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Abstract

Biosensors play a crucial role in various fields, including healthcare, environmental
monitoring, and food safety, by providing rapid, accurate, and sensitive detection of target
analytes. Advancements in biosensing technology have the potential to revolutionize
diagnostics and personalized medicine, enabling better disease management and improved
patient outcomes. This thesis explores novel strategies and devices for the development of
highly sensitive and specific biosensors for the detection of essential biomolecules, such as

cardiac biomarkers and protein isoforms.

The work includes an optimized deposition protocol for reduced graphene oxide (rGO) on
silica-based substrates, enhancing the fabrication of electronic devices for various
applications. A sensitive troponin cTnl immunoassay with a single monoclonal antibody and
Surface Plasmon Fluorescence Spectroscopy (SPFS) detection is developed, enabling the
analysis of cTnl at clinically relevant concentrations. The thesis also investigates the
advantages of focused polyclonal aptamer libraries for increased performance and versatility
in diagnostics and sensor technology. By functionalizing an rGO-FET device, selective
discrimination between RBP4 isoforms at physiologically relevant concentrations is achieved,
opening avenues for novel diagnostic markers. Finally, the thesis highlights the importance of
considering additional factors in the development of cTnl biosensors to meet evolving clinical
requirements. In conclusion, this thesis presents significant advancements in biosensing
devices and strategies for the sensitive and specific detection of critical biomolecules, with

promising implications for clinical diagnostics and personalized medicine.
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Kurzfassung

Biosensoren spielen eine entscheidende Rolle in verschiedenen Bereichen, einschlieRlich
Gesundheitswesen, Umweltiberwachung und Lebensmittelsicherheit, indem sie eine
schnelle, genaue und empfindliche Erkennung von Zielanalyten ermdglichen. Fortschritte in
der Biosensor-Technologie haben das Potenzial, Diagnostik und personalisierte Medizin zu
revolutionieren und so eine bessere Krankheitsmanagement und verbesserte
Patientenergebnisse zu ermdglichen. Diese Arbeit untersucht neue Strategien und Gerate fur
die Entwicklung von hochsensitiven und spezifischen Biosensoren fir die Erkennung von

essentiellen Biomolekiilen, wie z. B. kardiale Biomarker und Protein-Isoformen.

Die Arbeit beinhaltet ein optimiertes Abscheidungsprotokoll fiir reduziertes Graphenoxid
(rGO) auf silikabasierten Substraten, das die Herstellung von elektronischen Geraten fiir
verschiedene Anwendungen verbessert. Ein empfindlicher Troponin-cTnl-Immunoassay mit
einem einzigen monoklonalen Antikorper und Surface Plasmon Fluorescence Spectroscopy
(SPFS) -Erkennung wird entwickelt, um die Analyse von cTnl in klinisch relevanten
Konzentrationen zu ermdglichen. Die Arbeit untersucht auch die Vorteile von fokussierten
polyklonalen Aptamerbibliotheken fir eine erhohte Leistung und Vielseitigkeit in der
Diagnostik und Sensortechnologie. Durch die Funktionalisierung eines rGO-FET-Gerats wird
eine selektive Diskriminierung zwischen RBP4-Isoformen bei physiologisch relevanten
Konzentrationen erreicht, was neue Wege fir neuartige diagnostische Marker eroffnet.
Schliel’lich betont die Arbeit die Bedeutung der Berlicksichtigung zusatzlicher Faktoren bei der
Entwicklung von cTnl-Biosensoren, um sich weiter entwickelnde klinische Anforderungen zu
erflllen. AbschlieRend prasentiert diese Arbeit bedeutende Fortschritte in Biosensor-Geraten
und -Strategien fiir die empfindliche und spezifische Erkennung von kritischen Biomolekdilen,
mit vielversprechenden Auswirkungen auf die klinische Diagnostik und personalisierte

Medizin.
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1. Introduction

What is a sensor?

Sensors have emerged as one of the most significant technological advancements in recent
times, playing a critical role in diverse fields and industries (1). These input devices convert
various physical parameters into electrical signals, enabling us to measure and monitor an

array of aspects in our surrounding environment (2).

The roots of sensor technology can be traced back to Warren S. Johnson, who invented the
electric thermostat in 1883, a pioneering achievement that laid the foundation for modern
sensors (3). Another notable breakthrough in the field of sensors occurred in the 1950s when
Samuel Bagno created the first motion sensor for an alarm system (4). Bagno's innovative

device utilized ultrasonic frequencies and the Doppler Effect, significantly expanding the range

&

Fire/ Smoke sensor

.._.\ 1 P ‘

0
]

b Temperature Sensor
Touch Sensor -
\O
’ \
!

Light Sensor

of applications for sensor technology.

Accelerometer Humidity Sensor

Figure 1-1 Schematic representation of Sensor types

Sensors are capable of detecting changes in a wide variety of physical parameters, including
light (5), motion (6), gas (7), alcohol (8), and heart rate (9). These changes are converted into
electrical signals, which can subsequently be used to monitor, control, and manipulate various
systems. As a result, sensors provide valuable information about the physical world, offering
insights that can enhance our understanding and management of the environment and the

devices we use daily (10).

10|Page



2. Biosensors

Biosensors are advanced analytical tools that enable the accurate detection of target
molecules through the generation of electrical signals. They consist of three primary
components: a recognition element that selectively binds to the target molecule, a detection
probe that facilitates this interaction, and a transducer that converts the presence of the
target molecule into an electrical signal. Biosensors have become indispensable in various
industries, such as food safety, clinical and medical applications, process control, bioreactors,
pharmaceutical production, wastewater control, and military defence, due to their ability to

offer highly sensitive and specific detection of target molecules (11-17)

A biosensor is a system (Figure 2.1) that integrates biological sensing materials with a
transducer to transform biological, chemical, or biochemical signals into quantifiable electrical
signals (18). Biological sensing materials can vary from enzymes and antibodies to whole cells
and tissues, while transducers can employ diverse technologies like electrochemistry (15),
optical systems (19), chemical and biological luminescence (20), fluorescence, fibre optics
(21), piezoelectricity, and magnetic principles (22). The adaptability of biosensors renders
them invaluable tools for a broad array of applications across various fields. The combination
of specific biological sensing materials with accurate transduction mechanisms allows

biosensors to deliver highly sensitive and specific detection of target molecules. (23)

Bioreceptor Transducer Electronics Display
o
Analyte )
y Enzyme
: Photo %
o diode , b
Conversion
Cells 1 from
Heat | Thermistor Tmlns ucer| analog to digital | Processed
signal signal
Aptamer — — —l
H
H change p i
DNA 2 %] electrode Signal 5
conditioning e
. »

Mass Quartz y N
Nanoparticles change | electrode i

Y Y Y

Bio-recognition Signalisation Quantification

Figure 2-1 The mechanism of biosensors
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The origins of biosensor technology date back to 1906 when Cremer first examined the
correlation between electric potential and acid concentration in a liquid medium Subsequent
researchers such as Sorensen, Hughes, Griffin, and Nelson advanced the field by measuring
pH using electrodes, incorporating enzymes into their sensors, and uncovering new biosensors
for a variety of applications (24, 25). In 1956, Clark revolutionized the field by devising the first
oxygen-detecting biosensor, known as the Clark electrode (26). his breakthrough was followed
by Clark's development of the amperometric enzyme electrode for glucose detection and
Guilbault and Montalvo's discovery of the first potentiometric biosensor for urea detection in
1962 and 1969, respectively. In 1975, Yellow Instruments made a significant stride by
launching the first commercial biosensor. The subsequent development of the I-STAT sensor
marked a major technological acceleration in the field of biosensors. Liedeberg utilized surface
plasmon resonance (SPR) in biosensors for the first time in 1983, which was later refined into
an SPR-based biosensor by Pharmacia Biacore in 1990. These advancements have continually
shaped the biosensor field and contributed significantly to various industries. Today,
biosensor technology is a dynamic, interdisciplinary domain that bridges multiple scientific
disciplines, including physics, chemistry, biology, micro/nanotechnology, electronics, and
medical sciences. The fusion of these areas has given rise to sophisticated technology with
extensive practical applications in medicine, healthcare, food safety, environmental
monitoring, and more. Consequently, biosensors have emerged as an essential tool in applied
sciences (12).

To evaluate the effectiveness of a biosensor in analyzing a specific analyte, it must possess
several key attributes. First, the biosensor must exhibit a high degree of precision in
determining the analyte's concentration, with sensitivity being a critical indicator of the
system's accuracy. Second, the biosensor must be selective, exhibiting a strong affinity for the
target molecule being analyzed. A broad measurement range, indicating the system's
measurement capacity, is also essential. Furthermore, the detection limit, or the lowest
concentration of analyte detectable, should be minimized for optimal results. Additionally, the
biosensor's reusability, or its ability to maintain performance without significant degradation,
is an important consideration. To fulfil these criteria, it is crucial to select an appropriate
bioreceptor for the target analyte and ensure effective immobilization of the biomolecules on

the sensor surface. The transducer used to convert the sensor signal must also be suitable.
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Portable design is another vital aspect, as on-site analysis is increasingly in demand (11, 18,

23, 27).

Biosensors can be classified based on the sensing or recognizing component. In this context,
this work will explore Surface Plasmon Resonance (SPR)-based sensors, optical sensors, and
Graphene Field Effect Transistor (gFET)-based electrical sensors. These different types of
biosensors offer unique advantages and challenges in terms of sensitivity, selectivity,
measurement range, detection limits, and longevity. By understanding the principles and
applications of each type of biosensor, researchers can optimize their design and performance
for specific applications, ultimately contributing to the continued development and utility of

biosensors in various industries.

2.1 Optical Biosensors

Optical transducers are widely employed in biosensor systems due to their diverse range of
applications. Optical transduction involves converting a physical or chemical signal into an
optical signal that can be detected, measured, and analyzed. This process is facilitated through
various techniques, including fluorescence, luminescence, internal reflection, surface plasmon

resonance, absorption spectroscopy, and light scattering spectroscopy(13, 19, 28-30).

Fluorescence is a prevalent technique that involves measuring light emission from a
fluorescent molecule in a sample excited by a specific wavelength of light. This technique is

useful for identifying the presence of specific molecules or chemicals in a sample (31).

Luminescence measures the emission of light from a molecule or material excited by an
external energy source, such as chemiluminescence, bioluminescence, or photoluminescence

(32).

Internal reflection is a technique based on the principle of total internal reflection, which
occurs when light is reflected back into a material at an interface between two materials with
different refractive indices. This technique can be used to measure the properties of a material

on the surface or within it (33).
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Surface plasmon resonance involves the interaction of light with the oscillations of electrons
in a metal surface, enabling the detection of changes in the refractive index of a sample in
contact with the metal surface. This technique is commonly used to measure the binding of

molecules to a surface (34, 35).

Absorption spectroscopy measures the amount of light absorbed by a sample at different
wavelengths, which can be used to determine the concentration of a specific molecule in a

sample (36).

Light scattering spectroscopy measures the scattering of light by particles in a sample,
allowing for the determination of particle size, shape, and concentration. Optical biosensors
can utilize various biological materials such as enzymes, antibodies, antigens, receptors,

nucleic acids, cells, or tissues (37).

One of the main focuses of this thesis will be on the application of surface plasmon resonance
spectroscopy. This technique offers numerous advantages for biosensing applications,
including high sensitivity, label-free detection, real-time monitoring, and the ability to analyze
various biomolecular interactions. By exploring and optimizing the use of surface plasmon
resonance spectroscopy in biosensor development, this thesis aims to contribute to the

advancement of biosensor technology and its potential applications across various industries.

2.1.1 Surface Plasmon Resonance

Surface plasmon resonance (SPR) biosensors employ optical evanescent wave sensing,
utilizing light in total internal reflection to probe the properties of a solution adjacent to the
sensor's surface. Surface plasma waves were first reported in 1902 by Wood , but it wasn't
until the late 1960s that Otto and Kretschmann discovered the reflections induced by optical
excitation of surface plasmons, leading to an understanding of surface plasmon resonance
formation (38—40). Today, researchers continue to design highly selective sensors based on

SPR theory (13, 19, 41).
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Liedberg et al. developed the first SPR-based .
Optical wave<

biosensor for gas detection in the 1980s (42). SPR

sensors detect refractive index changes caused by ~ATR prim
coupler <
surface plasmons, offering a simple and direct Metal <
detection technique. These sensors typically
employ a thin metal film, such as gold or silver,
. . . Dieletric «
sandwiched between two permeable media with n,<n,

different refractive indices, like a glass prism and figure 2.1.1 1 Schematic representation of

prism coupled SPR system in Kretschmann

an analyte. Gold is favoured due to its resonance , ;
configuration

with light at the appropriate angle and its

chemically modifiable surface (43—47) (Figure 2.1.1.1). When polarized light enters a higher
refractive index medium, such as a glass prism, at an angle above the critical angle, it reflects
and generates an evanescent wave that penetrates the metal film. At a specific refractive
angle, the evanescent wave induces surface plasmons on the metal surface by mobilizing free
electrons, resulting in a decrease in the reflected light's intensity, called surface plasmon
resonance. This phenomenon is observed only at a particular angle, known as the resonance

angle.

EVANESCENT WAVE

The principles of surface plasmon resonance (SPR) elucidate the physical phenomena
underlying the operation of SPR systems. By analyzing the behavior of surface plasmon waves
and the reflection and interaction of incident light beams, we can gain a deeper understanding
of these systems(48, 49). A crucial aspect of SPR systems is the evanescent wave, which is

essential to comprehend when studying their functionality.

