G. Levy, P. Nigge, M. Zonno, M. Schneider, D. J. Dvorak,

C. N. Veenstra, S. Zhdanovich, D. Wong, P. Dosanjh, C. Straßer, A. Stöhr,
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Hilfe und nur mit den Hilfen angefertigt habe, die ich in der Thesis angegeben
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