Total internal reflection (TIR) is a concept that mathematically characterizes the evanescent
wave and is based on the reflection of light from a boundary (13). The reflection of light at the
interface between two media is governed by two fundamental principles: (1) the incident light
must travel from a denser medium to a less dense medium, and (2) the angle of incidence

must exceed a specific critical angle, beyond which reflection occurs (38, 49). (Figure 2.1.1.1)

The propagation constant of the evanescent wave plays a decisive role in surface plasmon

resonance systems. The electric field of an electromagnetic wave can be defined as follows:
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E = Egexp (iwt — ik,x — ikyy — 1k,2) (2)

In this context, E represents the electric field, Eo denotes the amplitude of the electric field,
w signifies the angular frequency, and k corresponds to the wave vector (48). The wave vector,
which propagates parallel to the direction of the wave's propagation, can be calculated using

the following equation (2):

2T w
k=,/k§+k§,+k§:n7=n? (2)

Where k is the wave vector, n is the refractive index, A is the wavelength, c is the speed of

light and w is the angular frequency.

normal

Figure 2.1.1 2 When a beam of light travels from one medium to another medium with a higher
refractive index, the direction of the light changes due to refraction. The change in direction occurs
because the speed of light is lower in the higher-index medium (v2 < v1), and this causes the light to
bend towards the normal. This means that the angle of refraction (82) is less than the angle of
incidence (01), and the ray in the higher-index medium is closer to the normal.

Snell's law, which is a fundamental principle of physics, allows us to study the behaviour of
the incident beam on surfaces with different refractive indices in optical media (Figure

2.1.1.3)(43, 48).

In a three-dimensional medium with x, y, and z vectors, taking the z component as zero makes

our system two-dimensional. Thus, Snell's law can be used for this medium.
n,;sin@; = n,sin 0, (3)
equation in terms of wave vectors;

k. =k, =k, (4)



is defined as. Using these two equations, the wave vector perpendicular to the surface ;

(2m)? n2 .
k32, =n3? STe (n—g — (sina)?) (5)

is expressed as.

In the system we examined with total internal reflection rules, it is assumed that there is a ray
transition from a very dense medium to a less dense medium. Accordingly, ky takes an
imaginary value (50). For ky to be imaginary, it indicates the presence of a wave travelling
parallel to the interface of the second surface of the beam. The wave travelling at this interface
is called an evanescent wave and the second surface is called an evanescent field. The
evanescent field is important for the excitation of surface plasmons. The propagation constant

of the evanescent wave parallel to the surface is (13, 50, 51);

kep = %sine\/e_p (6)
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Figure 2.1.1.2 presents a schematic Tirhe

Figure 2.1.1 3 Illustration of the instrument setup for an
SPR experiment. (B) Depiction of the change in the angle
of incident light from a to b as a result of the binding of
an analyte molecule to a bioreceptor molecule. (C)
Sensogram response of the SPR experiment. Figures (A-
C) were replicated from Patching (2014) with approval

from Elsevier. Copyright 2014, Elsevier.
of an analyte molecule to a receptor

representation of a Surface Plasmon
Resonance (SPR) experiment in BioNavis
commercial device setting, a technique

commonly utilized to assess the binding

molecule. The figure comprises three sections: A, B, and C. Section A depicts the instrument
configuration for an SPR experiment. The technology employs an optical approach to
determine the refractive index near a sensor surface. It takes advantage of total internal
reflection of light at a surface-solution interface, generating an electromagnetic field or
evanescent wave that extends a limited distance (up to 300 nm) into the solution. A thin gold
film on a glass support serves as the surface, forming the base of a small-volume flow cell (less
than 100 nl). An aqueous solution continuously flows through the cell. To detect the binding
of an analyte to a receptor molecule, the receptor is typically immobilized on the sensor
surface, while the analyte is introduced into the aqueous solution via the flow cell. A laser
source emits polarized light, which is directed through a prism towards the gold film's

underside, where surface plasmons are generated at a critical angle of incident light. Section
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B illustrates the shift in the critical angle of incident light from angle a to angle b upon the
binding of an analyte molecule to a receptor molecule. Section C displays the SPR experiment's
response as a sensorgram. If an interaction occurs between the immobilized receptor and the
analyte molecules, the refractive index at the gold film's surface changes, resulting in an
increase in signal intensity. Resonance or response units (RU) describe the signal increase,
with 1 RU corresponding to a critical angle shift of 10 deg. The figure also outlines the
primary phases of an SPR experiment—the association phase, steady-state phase, and
dissociation phase—and how these phases facilitate the measurement of association rate
(kon), dissociation rate (koff), and binding affinity (Kp) between the immobilized receptor and
the analyte molecule(48, 54). Binding analysis will be explained detailed in Kinetic analysis
section. When a sample containing analytes, such as bacterial cells, interacts with adsorbed
molecules on the surface, it induces a change in the metal surface's component. The
resonance angle shift of the incident light is measured, and the shift magnitude is directly
proportional to the analyte concentration in the sample. The relationship between the
molecules ensures minimal cross-reactivity, thereby reducing the detection of other
molecules by the sensor.

The evanescent wave biosensors provide an opportunity to observe the kinetics of
biomolecular interactions in a solution, specifically between a biomolecule in the solution and
another biomolecule immobilized on a surface. This analysis begins with a straightforward 1:1
interaction model (55), which is grounded in the Langmuir adsorption isotherm (56). This

isotherm relies on three fundamental assumptions:

1. A homogeneous monolayer covers the surface.
2. All binding sites are equivalent, and the surface is uniform.
3. The adsorption potential of a molecule at a specific site is unaffected by the occupancy

of neighboring sites.

According to the assumptions, dynamic equilibrium would be:

off

‘_
A+B 7 AB (7)

on

Where A and B are the molecules in solution and on the surface respectively. The forward and
reverse rate are described by the adsorption or association rate constant (Kon) and desorption

or dissociation rate constant Kogr.
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The association rate is;

d[AB]

28 = konlAT[B] (®)

And the dissociation rate is;

d[AB]
—— = korr[AB] (9)

Because of the dynamic equilibrium of both processes, both rates are equal to each other;

kon[A] [B] = koff[AB] (10)

From this, the equilibrium constants can be expressed by two constants: The dissociation

constant Kp;

korf
K, = == =21 11
D™ [aB] T kon (12)

And the affinity constant Ka;

— [4B] _ kon
Ka = Taiim) Koff (12)

2.2 Electrical biosensors

Electrical biosensors are forms of biosensors that detect and measure biological substances
or events using electrical impulses. The idea behind these systems is to convert biological
reactions into electrical signals. An antibody, enzyme, or nucleic acid that is specially made to
bind to the target molecule is the usual biological detection element. In electrical biosensing
systems, biological signals are converted into electrical signals by a transmitter. Field-effect
transistors (FETs), electrodes, and nanowires are some examples of transducers. The electrical
characteristics of the transducer, such as resistance, capacitance or current, change when
biological recognition elements are linked to the target molecule. Electrochemical biosensors

are a type of electrical biosensor technology that detects and measures biological substances
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through electrochemical processes. Usually, they are composed of electrodes coated with

biological identification elements, electrolyte solutions, and conductor materials.

When the target molecule binds to a recognition element, the current or current of the
electrode changes. Field-effect transistor (FET) field-effect transistors are used to identify and
quantify biological substances as another type of electrical biosensing technologies. The
biological recognition element is attached to the FET gate electrode or on the channel; usually
FETs are composed of the gate electrode, source, and drain electrode. The conductivity of the

FET changes when the target molecule binds to the recognition element.

Impedance biosensors are a third type of electrical biosensing system that measures the
impedance (i.e., resistance to alternating current) of a biological sample. They are typically
composed of two electrodes, and a biological recognition element is attached to one of the
electrodes. When the target molecule binds to the recognition element, it produces a change

in impedance between the two electrodes.

A field effect transistor (FET) is a type of transistor that uses an electric field to control current
flow. There are two main types of FETs: metal-oxide-semiconductor field-effect transistors
(MOSFETSs) and junction field-effect transistors (JFETs). MOSFETs are the most common type
of FET in modern electronics. MOSFETs consist of a door, source, and drain. The door is
separated from the source and discharged by a thin insulation layer, usually made of silicon
dioxide. The gate is also connected to a metal or polysilicon electrode that is used to control
the electric field in the channel region between the source and the drain. The electrical field
created by the gate electrode induces a concentration of the charge carrier in the channel
region, which controls the current between the source and the drain. The current of the

MOSFET is described as follows:
w
I = Cox? (Ves — Vrn) Vps (13)

where | is the discharge current, is the electron movement, Cox is the oxide capacity of the
unit area, W and L are the width and length of the channel region, Vgs is the gate-source
voltage, Vth is the threshold voltage, and Vds is the discharge source voltage. The threshold
voltage is the voltage at which the MOSFET starts to conduct current. It depends on the
concentration of doping in the channel region and the difference in work function between

the gate electrode and the channel region. The oxide capacity per unit area is proportional to
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the thickness of the oxide layer, which can be controlled during the manufacturing process.
MOSFETs can be used as transducers in electrical biosensors. In biological sensing applications,
the gate electrode is generally functionalised with a biological recognition element, such as an
antibody or DNA probe. When the target molecule binds to the recognition element, it
produces a change in the concentration of the charger in the channel region that can be

detected as a change in the discharge current.
2.2.1 Graphene

Graphene, a two-dimensional carbon allotrope, serves as the foundation for other carbon
structures. By rolling single graphene layers, carbon nanotubes are formed, while stacking
multiple layers results in graphite and aggregating the graphene results in fullerene. Despite
its theoretical existence being known since the 1940s, graphene remains a unique form of
carbon (14, 57). In 2004, Andre Geim and Konstantin Novoselov proved the existence of
graphene, a two-dimensional carbon allotrope, by successfully obtaining a single layer of
graphite and transferring it to a silicon stamp. This ground-breaking discovery sparked an
immense surge in research on graphene and gave rise to a new field of materials science,
focussing on two-dimensional materials. Soon after the discovery of graphene, other two-
dimensional materials, such as molybdenum disulphide and silicene, were also discovered.
The demonstration of the field effect in graphene also marked the beginning of research on
graphene field effect transistors, leading to the rapid development of graphene-based

integrated circuits in just over a decade (58, 59).

Graphene possesses exceptional characteristics that render it fit for a multitude of uses. Its
thermal conductivity, for instance, stands at a remarkable 5,103 W/mK at room temperature,
a value that is roughly thirty times greater than that of silicon (60). The thermal conductivity
of a material is of utmost significance in electronic applications, and graphene boasts
exceptional thermal conductivity compared to other materials. In addition to its remarkable
thermal properties, graphene is extremely durable and optically almost transparent. Its
mechanical properties are equally unique, with a fracture strength that surpasses that of steel
and elastic properties that are comparable to those of diamond. Furthermore, when samples
of graphene are kept incredibly clean, they display interesting phenomena such as Shubnikov-

de Haas oscillations (61), minimum conductivity (57), and fractional quantum Hall effect (62).
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Despite its outstanding material properties, graphene lacks an electronic band gap, which is
necessary for low power consumption in many electronic applications. However, when two
layers of graphene are combined to form bilayer graphene, a small but significant energy gap
of around 300 meV can be generated when an electric field is applied perpendicular to the

double layers.

Graphene Production Methods

Graphene can be produced through a variety of physical and chemical methods. Physical
methods of obtaining graphene include micromechanical cleavage (exfoliation) of multilayer
pyrolytic graphite crystals and epitaxial growth on silicon carbide. (63) Chemical methods, on
the other hand, involve the use of chemical vapour deposition (CVD) on thin film nickel or
copper metals. Another chemical process for obtaining graphene involves the reduction of

graphene oxide, which is derived from graphite.

Exfoliation

Graphite is comprised of graphene sheets held together by van der Waals bonds. These bonds
can be broken down to produce graphene, and there are various methods to achieve this. One
such method is called exfoliation, in which graphite is combined with potassium in a specific
ratio and heated to 200 degrees, allowing potassium to penetrate between the graphene
layers. The resulting mixture is then placed in ethanol, leading to a reaction between ethanol
and potassium that causes the graphene layers to separate from each other. The

implementation of this method is depicted in Figure 2.2.1.1 (64).

¢

Figure 2.2.1 1 representation of Obtaining graphene through the exfoliation method

Epitaxial Growth

The epitaxial growth method entails the cultivation of graphene on silicon carbide. This

process starts with the formation of a silicon carbide layer that undergoes growth conditions,
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followed by heating to a temperature between 1000 and 2000 degrees. At this elevated
temperature, silicon is released and the residual carbon atoms unite to form graphene. The
graphene layers that are produced in this manner are seamlessly integrated with the silicon

carbide substrate, as silicon carbide serves as the source of carbon.

The new graphene layers remain beneath the first layer, leading to the formation of multilayer
graphene. However, the disadvantage of this method is that as each subsequent layer is
produced, there is no escape for the silicon, ultimately causing the growth process to end.

Figure 2.2.1.2 illustrates the production process.(65).
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Figure 2.2.1 2 Obtaining graphene through the epitaxial growth method

Chemical Vapor Deposition

Chemical vapour deposition (CVD) is a widely used method to produce graphene. This method
is carried out in a cleanroom environment using a specialised CVD device to produce graphene
with the desired dimensions. The process involves heating a material in a closed container and
exposing it to reactive gas molecules. As a result of this reaction, the material accumulates gas
molecules on its surface. The method primarily relies on the deposition of carbon atoms in the
vapor form onto transition metals, such as nickel, palladium, or copper. To transfer the
graphene onto a desired substrate, a photoresist or similar chemical compound is applied on
the transition metal. The photoresist is then heated to bond with the graphene. The transition
metal is then etched away, leaving the graphene adhered to the photoresist. The photoresist
is subsequently removed, leaving only the graphene. The carbon source used in this method
is typically hydrocarbons, such as methane. The production process is depicted in Figure

2.2.1.4. (66)
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Carbon precipitates

- ~ Carbonaceous gas onto surface

Free-standing graphene

Figure 2.2.1 3 Schematic representation of large-scale graphene production via chemical vapor
deposition (CVD): (a) Nickel layer deposition and crystallinity control, (b) Carbon atoms generation and
diffusion at elevated temperature, (c) Graphene formation during cooling, (d) Detachment of graphene
through chemical etching, and (e) Transfer of free-standing graphene to target substrates.
Temperature and chemical gradients are depicted with color variations (orange for hot, blue for cold;
orange for gas, blue for etchant).

Reduction of graphene oxide

Graphene oxide is obtained by oxidation of graphite, which results in the separation of its
layers. The resulting graphene oxide has a C/O ratio that is approximately equal to 2. The next
step in obtaining graphene is to reduce the graphene oxide. There are several methods to
achieve this reduction, including thermal, chemical, and microwave techniques. (67). The
advantage of this method is that it is relatively inexpensive and easy to carry out. However,
the drawback is that the resulting graphene still contains oxygen atoms, which leads to defects
in its structure. As a result, it is challenging to obtain pure graphene using this method. Figure
1.6 illustrates this, as the structure of the resulting graphene is not uniform. The presence of
oxygen atoms and structural defects reduce the potential for using this graphene in

applications where high performance and purity are required. (65)
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Figure 2.2.1 4 Representation of untreated Graphene Oxide (left) and Reduced Graphene Oxide
(right)

Electrical Properties of Graphene

Graphene is known for its exceptional electronic properties, particularly its high carrier
mobility. The mobility of exfoliated graphene has been measured to be around 10,000 to
15,000 cm2V/s and is estimated to have an upper limit of around 40,000 to 70,000 cm2V/s.
(68) This high conductivity makes graphene the best conductor known to man and has led to
numerous technological advances. However, its lack of a band gap, which is necessary for
efficient switching in electronics, limits its use in applications such as transistors. To overcome
this, a band gap can be induced in graphene by applying an electric field perpendicular to a

Conduction band

—— =—— — — p Fermi Energy Level (E)

Figure 2.2.1 5 Graphene band structure

bilayer graphene, which has been shown to create a band gap of 130 meV. (69)Despite these
limitations, graphene still has great potential and value in the commercial market, particularly

in gated transistors.
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2.2.2 Graphene Based Field Effect Transistor

The graphene field-effect transistor (GFET) biosensor design consists of three main
components. These are; the transistor structure with three electrodes, the graphene
responsible for current conduction and the transmission of biological events to the sensor
located between the drain-source electrodes (drain-source channel), and the analyte-specific
receptors on the graphene surface (Figure 2.2.1 6 a). There is an insulating layer on top of the
substrate where graphene is transferred, preventing unwanted electrical conduction between
different electrodes. In GFET structures, doped silicon is generally used as the semiconductor
layer and SiO; as the insulating layer. The electrodes called source, drain, and gate in the GFET
structure have the source and drain electrodes in direct contact with graphene, allowing
current flow along the graphene (Figure 2.2.1 6 c). The source and drain electrodes are made
of conductive materials like gold (Au), and a thin adhesive layer of chromium (Cr) or nickel (Ni)
is used to adhere the Au electrodes to the oxide surface (70, 71). The third electrode called
the gate is not in direct contact with graphene, and its position changes depending on the
selected experimental protocol for analyte detection. A back-gate measurement is generally
taken if the sensor is in an air or gas environment (Figure 2.2.1 6 b). In this case, a material
with lower conductivity separated from the drain and source electrodes by an insulating layer
is used as the gate. Measurements are mostly taken over silicon, and the oxide thickness on
the silicon determines the capacitance of the applied gate voltage. The capacitance of the
oxide layer is inversely proportional to thickness C; = C,x = €,x/t, where eox is defined as

the dielectric permittivity.
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Figure 2.2.2 1 GFET biosensor design a) Interaction of receptor and analyte on functionalized graphene
of GFET biosensor, b) Back-gate electrode arrangement, c) Interaction of graphene with source-drain
electrodes

In biosensor applications using GFET, a solution is used, so in this case, the gate electrode is
applied through the solution and is called top-gate or liquid-gate. Ag/AgCl or platinum (Pt) is
used as the reference electrode where the gate potential is applied (72, 73). The gate
electrode connects to graphene through the electrical double layer (EDL) and, in this case, the
capacitance is determined by the EDL formed by the ions in the solution on graphene. The EDL
exhibits behaviour similar to an insulating layer with angstrom or nanometer (nm) thickness
(74). The gate capacitance obtained in this form is much larger than the back-gate capacitance
and can approach the quantum capacitance (Cq) level. In this case, capacitance is determined

as Cg = [Cq—1 + Cgp, — 1] =1 (75). Conductivity and capacitance values are highly
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dependent on the arrangement of the gate electrode. In GFETs, a reaction cell is often fixed
to the GFET substrate during the process of holding the analyte on the graphene, allowing the
sample to be held and controlled (76). Due to the small sensing area of GFETs, such cells are
often designed to hold low sample volumes in the order of tens of microliters (77-80).
Polydimethylsiloxane (PDMS) can be cited as a material suitable for producing the cell because
of its flexibility, inertness as a non-reactive material, transparency, low cost, and easy
production (81-83). PDMS is widely used in the fabrication of microfluidic devices and reaction
cells for GFET biosensors. Its properties make it suitable for maintaining an enclosed
environment for the sample during the detection process and ensuring proper interaction
between the analyte and the graphene surface. Moreover, its transparency allows for real-

time monitoring of the reaction process, if needed.

When designing and optimizing GFET biosensors, various factors need to be considered, such
as the type of analyte-specific receptors on the graphene surface, the experimental conditions
for the detection process, and the fabrication method of the GFET device (41, 84). The choice
of receptors is crucial, as they determine the selectivity and sensitivity of the sensor for the
target analyte. The experimental conditions, such as temperature, pH, and buffer
composition, can also affect the performance of the biosensor and should be optimized to
achieve the best results (21). Finally, the fabrication method and quality of the GFET device
can have a significant impact on the reproducibility, sensitivity, and overall performance of

the biosensor.
Electrical Characterization of Graphene Field-Effect Transistors

The electrical characterization of GFETs is based on the measurement of current passing
through the graphene located between the source-drain channels. The current can be
controlled by the electric field, and the magnitude of the electric field is affected by the
physical and chemical changes occurring on the channel. The sensitivity of single-atom-thick
graphene to these physical and chemical changes is very high and provides a direct electrical
response. The primary goal in FET biosensors is to capture the analyte, and the analyte arriving
at the graphene surface causes changes in the existing current due to its charge, generating a

high electrical signal response through graphene.
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Figure 2.2.2 2 gFET Transfer characteristic (IoVs), showing ambipolar behavior of graphene layer with
a charge neutrality point (CNP, DIRAC) showed as Vcne

The flow of charge carriers provided by the potential applied between the drain-source
electrodes along the channel can be changed by the potential applied from the gate electrode
and can cause more charge carriers to flow in the channel. FET devices are characterized by
three characteristic curves: transfer curves, output curves, and time series curves, based on

the applied voltage and resulting current changes.
Transfer curves

The transfer curves of the transistor are generated by the drain-source current (lgs) obtained
by applying a gate voltage (Vg) at a constant drain-source voltage (Vgs). As a result, the
obtained Ids (or resistance R;s = Vyg/lgs or conductivity Ggzs = I45/Vys) is shown as a
function of the gate potential on the graph. The commonly observed transfer curve for GFETs
is shown in Figure 2.2.2.1. The applied gate potential leads to a change in the polarity of the
majority charge carriers. The left side of the transfer curve represents the increase of
positively charged carriers (holes) (p branch), while the right side represents the increase of
negatively charged carriers (electrons) (n branch). The current formed between these two
branches due to the density of charge carriers reaches a minimum at the gate voltage (Vpirac)
value called the threshold value or charge neutrality point (Dirac), and this value is equal for

both branches.

Considering the change in carrier mobility, GFET behavior is defined by Equation (14) when a

low Vgs potential is applied (85).
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Vds?
las = WCqWI(Vy = Ven)Vas — -1 (14)

The threshold value can linearly change on both branches according to Equation 15.
lys = Gm (Vg — Vene) (15)

The resulting change in current relative to the input voltage is denoted as gm (conductance)
and depends on the width (W) and length (L) of the graphene. This value does not have to be
equal for electrons and holes, and an asymmetric transfer curve can be observed in this case.

K in Equation 16 represents carrier mobility, and Cg represents gate capacitance (86).

w
Im = T uCngs (16)

. . ol .
In a biosensor, the change in conductance, g,, = a;S' causes a change in the slope of the p
g

and n branches of the transfer curve. Conductance is an important parameter for determining
transistor performance, as a small change in voltage generates a high current change
response. The conductance in a transistor is related to the electronic properties of graphene
and its carrier mobility, which is an indicator of its structure. Therefore, carrier mobility can

be defined using Equation 17 for the linear region of the transfer characteristic.

__ dlgs L

= (17)
AVgy WCqVyg

Vbirac change is used in GFET biosensors to detect the analyte. The change depends on the
doping level of the graphene. For pristine graphene, Vpirac is expected to be close to zero at a
constant low drain-source voltage. For p-type doped graphene (where holes are the majority
charge carriers), this value is more positive, and for n-type doped graphene (where electrons
are the majority charge carriers), it is more negative. The doping level depends on the quality
of graphene, the charge distribution on it, the underlying substrate, and the electrodes (87).
In biosensor experiments, the change in the Dirac value is observed for each stage by applying
a gate potential, and the analyte is detected through the change difference. When the analyte
interacts with graphene, the charge of the analyte causes a change in the graphene's charge
and doping, resulting in a change in the Dirac value (Figure 2.2.2 3 a). When a positively

charged analyte arrives on the graphene, it attracts negative charge carriers, causing negative
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doping in the graphene and a shift in the Vpirac value in the negative direction. Conversely,
when a negatively charged analyte arrives on the surface, it attracts positive charge carriers,
causing positive doping in the graphene and a shift in the Vpirac value in the positive direction

(88).

The carrier charge density (n) changes depending on the shift of the threshold value point
towards positive or negative and is determined according to equation 18. In the equation, e
represents the elementary charge, and d represents the distance between capacitors. For the
gate voltage effect, charged proteins bound to the V; surface are equivalent to positive or
negative potential charge changes that cause a change in Vg carrier density; for the charge
tunneling effect, the carrier density in Vg changes by loading electrons onto Vg or pulling

electrons from charged proteins.

Q _ c(Vg—-Vth)
- e.Volume - eWLd

(18)

Impurities in graphene are inversely proportional to conductivity (60, 87, 88). These impurities
can cause electrical charge dispersion after the analyte is added to the biosensor, and
therefore the noise in transistor conductivity may increase. This negative change in
conductivity alters the slope of the p and n branches in the transfer curve. These electrical
extra dispersions affecting the charge carriers often cause the slopes of the transfer curves to

shift asymmetrically (Figure 2.2.2 3 b).

Las

Vg Vg Vg

Figure 2.2.2 3 GFET transfer curves a) Change in Dirac point, b) Effect on the conductivity of electrons
gm(e) and holes gm(h), c) Change in current intensity.

The intensity of the electrical current causes a change in the transfer curves. This change can
occur not only in the p and n branches but also in the Dirac value (Figure 2.2.2 3c). The

electrical current depends on the carrier charge density and speed. In biosensor applications,
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when the analyte comes to the surface, it can vertically change the Dirac value depending on
the carrier charge density, and this can also lead to asymmetric changes caused by

conductivity (80).

In addition to transfer curves, GFET electrical characterization can be performed with output
curves. In the output curves, the Ids current is obtained as a function of the drain-source

voltage (Vgs) at a fixed Vg value. In this characterization response, as the applied potential

Lqs

Vds

Figure 2.2.2 4 The graph of Drain-Source current versus Drain-Source Voltage displays the relationship
between these two variables, with the slope of the curve representing the resulting conductance

increases, the current intensity also increases in the same polarity, as shown in Figure 2.2.2 4.
The slope of these curves is generally a good indicator of the contact between graphene and
source-drain electrodes and the amount of charge that can be carried along the graphene.
Good-quality graphene and good contact between the electrodes are determined by the
observation of ohmic behavior at low potential (89, 90). In practice, a positive slope and linear
regime can sometimes mean poor contact and the presence of defects (86, 91). The
conductivity provided in the output curves, gqs, is determined by the slope of the curve. The
current intensity is associated with the constant Vg that controls the carrier density (21, 41,
92, 93). In GFET biosensor applications, the slope of the curve changes depending on the

concentration of the analyte to be detected, which is related to its charge.
Time resolved measurement

Time-dependent current curves are determined at a constant Vg and Vgs value. Time curves

are initiated before analyte binding in biosensor applications and continued after binding,
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resulting in current changes in the time curves due to the change in carrier charge
concentration depending on the charge carried by the analyte (Figure 2.2.2.5). The detection
and amount of the analyte can be determined by the change in electrical current. These time
curves are formed at a point in the transfer slope over time, as Vg is constant. The choice of
constant gate voltage directly affects the signal's intensity and polarity (94). Generally, the
gate voltage at which high current is obtained in the transfer curve is kept constant (95).
Therefore, time curves operate as a mechanism dependent on transfer curves. Consequently,
the transfer curve directs the current intensity in the time curves. The current change (Algs)

can be related to the voltage change (Equation 19).

_ Algs

AVDirac - (19)

m

In summary, GFET biosensor applications involve various electrical characterizations, including
transfer curves, output curves, and time curves. These characterizations help to understand
the relationship between the carrier charge density, gate voltage effect, impurities in
graphene, and the performance of the biosensor. By analyzing the slopes and changes in these
curves, researchers can optimize the biosensor's sensitivity and specificity for detecting
specific analytes. Additionally, the understanding of the underlying mechanisms, such as
charge tunneling and ohmic behavior, can contribute to the development of more advanced

and efficient biosensors in the future.
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Figure 2.2.2 5 A schematic representation of a time-resolved curve at a fixed gate voltage shows how
the current changes over time at a constant gate voltage.
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Liquid-Solid Interface

The complex nature of electrodynamic behavior at the interface between a liquid and a solid
has been a topic of investigation for centuries. Esteemed scientists, such as Helmholtz, Debye,
and Stern, have made substantial contributions to this field. While an exhaustive discussion
of this subject exceeds the scope of this thesis, a succinct introduction to the relevant
phenomena will be offered in the following subsections. The Debye length (Ap ) quantifies the
overall electrostatic impact of charge carriers in solutions and can be considered as the
interaction radius of molecules within a solution, which pertains to electronic interaction. For
example, a Ap of 100 nm suggests that a molecule in the solution has a spherical radius (or
Debye sphere) of 100 nm and is likely to interact (either attract or repel) with other molecules
within this interactive volume. To compute Ap for ionic liquids or electrolytes, the ion strength

and properties of the present salts must be determined, as illustrated by the equation below:
__ |&r&okBT
Ap = \/ 2Nge2l (20)

In this formula, / represents the total ion strength of the electrolyte, T indicates the
temperature, € is the dielectric constant of the electrolyte, € refers to the dielectric
constant of a vacuum, e symbolizes the unity charge, Na is Avogadro's constant, and kg is
Boltzmann's constant. It is crucial to recognize that er decreases linearly with the
increasing concentration of the electrolyte. As a result, er should not always be assumed
constant and depends on the ion strength (96—-98) (for example, an ionic strength of 8.5
mM has € = 80, while a 170 mM ion strength has e = 70). Stern et al. (99) have also
demonstrated the importance of the Debye screening length for field-effect transistors
(FETs), emphasizing that the expected response signals of liquid-transistors are heavily

influenced by this parameter.
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Electrical Double Layer — Graham Equation

The electric double layer (EDL) formed at the Solid| Liquid
rGO-liquid interface has a significant impact on
the measurement setup, necessitating a more
detailed analysis. The most fundamental theory
concerning the behavior of ionic liquids at

charged interfaces is the Helmholtz double layer

theory (100), which describes the innermost layer

0]0.0/0]0.0,

of water molecules at the surface. This theory

does not take into account diffusion, adsorption, Stern Layer  Gouy-Chapman Layer

ixed difuse
or the solvent's dipole moments. The Gouy- (foretd) (difuse)

Figure 2.2.2 6 Schematic illustration of the
liquid- solid interface, the fixed Stern layer
and the diffuse Gouy-Chapman layer.

Chapman model includes a diffuse model, which
depicts the charge distribution according to the
distance from the surface (101). The Stern model integrates both theories by introducing
a Stern layer at the interface, providing greater accuracy for highly charged surfaces (102).
A graphical illustration of the EDL and the theories of Stern and Gouy-Chapman is
presented in Figure 2.2.2.6. The Gouy-Chapman theory for EDLs, incorporating

optimizations proposed by Grahame (103), is the focus of the analysis here.

The theory discussed here can be applied to any electrically charged liquid-solid interface to
describe surface phenomena, but it requires a relationship between the surface charge
density (o), the number of free charges ni(x), and the surface potential (W(x)). 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 one-dimensional

Poisson equation must be established:

Vy = _ Pe_ (21)

Eréo

Here, - and g represent the electrolyte and vacuum permittivity, respectively, W stands for
the surface potential, and pe denotes the surface charge at the interface. Additionally, the
distribution of charge carriers must be considered, and the Boltzmann statistics for the
distribution of ions in the electrolyte are applied, yielding the connection of charge to the

surface potential:
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n; = nle; (22)

In this equation, n; is the average local concentration of i-ions at the observed point, n° the
total number of ions present, kg Boltzmann's constant, T the temperature and W; is the work
needed to move an ion in the field. This work can also be expressed as the charge movement
in the potential for movements towards the surface:W* = e W(x); and away from the
surface: W™ = —eW (x). Substituting these observations into the Poisson equation, the

following results for movement towards or away from the charged surface are obtained:

p(x) = ze[nt —n"] (23)
' (22,

nt(x) = n(w)e kT (24)
_ (le’(x))

n~(x) = n(w)e" kBT (25)

Where n(e) is the number of ions at infinite distance from the surface, z is the valency 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 e¥, = eW(x = 0) < kgT, yielding the simplified

from of the Poisson-Boltzmann equation:

Y =Y e %/ (26)
Calculating the surface charge from these observations, the Grahame equation for the

distribution of charges in an electrolyte at a charged liquid-solid interface can be obtained:

o = /8n(o)e.coksT sinh(%) (27)

This result reveals the dependency of the EDL decay along the direction perpendicular to a
solid with surface charge o on the ion concentration of the electrolyte. It can be used for
calculations of the EDL thickness. When AD and the topography of the biological materials on

the surface are known, this method enables the study of the charge distribution around
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binding events. Consequently, it allows the optimization of working parameters, such as ion

concentration and applied potentials, for the detection of biomolecules in liquids.

3 Assay Implementation

The design of biosensors involves combining inorganic materials on a substrate with organic
layers to create a functional bio interface. This requires careful consideration of the
immobilization strategy to be used, which is dependent on the application, size, and
characteristics of the analyte, and the type of biomolecular recognition element (BRE) being
employed(15, 104, 105). Key factors to be considered in the immobilization process include
preserving the structure and functionality of the BRE, orienting it in a favorable direction,

ensuring a high density on the surface, and minimizing non-specific binding to the surface.

Figure 3 1 Representative picture of what human blood contains. Such as blood cells, Immunoglobin
G (IgG), Immunoglobin M (IgM), DNA helixes, viruses, bacteria, etc.

Gold is the most commonly used metal for biosensing due to its chemical inertness and
stability, and various modification protocols have been developed for its use(15, 105). The
simplest approach involves physically adsorbing the BRE to the metal surface, but this method
is limited by low surface coverage, random orientation, and the tendency for molecules to
rearrange over time, affecting assay reliability and reproducibility. More advanced
architectures have been developed to overcome these limitations, involving the controlled
introduction of functional groups on the surface to allow for covalent coupling of the BRE (104,

105).
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Covalent coupling involves activating the surface with functional groups that can couple with
reactive nucleophiles on the BRE. Carboxylic groups are commonly used for this purpose, and
the carbodiimide reagent EDC is often utilized to create a reactive O-acylisourea group that
can couple with amine groups. NHS is used as an ester-forming compound to stabilize the O-
acylisourea intermediate before forming the covalent bond, and excess ethanolamine is
added to block any remaining activated groups. Copper(l)-catalyzed 1,3-dipolar cycloaddition
of azide and alkynes is another covalent coupling technique that is highly selective, fast,
irreversible and provides a high yield. Other covalent coupling techniques involve coupling
thiol groups to reactive groups like pyridyl disulfides, maleimide, and acyl halide derivates, or

coupling aldehyde groups to amines and hydrazines (15, 104—106).

Affinity interactions are commonly used in the immobilization of biosensing recognition
elements (BREs). One popular method is the specific interaction between the Fc region of
immunoglobulin (Ig)G antibodies and protein G or A, which allows the Fab variable regions to
remain accessible for the efficient capturing of analytes(15, 107). Avidin-biotin coupling is
another widespread method that exhibits a non-covalent but high-affinity interaction,

providing an oriented immobilization and high stability in harsh conditions (108).

This thesis concerns affinity biosensors, which rely on the ligand-binding interaction between
the BRE and the analyte in an assay(109). Immunoassays, which are based on the unique
properties of antibodies to bind to many natural and synthetic analytes with high specificity
and strength, are the oldest type of assays(110). Antibodies can be classified into five main
isotypes and can exist as monomers, dimers, and pentamers. B cell-derived polyclonal
antibodies are a mixture of antibodies with different affinities and epitope binding sites, while
monoclonal antibodies (MAbs) derived from a single parent cell have identical specificity

(109-111).

In SPR biosensors with a direct assay format, the analyte is detected through a change of mass
on the probed surface without further amplification steps(112). The signal generated by the
transducer is directly proportional to the amount of analyte in the sample. However, in many
instances, the signal generated through the mass change is not measurable, and the detection
of the target analyte requires an additional enhancement step. This can be achieved through
competitive, inhibition, or sandwich assay formats, based on the same analytical principles as

enzyme-linked immunosorbent assay (ELISA) routinely used in labs(15, 105, 110, 113, 114). In
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a sandwich format, the secondary molecule, such as an additional antibody, is bound to the
analyte, which is captured by the BRE with another epitope(109, 113). This additional mass
change can lead to a stronger sensor signal than the analyte on its own. To further enhance
the signal, the secondary molecule can be labeled with nanoparticles for even bigger mass
changes or fluorophores for detection independently of mass changes on the surface (15, 110,

113).

The assay schemes of immunoassays can also be readily converted to other types of BREs. Not
only monoclonal or polyclonal antibodies, but antibody fragments (Fc fragments, nanobodies),
as well as whole (modified) cells, receptors, proteins, or nucleic acids, can serve as BREs (105,
109). Biomolecules can be engineered to perform recognition does not present in nature, such
as (oligo-) peptides, oligonucleotides, or aptamers, and synthetic materials can be used to

mimic biorecognition, such as molecularly imprinted polymers (MIPs)(109, 115, 116).

In addition to SPR biosensors, graphene-based field-effect transistor (gFET) biosensors have
also attracted significant attention in recent years (117, 118). gFET biosensors offer high
sensitivity, low limit of detection, and fast response times, making them suitable for a wide
range of applications. Similar to SPR biosensors, the immobilization of BREs is critical for the
performance of gFET biosensors. Various immobilization strategies have been developed for
gFET biosensors, including non-covalent and covalent immobilization methods (117, 119,
120). Non-covalent methods such as electrostatic adsorption and n-mt stacking are simple and
easy to perform but can suffer from weak binding strength and loss of activity due to the
random orientation of the immobilized molecules(14, 121). Covalent methods such as amide
bond formation, diazonium coupling, and thiol-ene click chemistry offer stable and permanent
covalent linkages between the immobilized molecule and the graphene surface, leading to
improved sensitivity and specificity(86, 121-123). These strategies have been used to
immobilize a variety of biomolecules, including proteins, DNA, and aptamers, onto the

graphene surface of gFET biosensors. The choice of immobilization strategy depends on

40| Page



o s o o o :
Hummer’s Method 2 )!k : -
— X
] 0= - F
- OMF el unin s
Go L LY o *d “on

Graphite

PT-g-PMMA m(& ,_ ‘ Hydrazine
A
i —

Non-covalent
functionalization

Nanoparticles functionalization

Plasma hydrogenation Covalent functionalization

Figure 3 2 Schematic representation of functionalization strategies for graphene-coated surfaces.
(124)

factors such as the type of biomolecule, the desired sensitivity and limit of detection, and the

intended application of the biosensor.

Biosensors have emerged as powerful tools for a wide range of applications, from healthcare
and environmental monitoring to food safety and biodefense (125). Continued development
of new immobilization strategies, transducer materials, and BREs is likely to further enhance
the performance and versatility of biosensors in the future. Advancements in biosensors have
been driven by a number of factors, including the need for more sensitive and specific
detection methods, the increasing demand for point-of-care diagnostics, and the growing
interest in personalized medicine (109, 125). Recent developments in nanotechnology,
microfabrication, and biotechnology have created new biosensors with improved
performance characteristics and expanded capabilities. For example, lab-on-a-chip
technologies have been developed that enable multiple biosensors to be integrated onto a

single chip, allowing for high-throughput and parallel analysis of multiple analytes(125, 126).

One of the key challenges in the development of biosensors is the need to ensure their
accuracy and reliability in real-world applications. Factors such as sample matrix effects,
interference from other components in the sample, and non-specific binding can all impact
the performance of biosensors(18). To overcome these challenges, a number of strategies
have been developed, including the use of pre-treatment steps to remove interfering

components, the use of control experiments to account for non-specific binding, and the use
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of statistical analysis to determine the limit of detection and limit of quantification of the
biosensor (18). The design and development of biosensors require careful consideration of
the immobilization strategy, the choice of transducer material, and the selection of the
appropriate biomolecular recognition element. With continued advancements in these areas,
biosensors are likely to play an increasingly important role in healthcare, environmental

monitoring, and other areas of research and development

4 Discussion

The collective body of work presented in this thesis provides substantial advancements in the
realm of biosensor technology, with a particular emphasis on their applications within clinical
diagnostics. Each paper within this thesis offers distinct, yet interconnected insights,
methodologies, and findings, contributing to a holistic understanding of the potential and

limitations of current biosensor technology.

The first study sets the stage by addressing a crucial component in biosensor technology—the
substrate material. Here, the focus is on the use of reduced graphene oxide (rGO), a versatile
material with exceptional electronic properties, making it an excellent candidate for
biosensing applications. However, to fully leverage the unique properties of graphene, a
robust and repeatable deposition method is needed. In this study, an optimized protocol for
the deposition of rGO on silica-based substrates is presented. This method, which involves
spin coating with a 214 pg/mL GO solution at 1800 rpm, was meticulously developed,

considering the effects of graphitic structures and intercalation on surface morphology.

Figure 4 1 SEM image comparison of three different spin coating speeds for a 214 pg/mL GO solution.

A) 2100 rpm B) 1800 rpm C) 1500 rpm. All images were recorded at 1000x magnification

42 |Page



100 4
: ;‘1':::3;';:: 100 87.8+6.1%
0. A A 285pg/mL * 76.9+1.4 %
E I |54.3+94 %
Y 1 ey 475+50%
80 + o] S 80 f 525.0 %
- ) ‘|‘+ = = 205452 %
© . 1 |
& 70 L - & ;
3 . $ e d g 00 S .
O 6o T 9. . 8
TR, : 7
3 ., @ 40 z
E 5 Sl B
H = 3 .
40 - % 75 d i |
30 4
0 T

T T 1 T
300 1200 1500 1800 2100 BED 285 s s i
RPM rGO concentration [mg/mL]

Figure 4 2 A) Dependence of the fabricated device surface coverage on the spin coating rpm for
different GO concentrations, B) Reproducibility of surface coverage for 8 fabricated devices for
different GO concentrations with a spin coating speed of 1800 rpm

In the initial study, Scanning Electron Microscope (SEM) images of a surface deposited with a
spin coating of 214 ug/mL at 1800 rpm revealed the presence of approximately 105 parallel
connections across the entirety of the fabricated Field-Effect Transistor (FET). It was inferred
that the total resistance of the FET would be lower than the resistance of the most conductive
connection, thereby indicating that the majority of current flow would be observed at that
connection. This is a pivotal observation for many applications, emphasizing the importance
of fabricating devices where the least resistant connection is composed of the material of
interest - in this case, reduced Graphene Oxide (rGO). Consequently, it became critical to
minimize the number of graphitic structures. This was achieved in the study through a
carefully tailored process involving centrifugation and the selection of appropriate spin-
coating parameters. The implemented modifications significantly bolstered the
reproducibility and stability of electronic devices, including biosensors, thereby setting a new
industry standard for the fabrication of GO or rGO-based devices. These advancements not
only contribute to the existing body of knowledge but also lay a robust foundation for future
exploration and development in the realm of biosensor technology, especially those utilizing

graphene substrates.

The second paper advances this narrative by developing a novel immunoassay that leverages

a single monoclonal antibody in conjunction with surface plasmon field-enhanced
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fluorescence spectroscopy (SPFS) for the sensitive detection of cardiac troponin | (cTnl). cTnl,
a pivotal biomarker in cardiovascular disease diagnosis, can indicate conditions like myocardial
infarction if detected early. However, the regular SPR biosensor principle didn't offer sufficient
sensitivity for cTnl analysis at clinically relevant concentrations. By implementing the SPFS
mode in the same instrument, the sensitivity of the detection process saw significant
improvement. This innovative approach allowed for the successful development of an assay
with a limit of detection (LoD) of 19 pM within a 45-minute detection timeframe, presenting

a reliable and efficient diagnostic tool for detecting cTnl at clinically relevant concentrations.
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Figure 4 3 (A) A schematic of the inhibition-competitive assay steps, (B) fluorescence signal kinetics
measured upon the binding of the secondary antibody conjugated with Alexa Fluor 647 and varied
concentrations of cTnl, and (C) normalized calibration curve of the SPFS biosensor with an indicated
LoD of 19 pM

The third paper leverages cTnl as a reference system, extending the application of this key
biomarker beyond the realm of cardiovascular disease diagnosis. The objective was to
calibrate a broad range of transducer concepts and experimental setups, an endeavor aimed
at improving the versatility of biosensor technology. In order to explain why it is so important
to generate this model- based understanding of the molecular interactions on the sensor
surface, we refer to our own work and summarize in the following experimental binding data

that were collected by i) surface plasmon fluorescence spectroscopy, by ii) an electrochemical
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technique, i.e., differential pulse voltammetry, and by the most recent methodological
developed in our laboratories, i.e., iii) an electronic read-out concept based on graphene field-
effect transistors (gFETs). This study reinforces the importance of considering factors beyond
simple detection limits, such as operational simplicity, robustness of test kits, and cost-

effectiveness, for real-world applicability.

One of the example we presented that was using differential pulse voltammetry and
[Fe(CN)6]4- as a redox mediator, an aptamer was employed as a receptor for cTnl binding. The
key discovery was that electron transfer, crucial in electrochemical systems, is hindered upon
interaction between cTnl and the aptamer due to probable diffusion restriction. With a
detection limit as low as 0.88 pg mL-1 in PBS and 1 pg mL-1 in saliva, this technique presents
a compelling alternative to other methods. Its simplicity and portability make it an attractive

option for point-of-care testing (POCT).
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Figure 4 4 (a) Differential pulse voltammograms at various cTnl concentrations (0, 0.001, 0.01, 0.1, 1
and 10 ng mL-1) in PBS x1 (pH 7.4). (b) Calibration curve in PBS x1 (pH 7.4). (c) Calibration curve for cTnl
in human saliva samples spiked with different concentrations of cTnl. (d) DPV curves in saliva of patient
samples with chest pain and diagnosed AMI and healthy ones as controls.
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Last example of this study was conveyed in analyzing the shift in the source-drain current, IDS,
held at a constant gate voltage of VG = 350 mV as correlated with the variable concentration
of cTnl, a pattern suggestive of traditional binding behaviors was detected. At low cTnl

concentrations, a linear growth of current with concentration was observed, which eventually
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Figure 4 5 (a) Graphene transfer characteristics (AIDS-vs-VG curves) after stabilization with each cTnl
concentration (0, 3, 6, 60, 120, 240, 480, 650, 820 and 1000 pg mL-1) in 0.01x PBS (pH 7.4) without
washing steps. (b) AIDS, converted according to the Langmuir model to the corresponding surface
coverage, ®, as a function of the analyte concentration of the solution running through the flow cell.

transitioned into a saturation phase when the cTnl concentrations rose higher (as depicted in
Figure 4 4(b)). Postulating a Langmuir binding model to explain these observations, the data
points could be accommodated by fine-tuning the dissociation constant, which was
determined to be Kd = 55 pg mL?, equivalent to approximately 2.5 pM. This denoted an
impressively high affinity of the aptamer, functioning as a receptor in the bio-affinity reaction,
and lays a solid foundation for designing an incredibly sensitive assay for use in medical

diagnostic applications.

Lastly, the use of covalent surface modification strategies in Graphene Field-Effect Transistors
(gFETs) with nanoscale affinity entities such as aptamers has recently emerged as an nnovative
approach, proving to be notably superior to noncovalent functionalization techniques. The
covalent grafting of specific binding molecules produces surfaces that are both stable and
robust, establishing the potential for versatile and cost-effective biosensing devices. In this
fourth study, we demonstrate the application of polyclonal aptamer libraries targeting the
two isoforms of retinol-binding protein 4 (RBP4) for the functionalization of gFETs, effectively
discerning retinol-loaded or unloaded RBP4. It is notable that unloaded RBP4 is an
underutilized marker in the progression of diabetes, and hence, the biosensor developed in

this work not only presents a valuable tool for early diabetes diagnostics but also exemplifies
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the potency of aptamers as highly sensitive sensing interfaces for GFET-based sensors in

prospective sensing diagnostic platforms, including clinical settings.

The straightforward nature of library evolution and the efficiency of covalent chemical grafting
onto graphene layers, in conjunction with GFETs, pave the way for these electronic devices to
become standard sensors for an extensive array of applications. This includes critical areas like
medical diagnostics and environmental health monitoring, thereby transforming the
landscape of biosensing technologies. the study was able to discriminate between RBP4
isoforms at physiologically relevant concentrations ranging from 0.3 to 30 nM. The use of
polyclonal aptamer libraries enables a diverse and specialized range of binding aptamers,

adding an extra layer of specificity and versatility to the sensing and quantification of target
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Figure 4 4 Functionalization of rGO-FETs with polyclonal ssDNA aptamer libraries and specific apo- or
holo-RBP4 detection. A) The rGO-FET were immersed into a mixture of PyPEG (PEG pre-conjugated
with a PBSE) (500 uM) and 1-pyrenecarboxylic acid (PCA, 50 uM, linker) in DMSO for 12 h at room
temperature to obtain a 10:1 ratio of blocking and linking agents on the biosensor’s surface. B/C) Apo-
or holo-RBP4 aptamer library immobilization by first activating the carboxyl groups by immersion into
a solution of EDC (15 mM)/NHS (15 mM) in 150 mM PBS solution for 30 min, followed by covalent
coupling of the 5'-NH2- modified aptamer (100 nM in milliQ grade water for 40 min at 25 °C).D) Specific
affinity recognition of either apo- or holo-RBP4 by the on rGO-FET immobilized polyclonal ssDNA
aptamer libraries in electrical measurements.

molecules. This paper shines a spotlight on the possibility of developing novel, highly specific

electronic sensors, providing a promising avenue for research in clinical diagnostics.
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Figure 4 5 Average difference in current at -0.4 V upon addition of increasing concentrations of RBP4.
A-values shown are averages of a minimum of three independent experiments on different devices.
Error bars show the standard deviation

The thematic interconnectedness of these studies demonstrates the intricate nature of
biosensor research, addressing the multifaceted challenges of the field, from the intricacies of
materials science and deposition techniques to the nuanced utilization of antibodies and
transducer concept calibration. It emphasizes the potential for a truly interdisciplinary
approach to advance the field of biosensor technology. The conclusion drawn from these
collective works is the potential and need for continuous innovation in biosensor technology,
with the ultimate aim of enhancing clinical diagnostics and patient outcomes. Thus, this thesis
serves as both an exploration and a catalyst for further research, underscoring the potential

of biosensor technology in the realm of disease diagnosis and management.

5 Research Aims

The principal aim of this study is to underscore and substantiate the criticality of assay
development in the context of biosensor technology, with an end goal of achieving superior
sensitivity and selectivity in the diagnostics process. With an estimated 17.9 million deaths
each year, cardiovascular diseases (CVD) are the leading cause of death worldwide, according
to the World Health Organization. In order to improve patient outcomes, early CVD diagnosis
and treatment are essential, and biosensors can significantly contribute to this effort.
Similarly, to obesity, which affects an estimated 463 million individuals around the world,
diabetes is a significant public health issue. To avoid complications such as kidney failure,

which is the leading cause of end-stage renal disease in the world, early diagnosis and
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management of diabetes are crucial. To improve the diagnosis and treatment of these
disorders, it is crucial to develop biosensors for the detection of biomarkers such as cTnl and

RBP4.

The development and use of various sensing technologies for the detection of
biomarkers are discussed in the four papers that follow, with a particular emphasis on cardiac
troponin | (cTnl) as an example. The first paper describes the quick detection of cTnl, a crucial
biomarker for the diagnosis of myocardial infarction, using an immunoassay in conjunction
with surface plasmon fluorescence spectroscopy (SPFS). The second paper describes the use
of oligonucleotide DNA aptamers for the detection of loaded and unloaded retinol binding
protein 4 (RBP4), which is an essential biomarker for the prediction of diabetes and kidney
disease. The third study examines the use of antibodies and DNA aptamers as receptors and
provides a comprehensive list of examples from the literature of several sensing approaches
for cTnl detection, including surface-plasmon optics, electrochemical assays, and gFETs. The
fourth paper addresses the production of electronic devices, including biosensors and

electrical circuits, using reduced graphene oxide (rGO).

The creation of sensitive and focused biomarker detection technologies is the unifying
objective of the four investigations. These research uses various receptors, such as antibodies
and DNA aptamers, as well as various sensing technologies, such as surface-plasmon optics,
electrochemical assays, and graphene field-effect transistors. The investigations also use
several sample types, such as PBS buffer and clinical saliva samples, as well as various
substrate materials, such as gold, graphene, and reduced graphene oxide. The research
underscores the necessity of developing sensitive and selective detection methods for
biomarkers, as these can provide valuable diagnostic information for different diseases,
including myocardial infarction, diabetes, and renal disease. Many detection techniques that
can be adapted to particular applications and sample types have been developed, thanks to
the use of various sensing technologies and receptors. In addition, the utilisation of different
substrate materials and sample types allows the evaluation and comparison of different
detection methods under varied circumstances. To continue to improve the sensitivity,
selectivity, and adaptability of biomarker detection methods, more research is necessary in
this field. The development of such approaches can have a substantial impact on the diagnosis

and treatment of diseases.
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6 Individual Studies

In recent years, biosensors have made significant advancements in clinical diagnostics due to
their sensitivity, specificity, and ease of use. Four studies contribute to this progress: (1) an
optimized deposition protocol for rGO on silica-based substrates, improving reproducibility
and stability in electronic devices; (2) a troponin cTnl immunoassay using a single monoclonal
antibody and surface plasmon field-enhanced spectroscopy (SPFS) detection, providing a
reliable diagnostic tool for detecting cTnl at clinically relevant concentrations; (3) the
recognition that the limit of detection (LoD) is not the only factor to consider when selecting
detection concepts for clinical applications, emphasizing the importance of ease of operation,
test kit robustness, and cost; (4) the use of focused polyclonal aptamer libraries for improved
performance in sensing and quantification of target molecules, enabling rapid, cost-effective
development of highly specific electronic sensors for clinical diagnostics. These studies offer
promising avenues for further research and development in the field of biosensors for clinical

diagnostics, ultimately contributing to improved patient care and outcomes.
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6.1 Top performer: Towards optimized parameters for reduced graphene oxide
uniformity by spin coating

This is an open access article distributed under the terms of the Creative Commons CC BY
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| conducted experiments for optimisation of the produced graphene coated chip, did data
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CRR was responsible for concept and manuscript preparation and was involved in imaging,
data analysis and experimental design. RH, TR were involved in experimental design,
production, data analysis and manuscript preparation. JA, JB and PA were responsible for

project design, discussion, and manuscript preparation.

Reduced graphene oxide enables simple deposition techniques for electronic device
fabrication, such as biosensors and electric circuits. Optimal film characteristics and electronic
properties are achieved using 214 ug/mL graphene oxide concentration, applied via spin

coating at 1800 rpm after surface modification with an adhesive layer.
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Reduced graphene oxide has shown great potential for the fabrication of different elec-
tronic devices, especially biosensors and electric circuits. It allows the usage of simple depo-
sition techniques such as drop casting or spin coating of graphene cxide solutions with
a subsequent chemical, electrochemical, and /or thermal reduction to reduced graphene
oxide. However, the utilized deposition strategy requires a defined protocol that ensures
reproducibility. A study on a range of concentrations of GO and spin coating parameters
is presented, aiming at the most uniform layers consisting of only single and double sheets
for the application in electronic devices. The effect of film deposition on morphological
parameters like the number of layers, overlaps, and surface coverage as well as the influ-
ence on electronic properties such as baseline stability and the transfer characteristics for
the application as an electrolyte gated field-effect transistor (EG-FET) are shown. Best
film characteristics and electronie properties are achieved by using a GO concentration
of 214 pg/mL applied via spin coating with 1800 rpm, after surface modification with

adhesive layer.
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1 | INTRODUCTION

Since its first isolation by mechanical exfoliation in 2004,
graphene has increasingly captured attention as a novel nano-
material [1]. It has become a crucial component in a variety of
electronic applications [2] due to its unique properties. Several
methods have been developed that can produce high-quality
graphene, however ‘chemical vapour deposition (CVD)" and
reduction of graphene oxide are considered the most suitable
to obtain graphene with high carrier mobility and low defect
density. While graphene produced via CVD typically has large
area uniformity with high electric and morphological repro-
ducibility [3, 4], the production is very time and energy consum-
ing and has low yields [5] compared to graphene obtained via
reduction of graphene oxide. This method produces high yields
but is generally perceived by the research community to pro-
duce graphene with less favourable properties for most applica-
tions and inferior homogeneity when compared to the pristine,
CVD-grown material. ‘Reduced graphene oxide (rGO) is pre-
pared via the reduction of graphene oxide by thermal, chemical

or electrical treatments. Even after reduction, it retains some
oxygen functional groups (hydroxyl, epoxide, carbonyl and car-
boxyl groups) on the rGO surface. Different carbon to oxy-
gen ratios and chemical compositions are obtained depending
on the reducing agent. This can be exploited since rGO can
be modified depending on the functional groups it contains,
whereas CVD graphene cannot. Moreover, despite CVD result-
ingin self-limiting graphene formation on top of a metal surface
with excellent step coverage [3], graphene deposition is followed
by a transfer process to the desired substrate and removal of the
metal by an etching agent which is a crucial step that is suscep-
tible to human error. As such, despite the uniformity, the trans-
fer process is a major disadvantage when using CVD-grown
graphene. On the other hand, graphene oxide (GO) is directly
deposited on the desired substrate and then recuced, which
simplifies device production and eliminates a significant source
of error. The use of reduced graphene oxide (rGO) simplifies
device fabrication and can be used for bulk manufacturing but
allows lower control over flake morphology and defect distri-
bution as well as the chemical properties since the reduction
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cannot remove all structural defects introduced by the oxida-
tion process. A further issue is the coapulation of GO in solu-
tion, which leads to graphitic structures. As a result, the repro-
ducibility during the fabrication of electronic devices will be
compromised. [n literature, GO is most commonly deposited
on the substrate by drop casting, resulting in low reproducibility
of surface morphology. On the other hand, spin-coating of GO
offers a cost- and time-efficient alternative for the fabrication
of uniform films; it is a less prominent but nevertheless estab-
lished method for the fabrication of electronic devices [6, 7]
including solar cells [8], electrodes [9], transistors [10], memory
devices [11], membranes [12] and biosensors [13, 14]. Although
this method has been widely used since the development of
graphene films, only few publications investigate the outcomes
of GO concentration and spin coating parameters on the electri-
cal and morphological properties of the resulting devices. In this
communication, we demonstrate significantly improved repro-
ducibility of graphene film morphology and electrical properties
using an optimized spin-coating deposition and handling strat-
cgy. We present a study on a range of concentrations of GO and
spin coating parameters to produce uniform layers consisting of
only single and double sheets for the application in electronic
devices. We show the effect of film deposition on morphologi-
cal parameters like number of layers, overlaps and surface cov-
erage as well as the influence on electrical properties such as
baseline stability and the transfer characteristies for the appli-
cation as an ‘electrolyte gated field-effect transistor (EG-FETY
based on 1rGO.

2 | MATERIALS AND METHODS

ED-IDE1-Au {w/0 SUS8) with interdigitated electrodes (split
with 10 um, channel length 490 mm) were purchased by
Micrux Technologies and used as substrates. The substrates
were cleaned with a 1% Hellmanex II aqueous solution
in an ultrasonication bath for 15 min, rinsed with Milli-
Q grade DI-H,O and sonicated for 15 min in DI-H, O,
rinsed with ethanol and sonicated for 15 min in ethanol.
‘(3-Amincpropyljtriethoxysilane (APTES)” was obtained from
Sigma-Aldrich and used as adhesive layer for GO deposition.
The clean substrates in ethanol were directly transferred and
submerged for 1 h at room temperature in a 1% APTES
solution, prepared in HPLC grade ethanol, covered for pro-
tection against UV-light. The substrates were then thoroughly
rinsed with HPLC grade ethancl and dred with N, gas until
complete dryness. The substrates were then heated to 120 °C
for 1 h and left to cool down to room-temperature. Highly
concentrated GO was purchased from Graphenea (0.4 wt’o)
and dilutions were prepared with Mill-Q grade DI-H;0 to
obtain dilutions of 1:7, 1:14, 1:21, 1:28, 1:56 corresponding
to 0.059, 0.029, 0.019, 0.014 and 0.007 wt% or 570, 285, 214,
143 and 72 ug/mL of GO in solution. Prior experiments were
conducted to find this range of GO concentrations suitable
for application via spin-coating. The GO stock solution was
vortexed for 30 s using a VWR analogue vortex mixer at highest
speed before preparation of the dilutions. To eliminate any
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graphene conglomerates from the solution, resulting dilutions
were transferred to Eppendorf vials (1 mL) and centrifuged for
20 s. For deposition on the substrates only the top portion of
the resulting solutions was used for spin-coating. During the
performed studies it was observed that correct positioning of
the substrate on the spin-coater is critical to obtaln optimal
GO distribution. The devices were placed slightly off-centre,
in such a manner that the rotational axis during spin coating
is offset from the interdigitated area by 1 mum, omitting weakly
covered spots at this axis. The prepared GO solutions were
drop cast on the previcusly positioned substrates only a second
before starting the spin-coater rotation. For the spin coating
process, the steepest possible ramp (0 s) was chosen and the
rotation speed of 900, 1200, 1500, 1800, 2100 was held constant
for exactly 60 s. When finished, the coated substrates were
immediately removed and submerged in Milli-QQ grade DI-H, O
to stop any further adhesion from the solution. Each substrate
was then washed with DI-H; O and dded with nitrogen again.
The described steps were performed consecutively without
time gaps. The obtained GO-coated substrates were then
reduced in reagent grade hydrazine monohydrate vapour (98%,
Sigma-Aldrich) at 80 °C for 16 h. For this, the substrates were
placed centred in glass petri-dishes and 1 mL of hydrazine was
distributed concentrically around the edge of the dish, followed
by immediate hermetical sealing of the petri-dishes and insert-
ing them in the oven. After 16 h, the substrates were cooled
to room temperature and the seal was opened, allowing any
excess hydrazine vapour to evaporate for 1 h. The substrates
were then heated to 200 °C for a thermal annealing step, after
which the substrates were ready to use for characterization with
a ‘scanning electron microscope (SEM)’ (Zeiss SUPRA 40 Field
Emission Scanning Electron Microscope) and consecutively
for electrical characterization using a Keithley 4200-SCS probe
station. For the electrolyte-gated configuration of the transis-
tors a flow cell with 2 mm channel width and an Ag/AgCl gate
electrode was used, enabling real-time flow measurements of
the device baseline drift. Upmost attention was payed to the
connection via BNC Triax cables, reducing any eventual noise
not originating from the substrates, which in this state already
were used as EG-FETs. To evaluate the device baseline drift, all
sensors were rinsed with 1X PBS buffer solution in the flow-cell
setup for exactly 10 min before their baseline was recorded with
an applied source-drain voltage of 50 mV, applying a —400 mV
potential at the gate electrode. After that the In Vg transfer
characteristics were recorded. All experiments were performed
with 300 uL/min PBS buffer flow speed.

3 | RESULTS

The devices were investigated with a SEM and the images were
evaluated using Image] software to determine the rGO surface
coverage on the substrates. This procedure is described in detail
in the Supporting Information. Figure 1 shows the difference
in spin coating rpm in the range from 1500 to 2100 for a GO
solution with 214 g/mL. Surface coverages of these substrates
increase with lower rotation speeds during spin coating. This is
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FIGURE 1
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FIGURE 2 Dependence of the fabricated device surface caverage on the
spin coating rpm for different GO concentradons

a result of higher centrifugal forces during deposidon and hence
less surtace contact and incubation tme ot the GO soludon on
the subsirate. In detail, 2100 rpm resulted in 63% surface cov-
erage, 1800 rpm in 76% and 1500 in 89%. In Iigure 2, the sur-
face coverages obrained for the selected ranges of dilution and
spin coating parameters are shown. Interestingly, surface cover-
age depends linearly on GO concentration, while the relation-
ship between spin coating speed and surface coverage density is
also linear for a narrow RPM regime (as shown in Tligure 2) but
is motre complicated for very high or low RPM number. Tak-
ing the standard error during device fabrication into account,
the results shown in Pigure 2 show a clear difference tor speeds
of 900 and 1200 rpm with higher coverages, while for higher
tpm numbers from 1500 to 2100, surface coverage is similar.
On the other hand, for the 8 devices fabricated with each of
the parameters, the stadstical evaluauon shows the smallest stan-
dard error for 1800 rpm, (1.4%, shown in Higure 3) while 2100
and 1500 rpm devices varied by 2.5% and 2.3%, respectively.
Hence, the decision was made to use 1800 rpm deposition speed
with a GO concentration of 285 ug/ml. for clectrical character-
izadon. It must be noted that a higher GO concentration (e.g.
570 ug/mL) with a higher rotaden speed (e.g. 2500 rpm) might
produce a similar result, but we did not evaluate these parame-
ters. [n general, we suspect that plouing the coverage versus the
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SEM image comparison of thtee different spin coaling speeds for a 214 gg/mL GO soludon. A) 2100 rpm B} 1800 rpm C) 1500 rpm. All images
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FIGURE 3  Reproducibility of surface coverage for 8 fabricated devices

for different (GO conecentrations with a spin coating speed of 1800 rpm

rpm and concentration as shown in Higure 2 for a wider range
than shown here may well result in a linear ideal regime to obtain
a morphology close to 2 monolayer where either the concentra-
ton and rpm are lowered or both parameters are increased, but
in the work presented here, the relatonship was not characrer-
ized to this extent.

As shown in Figure 3, the surface coverage reproducibility
is better (standard error of 1.4%) for devices that have higher
coverage due to the application of higher GO concentration
{in this casc 285 pg/ml) than for devices that have lower
coverage due to a lower concentradon of GO (214, 143 and
72 pg/mL) applied. This is expected if we take into consider-
ation the extrapolated case of ol surface coverage, with the
whole surface being coated there is less variability in the produc-
tion from device 1o device. On the other hand, Figure 3 gives no
information about the quandty of mulilayer structures, but as
can be seen from Higure 1, the used concentrations and rotadon
speeds for spin coating were optimized beforehand to minimize
the formation of multilayers and achieve surfaces with few over-
laps of the rGO flakes to minimize the cffects of intercalaton
of water molecules between those layers.

Interesungly, the GO distribution on the surface was found
o vary depending if either a substrate with interdigitated
clectrodes or blank Si/SiO; substrates were used, although
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in both cases the surface was modified with APTES and the
fabrication was done using the same protocols. For the highest
concentration of 570 ug/mL, the evaluation of multilayers was
estimated via the SEM images and an estimated 50% or more of
the device areas were found to be covered with at least 2 layers
(Supporting Information). We expect that this originates from
the uneven topology of the electrode surface with a few nm
height profiles, where duting the spin coating process the GO
sheets stagger and form more overlaps in compatison to the
deposition on blank substrates. Another aspect is the generally
different smoothness of the used substrates, since the used
Si/S10, wafers are fabricated to produce ultra-low roughness
while the commercially available devices with electrodes are
manufactured with focus on the electrode precision and not
on the substrate smoothness. Substrate roughness may also
increase during the etching process required for electrode
fabrication.

During the development of the protocols and tests for this
study, we also examined the influence of graphitic structures
on the topography and electronic performance. When apply-
ing GO via drop casting, the incubation time was always set to
one hour, which is a significant amount of time duting which
graphene layers might agglomerate, forming graphitic struc-
tures. This could be avoided by varying the incubation time as
well as the GO concentration used during drop casting. Still,
for all variations of these parameters that were tested preceding
this study, no suitable parameters were found to accurately con-
trol the surface coverage reproducibility and to avoid the for-
maton of multlayered structures. In general, a major concern
regarding graphitic structures is the instability of the attach-
ment, since only relatively weak van der Waals forces hold mul-
tdlayered structures togethet, resulting in significant variation in
layer-to-layer distance. This also allows for the intercalation of
molecules, especially ions, which can affect the electrical proper-
des of the device as well as impurities, which are by definition a
disadvantage of using tGO. Impurites have the most significant
impact on sheet properties when located at the transition from
one rGO flake to another, as they have the largest impact on
percolation pathways in these locations. Furthermore, muldlay-
ers and graphitic structures may cause an ablation of a future
surface functionalization or a signal attenuation of a binding
event taking place on a recognition unit attached to such struc-
tures. Despite these disadvantages, the quick applicability and
mass production capabilities or tGO are superior to perfectly
uniform produced CVD graphene which does not suffer from
multilayer formation and the associated deterioration in device
properties.

Another advantage of rGO is the modified bandgap in
comparison to CVD graphene. CVD graphene is a zero gap
semi-metal, which makes the on—off ratio of graphene field
effect transistors very low (<10) compared to conventional
CMOS technologies, where ratios exceeding 107 ate commonly
achieved. As such, there have been some efforts to open the
bandgap of graphene using different bandgap engineering tech-
niques, such as using bilayer graphene or graphene nanoribbons
[15]. Contrariwise, tGO resulting from most synthesis meth-
ods is a semiconducting material, exhibiting a significant gap
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FIGURE 4 I,V reproducibility of eight FETS fabricated with 1800 rpm
and 285 pg/mL GO solution. The Ipg currents of the used chips were
subtracted from their Dirac point (minimum) respectively for better visual
comparison

from the valence to the conduction band with a lower density
of states than CVD graphene. High variations resulting from
different methods of production of tGO regarding the chemi-
cal properties and defects, e.g. carbonyl, epoxy or hydroxyl [16]
as well as the oxidation state depending on the used reduction
method [17] have been reported. The reduction method signif-
icandy influences the semiconducting properties of the result-
ing films. However, commercial sources of GO are available
that offer high reproducibility in terms of chemical surface fea-
tures. Regardless, the application of such GO solutions requires
a defined protocol to optimize reproducibility.

For the electrical evaluation of the EG-FETs, the transfer
characteristics were measured (Figure 4) and the baseline drift
was evaluated after initial stabilization for a period of ten min-
utes (Figure 5).

The basic relationship describing the measured drain-source
current for an EG-FET is given by the following equation:

Ins =W /LG u|Ves— Vil Vpgs )

where /pg is the drain-source current, W the channel width, L
the channel length, C; the capacitance of the system in respect
to the ionic liquid, i the charge carrier mobility in the semicon-
ductor channel, /¢ the applied Gate voltage, 17 the thresh-
old voltage and " the applied voltage from source to drain.
This basic equation does not explicitly consider any chemical
reactions between the buffer solution and rGO. Instead, these
effects are described implicity by 1"-and C; since these param-
eters are obtained from the properties of the device with regard
to its current state at observation. As can be seen in Equa-
tion (1), the capacitance and the mobility of the FET have a sig-
nificant impact on the transconductance and /p current of the
device and since these parameters are altered by the formation
of multilayers and the topography in general, the application
method has impact on the FET performance. Furthermore, it
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has been shown previously that protonation and especially inter-
calarion effects of the buffer solution in biological applications
play a crucial role in the stability of an elecrrolyre gared FET
device and its bascline drift [15-20].

A major prerequisite for the fabrication of surfaces was to
reduce the number of graphific structures, which, as argued
above, is possible with the used spin coating method. Regard-
less, an inidal cenrrifugation step was implemented before GO
application to remove any graphidc strucrares from the solu-
rons. Stll, during this study it was observed that excessive cen-
rrifugation or ultrasonication (to exfoliate graphitic strucrares)
resulred in smaller flake sizes. We optimized the cenrrifugaton
fime was to reduce the amount of graphitic structures while
maintaining optimal flake size such thar a single graphene flake
could bridge the gap between clectrodes. Graphite is a conduct-
ing matetial and in an interdigitated electrode configuraton it
presents a major challenge, since one such particle connecting
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both electrodes will be significantly more conductve than the
rGO sheets [21]. Elecrrically, this can be understood as a paral-
lel circuit of resistors, where a graphirc srructare can decrease
the resistance of the FETs. Fxrrapolating from the SEM images
of a surface deposited with 1800 rpm and 214 ug/ml., count-
ing the connecrons from source to drain, approximarely 10°
patallel connectdons were found for the whole device fabricated
with which the electronical characterization was performed for
this study. This means that the toral resistance of the FET will
be lower than the tesistance of the most conductive connece-
ron and the majority of current flow will be found at thar con-
nection. Hence, for mosr applicarions it is crucial o fabricare
devices where the connection with lowesr resistance is the mate-
rial of intetest, in this study being rGO and therefore iris crucial
to reduce the number of graphitic structures, as we have done
in this study by centrifugation and the choice of suitable spin-
coating parameters.
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The reproducibility of the fabricated FETs was experimen-
tally verified by the measurements of the /, I response curves
to obtain the transconductances of the p-type and n-type charge
carriers. In our experience, these response curves atre the signif-
icant go-to parameter to evaluate the suitability of the devices
for a wide range of applications from biosensing, electronic cir-
cuits and more. To the best of our knowledge, no other studies
have tackled the issue of /17 reproducibility for rGO-based
FETs, but it is of utmost importance to make progress towards
the fabrication of a commercially available device. Originat-
ing from biosensing, our team emphasizes the usability of the
resulting EG-FETs for application such as biosensors, focusing
on reproducibility, the ability to functionalize the tGO and the
devices stability with regard to noise levels and baseline drift.
For the evaluation of baseline drift as standard parameters, a
50 mV voltage from source to drain and a gate potential VG of
—400 mV were applied and a physiological PBS buffer solution
with 150 mM concentration and pH 7.4 was used.

The results of this evaluation are shown in Figure 5(A) for
drop casted tGO FETs and in Figure 5(B) for spin coated
rGO FETs. Interestingly, the base line stability of devices fab-
ricated by drop casted tGO the depends on the rGO, shown
in Figure 5(B). On the other hand, the base line stability of
devices fabricated by spin coating does not depend on rotation
speed. Furthermore, it appears that when reducing the amount
of flake overlaps and multlayers, baseline drift is already in a
minimal regime and the observed variations are merely a sta-
tstical feature. In detail, the drift for 1200 rpm is 0.04%/min,
for 1500 rpm 0.08% /min and for 2100 tpm 0.07%/min. These
results are similar to chips prepared ziz drop casting with
6.25 pug/mL (which seems to be around the minimum as seen
in Figure 5(B)). However, the devices fabricated by drop cast-
ing with such a low GO concentration exhibited very low con-
ductivity and reproducibility, having a wide range of different
Ip V¢ response curves (Supporting Information). It has been
proposed that layer overlaps which lead to intercalation effects
could be responsible for the baseline stability of an EG-FET
device [22]. By reducing the number of intercalation sites during
the herein presented optimization via spin-coating, a reduction
of baseline drift and stability was observed, further supporting
this argument. As shown in Figure 5, the drifts for drop casted
and spin coated tGO were compared under the same condi-
tons and a clear difference was observed, showing significantly
higher baseline stability for spin coated tGO FETs.

We therefore argue that by using spin coating with the
described parameters we can significantly improve the repro-
ducibility of chip resistance, surface coverage and transfer char-
acteristics. Other methods failed to achieve reproducibility of all
these crucial parameters simultaneously.

4 | CONCLUSION

We have described an optimized deposition protocol tGO on
silica-based substrates. After investigation of the surface mor-
phology and considerations of the effects of graphitic structures
and intercalation, based on the surface coverage and electronic
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propetrties a GO solution of 214 ug/mL applied via spin coating
with 1800 rpm was found to be most suitable for the fabrication
of uniform films. Electrical reproducibility with regards to the
transfer characteristics was demonstrated and found to be suit-
able for the fabrication of different devices, especially biosen-
sors or electronic circuit switches which can also be fabricated
on flexible substrates. The devices were tested for their stability
regarding baseline drift and found to be significantly supetior to
drop casted FETs using the same materials. We conclude that
spin coating is a significant improvement for the fabrication of
well-defined electronic devices using tGO and intend to offer
a guideline to members of the community to enable easier han-
dling and fabrication GO- or rGO-based sensing devices.
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Evaluation of the surface coverage using Imagel:

In order to evaluate the surface coverage of rGO coated FET substrates the obtained SEM images were
converted into binary images by thresholding using the image processing software Imagel. By adjusting
the threshold value only pixels falling within a specified range are found. After choosing suitable threshold
levels to cover only the rGQO coated parts in the SEM image the obtained area in the binary image was

determined using the software integrated measurement tool.

As an example, we show the evaluation for the surfaces presented in figure 1 of the manuscript, the
software output parameters are shown below the unmodified SEM images (top left) and the obtained
binary image (top right):
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From adjustment of the threshold and referencing to the pristine data, the measurement error for this
technigue was found, using the upper and lower boundaries of the image caontrast covering only the rGO.
Thresheld values of such boundary conditions can be identified considering the histogram of the image.
Therefore, the surface coverage using an upper and lower threshold value was determined and the margin
of error was obtained according to

x+z"

2l

where X is the mean surface coverage, o the standard deviation, n the sample size and z* the confidence
level-specific value for a standard normal distribution. A margin of error of 4,7% was obtained according
to a confidence level of 90%. As an example, this is shown below for figure 1A. Additicnally, a general
minimum error of 2% was assumed due to the electrode edges in the SEM images, according to the ratio
of the edge sizes to the total image size, leading to a total error of 6,7%.

lower limit upper limit

area: 58.1% area: 66,2%

The technique is reliable for discriminating rGO covered areas from the bare Si0; substrate according to
the different intensity values of individual pixels (as previously reported [1]). The proper selection of single
and multilayer rGO Is considerably simplified when looking at the histograms instead of the images
directly. The rGO covered areas have higher values compared to the Si02 background and can therefore
be easily identified. But a closer look at the histogram shows different intensity peaks for different
threshold values according to single or multilayers of rGO which appear lighter or darker in the SEM image.
By choosing a threshold value between such peaks it is possible to distinguish those different classes of
rGO layers and determine their surface area. This is shown in the image below [1].

| ol o Jood |

| T

SEM image and grayscale histogram uncovered Single rGO layer Double and more rGO layer
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Appearance of multilayers of rGO deposited on interdigitated electrodes

20 pm EHT= 500kV  SignalA=inLens  StageatT= 0.0° Date :23 Feb 2021
WD=42mm  Mag= 200KX Time :11.27:55
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The different shades of grey in the SEM evaluation for the rGO covered surface allows us to estimate the
percentage of multilayers. Theoretically optical analysis via the greyscale as described in the chapter above
would be possible to evaluate the surface percentage covered with multilayers. However, in the practical
approach, this procedure results in high uncertainty, depending on the adjusted grey threshold, since this
procedure depends on small colour gradient variations, which is not feasible when precise statements
need to be achieved.

Reference:

[1] Aspermair, P.; Doctoral Thesis, Bio-sensing 2.0 — Electrical and optical measurement tools
Towards a research platform for investigating bio-surface interactions, University of Lille, 2019,
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In this chapter, we report rapid detection of troponin I, a crucial biomarker for diagnosing myocardial
infarction, using an immunoassay combined with surface plasmon fluorescence spectroscopy.
Achieving a limit of detection (LoD) of 19 pM in 45 minutes, this system covers most of the clinically
relevant range and allows detection using a single specific monoclonal antibody, beneficial for
detecting complex forms in real samples.

64| Page


http://doi.org/10.1098/rsos.200871

ROYAL SOCIETY
OPEN SCIENCE

royalsocietypublishing.org/journal/rsos

)
Research Gheck for
Gte this article: Bozdogan A, El-Kased RF,
Jungbluth V, Knoll W, Dostalek J, Kasry A. 2020
Development of a specific troponin | detection
system with enhanced immune sensitivity using
a single monoclonal antibedy. R. Sec. Open Sd. 7:
20087 1.
hittp://dx.doi.org/10.1098/rs05.200871

Received: 22 May 2020
Accepted: 10 September 2020

Subject Catagory:
Physics and biophysics

Subject Areas:
materials science/biomaterials/biophysics

Keywords:
troponin |, surface plasmon,
single monoclonal antibedy, biosensor

Authors for correspondence:
Reham F. El-Kased

e-mail: amal.kasry@bue.edu.eg

Jakub Dostalek

e-mail: jakub.Dostalek@ait.ac.at

Amal Kasry

e-mail: reham.kased@bue.edu.eg

Electronic supplementary material is available
online at https://doi.org/10.6084/m9 figshare.c.
5141460.

THE ROYAL SOCIETY

PUBLISHING

65| Page

Development of a specific
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Using an immunoassay in combination with surface plasmon
fluorescence spectroscopy (SPES), we report the rapid detection
of troponin I, a valuable biomarker for diagnosis of myocardial
infarction. We discuss the implementation of () direct,
(i) sandwich, and (iii)} competitive assay formats, based on
surface plasmon resonance and SPFS. To elucidate the results,
we relate the experiments to orientation-dependent interaction
of troponin I epitopes with respective immunoglobulin G
antibodies. A limit of detection (LoD} of 19 pM, with 45 min
readout time, was achieved using single monoclonal antibody
that is specific for one epitope. The borderline between normal
people and patients is 20 pM to 83 pM cTnl concentration, and
upon the outbreak of acute myocardial infraction it can raise to
2nM and levels at 20 nM for 6-8 days, therefore the achieved
LoD covers most of the clinically relevant range. In addition,
this system allows for the detection of troponin I using a single
specific monoclonal antibody, which is highly beneficial in case
of detection in real samples, where the protein has a complex
form leading to hidden epitopes, thus paving the way towards
a system that can improve early-stage screening of heart attacks.

© 2020 The Authors. Published by the Royal Sodety under the terms of the Creative
Commons Attribution License http:/creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Cardiovascular diseases (CVD) refer to several types of conditions that affect the heart and blood vessels,
which include acute myocardial infarction (AMI), coronary heart disease (CHD), cerebrovascular disease,
peripheral arterial disease, rheumatic heart disease and congenital heart disease. According to the World
Health Organization (WHO), CVD is the leading cause of death worldwide, where it is responsible for
30% of all deaths globally and WHO estimates that by 2030, 23.6 million people will die from CVD [1].
Low- and middle-income countries often lack the integrated principal healthcare programmes for early
diagnosis and treatment of people with risk factors compared with people in high-income countries,
causing the annual costs of CVD management worldwide fo be extremely high. In Egypt, as an
example, WHO published in 2014 that CHD deaths reached 23.14% of total deaths, which ranks
Egypt as the twenty-third in CHD worldwide [2]. Therefore, there is a strong demand for a robust
and economical approach for early diagnosis and prognosis of CVD.

The use of classical CVD biomarkers, strch as creatine kinase (CK) and lactate dehydrogenase, has been
restricted owing to absence of tissue specificity and sensitivity. In 2000, the European Society of Cardiology
and the American College of Cardiology recommended the use of troponin as a biomarker for the
diagnosis of AMI [3], owing to the presence of tissue-specific isoforms in cardiac muscle. Troponin complex
(cTn) is a heterogenic protein, which plays an important role in the regulation of cardiac muscle contraction.
The troponin complex consists of three subunits: troponin T (¢TnT), troponin I (¢Tnl) and troponin C
(cTnC). Being expressed only in cardiac tissue, troponins I and T have been the preferred biomarkers for
myocardial infarction for a long time [4]. ¢I'nl is confined inside the heart muscle and it is, therefore,
considered to be the standard biomarker for detecting AMI, because it is significantly more specific than
other heart markers [5]. Early troponin I detection would lead to faster diagnosis and consequently the
initiation of the correct treatment, which improves the prognosis for patients. It has been demonstrated that
testing troponins on patient admission and again after 6-12 h provides better risk stratification and early
diagnosis [6]. ¢Tnl levels begin to rise 2-3 h after the myocardial infarction and elevation of its levels can
persist for up to 10 days, making it ideal for retrospective diagnosis of infarctions [7-9]. The borderline
between normal people and patients is 20 pM to 83 pM cTI'nl concentration, while after the outbreak of
AMI, this concentration can go up to 2 nM within 3-6 h, and levels at about 20 nM for 6-8 days [10].

Several epitopes are identified on the ¢Tnl protein; of which only six are used in laboratory research and
clinical research {(aa 24—40, aa 22-43, aa 41-49, aa 83-93, aa 87-91, and aa 186-192, respectively). Five of these
epitopes are located on the N-terminus, which is considered the leading antigenic region of the recombinant
version of cTnl protein (TNNI3 sequence) [11-13]. Different diagnostic assays have been designed for the
quantitative measurements of ¢Tnl in human blood using monoclonal antibodies, which have found
widespread clinical applications as diagnostic and therapeutic agents for different diseases [14]. However,
this approach lacks robustness and the common reason for the inconsistency between <Inl assay
meastrements can be attributed to the difference in the epitope specificity of the antibodies used in
various assays. In addition, some epitopes are lost as a result of degradation of circulating troponin I,
whereas others remain unaltered, resulting in different recoveries by different assays [15].

Surface plasmon resonance (SPR) biosensors represent an established technique for rapid detection and
interaction analysis of biomolecules on solid surfaces [16-19]. In this technique, resonantly excited surface
plasmons are used for probing the capture of specific target analytes from the analysed sample at the sensor
surface. Surface plasmons originate from collective oscillations of the electron density in the metal coupled
to an associated electromagnetic field that is confined fo the metallic layer or metallic nanostructures
deployed at the sensor surface. The analyte binding-induced refractive index change defunes the
resonant excitation of surface plasmons and thus is converted to an optical signal. In addition, the
resonant excitation of surface plasmons generates an enhanced electromagnetic field intensity, which can
be employed for the amplification of weak spectroscopy signals such as scattering [20] and fluorescence
[21]. Up to now, the probing with surface plasmons was exploited in a range of biosensors for rapid and
sensitive detection of cardiac biomarkers including those based on SPR supported by metallic
nanoparticles [22], gold nanoparticle aggregation assay with colorimetric readout [23], surface plasmon-
enhanced scattering [20], and localized surface plasmon-enhanced fluorescence [24].

The detection of the full-length ¢Tnl is usually performed either by polyclonal antibody or multiple
monoclonal antibodies specific for several epitopes [9,25,26], in order fo increase the sensitivity and the
specificity, which is important in case if the protein is in its complex form.

This work reports, for the first time to our knowledge, on using surface plasmon-enhanced
fluorescence spectroscopy (SPFS) assay for the sensitive detection of cTnl at clinically relevant
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concentrations, using only one monoclonal antibody specific for one cTnl epitope. Moreover, it attempts
to elucidate the role of the biointerface design by combined SPR and SPFS study in order to optimize the
assay performance characteristics. This study is supported by protein modelling in order to visualize the
dependence of the epitopes exposure on the protein orientation, which plays a significant role and it may

provide important insights into the future development of ¢Tnl immunoassays for accurate screening of

CVD at early stage.

2. Material and methods
2.1. Materials

Recombinant ¢Inl protein TNNI3 and anti-(TNNI3) goat polyclonal antibody were purchased from
MyBioSource, San Diego, CA, USA {(cat. no. MB52010502 and cat. no. MBS 833132, respectively). The c¢T'nl

protein was reconstitufed in phosphate buffer saline (PBS), pH 7.4, to obtain a final concentration of

100 pg ml™". High performance chromatography was done to purify and remove any salts from the protein.
Monoclonal mouse immunoglobulin G {IgG) against cI'nl epitope aa 87-91, Goat anti-mouse IgG conjugated
with Alexa Flour 647, and Donkey anti-goat IgG Alexa Flour 647, were all purchased from antibodies-online,
USA.

2.2. Gel electrophoresis

1D sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed for the full-
length recombinant c¢Inl to determine purity and molecular weight, and 13 51l of pure sample was
mixed with 5pl sample buffer [13] (156 mM (hydroxymethyl)aminomethane (TRIS), 5% SDS, 25%
glycerol, 3.5% bromophenol blue and 12.5% 2-mercaptoethanol) [13]. The mixture (10 1) was loaded on a
Bolt 4-12% Bis-Tris Plus Gels, 1.0 mm x 15 well (Life Technologies Europe, Bleiswijk, the Netherlands).
Gels were run at a constant voltage of 200 V for 50 min in 3-(N-morpholinojpropanesulfonic acid (MOPS)
buffer (0.025 M MOPS, 0.025 M TRIS, 3465 mM 5DS, 1.025 mM ethylenediaminetetraacetic acid (EDTA})
using the XCell SureLock Mini Cell electrophoresis chamber {Invitrogen, Karlsrtthe, Germany). For all
experiments, low range marker (MyBioSource, USA) was used [13]. Gels were stained using colloidal
Coomassie Brillant Blue R-250 (ME, BIO, ICN, Santa Ana, CA, USA; cat. no. 821616).

2.3. Western blot

After performing the full-length protein to 1D SDS-PAGE as explained above, samples were blotted onto
a polyvinylidene difluoride membrane [13] (Ji'an Qingfeng membrane Co., Ltd, J[i'an, China} by semi-dry
blotting for 1 h with an electric current of 1.2 mA cm 2, followed by cutting the membrane into strips and
blocking with 2 ml buffer (Tris-buffered saline (TBSy 5% non-fat dry milk powder, 1% bovine serum
albumin (BSAY) and incubation for 2 h [13]. The goat anti-cTnl polyclonal antibody (suspended in 0.01
M PBS [13], pH 74, concentration: 1 mg ml™) was used after 1:1800 dilution with blocking buffer
[13]. Each strip was blocked and then incubated with 2 ml polyclonal antibody solution for 24 h at 4°
C. This step was followed by three washing steps using 2 ml washing buffer per strip (IBS, 0.05%
TWEEN 20 (v/v), 0.1% BSA {w/v}) [13]. The secondary antibody used for western blot was anti-goat
[gG + HRP from MyBioSource cat. no. MB5 440120. The anti-goat [gG + horseradish peroxidase (HIRP)
(secondary antibody) solution was diluted to 1:2000¢ with blocking buffer, 2 ml of this diluted
solution was used to incubate the strip for 1 h at room temperature [13]. This was followed by a last
washing step before visualization of the resulting band using CN/DAB substrate kit (Thermo Fisher
Scientific Pierce Biotechnology, MA, USA, cat. no. 34000).

2.4. Sensor ¢chip preparations and assay developing

A 50 nm gold layer was deposited on a high refractive index glass coated with 1.5 nm chromitm, the
gold layer was chemically modified with a mix of thiol with carboxy group and thiol with OH group
with a ratio 1:9 (Sigma) by incubation overnight. The chips were then mounted on a sample holder
while being attached to a flow cell of approximately 4 1l volume. The experiment was performed
according to the following protocol: (i) the thiol layer was activated by a mix of 1-ethyl-3-(3-
dimethylaminopropyljcarbodiimed /N-hydroxysuccinimide (EDC/NHS) (1:1 ratio) in order to
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Table 1. List of the SPFS set-up devices.

device supplier

counter (531314) agilent (Santa Clara, USA)

convert the COOH group to NI, group, this was done in situ using a pump at a flow rate 40 pl min™);
(ii) cTnl protein was coupled to the sensor surface by the use of amine coupling; (iii) a solution with
monoclonal mouse or polyclonal goat antibody {(concentration of 1, 5 and 20 nM) was rinsed over this
surface; followed by (iv) reaction of the affinity captured antibody with a secondary anti-mouse or
anti-goat antibody, respectively. The secondary antibody was conjugated with Alexa Fluor 647 and
dissolved in buffer at a concentration of 6 nM.

2.5. Surface plasmon resonance and surface plasmen-enhanced fluorescence spectroscopy
measurements

An optical system combining SPR and SPFS was used for direct investigation of the interaction between
the protein and its antibodies. The Kretschmann configuration, which is based on a high refractive index
prism, 50 nm thermally evaporated gold glass slide, optically matched to the prism through matching oil,
was used for the detection. A laser beam at wavelength of 633 nm was coupled to the prism and allowed
to resonantly excite surface plasmons at the outer interface of thin gold film with a strength that was
controlled by the angle of incidence. A flow cell with a volume of 41l was clamped against the gold
sensor surface in order to flow liquid samples with a flow rate of 4Gl min~". The reflected beam
intensity was measured with a lock-in amplifier in order to track changes in the SPR signal. The
fluorescence signal measured on the SPFS modality was excited via the enhanced electromagnetic
field intensity generated by surface plasmons. The emitted fluorescence light (at 670 nm) from the
sensor surface was collected through the flow cell by a lens with a numerical aperture about NA =0(.2
and detected by a photomultiplier (H6240-01, Hamamatsu, Japan) that was connected to a counter.
The intensity of the excitation beam irradiating the sensing area on the sensor chip of about 1 mm®
was reduced to 30-60 pW to decrease bleaching of Alexa Fluor 647. The fluorescence light emitted at
a wavelength of about 670 nm was spectrally separated from the excitation light at 633 nm by using a
set of laser notch filter and fluorescence band pass filter (table 1).

2.6. Protein structure modelling

Protein structure modelling aims to determine spatial location of every atom in the protein molecule from
the amino acid sequence by computational calculations. This was done using the I-TASSER server [27-29].
The server uses [-TASSER based algorithms to automatically generate high-quality model predictions for
three-dimensional protein structure from their amino acid sequences. The I-TASSER defects structure
templates from the Protein Data Bank using a fold recognition technique, which is based on protein
modelling using known protein structures. The full-length structure models are constructed by
reassembling structural fragments from the protein folding templates using replica exchange Monte
Carlo simulations [30].

3. Results and discussion

Figure 14,b shows SDS-PAGE of purchased recombinant full-length troponin ¢Tnl to ensure its purity and
molecular weight, confirming a molecular weight of 24 kDa. Figure 1c shows the Western blot results that
confirm the affinity of the antibody to the full-length protein (more details are in the Material and
methods section).
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Figure 1. {z} cTnl protein marker lane (kDa), (b) 1D SDS—PAGE showing a single band at apparent molecular weight 24 kDa
compared to the marker lane. (c) Western hlot analysis against pelyclonal anti-troponin antibody on a pelyvinylidene fluoride
{PVDF) membrane. (d} A schematic of the cTnl protein and the antibodies used in the experiments with their colowrs refeing
to their respective binding epifopes as shown in figure {e). {e) Modelled structure of full-length recombinant versicn of cTnl
protein {aa 1-210) using |-TASSER software with its epitopes at different orientations. {f) The size comparisen of
immuneglobulin G antibody and ¢Tnl {=1:3). (g—/) shows the visualization of the possible ¢Tnl protein orientation according
to the binding epitope position; (g) possible orientatien of ¢Tnl protein that is affinity bound through its epitope aa 87-91
and (h) aa 30-90 to IgG Fab fragment. (/) The immobilization of the ¢Tnl protein to the surface through its N-terminal {red)
and the possible protein crientation.

Figure 1d provides an overview of the biomolecules that are further employed in the c¢T'nl assay with
plasmonic biosensor readout including the recombinant version cTnl protein and the respective
antibodies (in colour respective to their binding protein epitopes). The structure of the full-length
recombinant ¢Tnl protein was visualized wusing bioinformatics methods for predicting the three-
dimensional structure of protein molecules based on their amino acid sequences (more details are in
the Methods section). Figure 1e shows the cTnl protein at different orientations where its epitopes are
visualized with different colours, while the size difference between the protein and its antibody is
compared in figure 1f. The same bioinformatics method was used to visualize the ¢Tnl protein
orientations in case of its affinity binding to mouse monoclonal antibody (recognizing ¢Tnl epitope aa
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Figure 2. SPR chservation of {a) immebilization of the pelyclonal antibedy on the suiface modified with SAM, and (b) the
subsequent affinity hinding of the ¢Tnl to the tethered polyclonal antibedy with regeneration steps {10 mM NaOH applied) in
hetween flow of cTnl samples.

87-91) and goat polyclonal antibody (recognizing cTnl epitope 30-90), or when coupled to the surface by
using the N-terminus (figttre 1¢ k.1, respectively).

In order to bind both monoclonal and polyclonal antibodies to the ¢Inl protein, the possible protein
orientations reveal that the epitope positions {aa 87-91 coloured in yellow) and (aa 30-9( coloured in
black) spatially overlap, which may prohibit forming a sandwich.

Based on the Western blot results and the modelling, the ¢Tnl detection was further investigated by
using SPR and SPFS. On a first glance, we used the direct label-free SPR method for measuring the
affinity binding of the cInl to its polyclonal antibody immobilized on the sensor surtace. To that end,
we started with preparing a self-assembled monolayer (SAM), on the sensor gold surface, composed
of thiols synthesized with oligo (ethylene glycol) (OEG) and carboxyl groups. Afterwards, the
carboxyl groups were activated with a mix of EDC/NHS [31], followed by the amine coupling of the
polyclonal antibody via its N-terminus or lysine groups figure 24. As seen in figure 2b, the binding of
cTnl showed measurable SPR signal only at a relatively high concentration of 20 nM. ¢Tnl is known to
have an isoelectric point in the range below 7 in case of AMI [32], which means that it would be
negatively charged at the neutral pH that was used in the experiments. Because the gold surface is
modified with a mix of thiol SAM carrying with carboxyl group and OEG groups, at pH 7, the
surface would be negatively charged leading to repellence of the negatively charged protein, which in
turn should prevent nonspecific binding. Although this charge effect is not strong enough to repel all
negatively charged proteins, it is enough to avoid nonspecific binding. As the binding of the cI'nl was
not recognized until very high concentrafion, this was not further investigated, and a surface plasmon
fluorescence-based protocol was developed.

In order to further confirm that the used monoclonal and polyclonal antibodies recognize the ¢Tnl
protein and to improve the sensitivity, SPES readout modality was employed with the use of a secondary
antibody conjugated to Alexa Fluor 647 label. As seen in figure 34, the affinity binding of the antibody at
the sensor surface does not change the fluorescence signal kinetics; however, the affinity binding of the
respective secondary antibody leads to a strong change in the fluorescence signal F(£). First, a rapid jump
in fltorescence signal occurs owing to the excitation of Alexa Fluor 647-labelled molecules in the bulk,
followed by gradual slower increase that is ascribed to the affinity binding of secondary antibody at the
sensor surface. Upon the subsequent rinsing step, rapid decrease in the fluorescence signal is observed
owing to replacing the solution with fluorophore-labelled molecules from the flow cell and then a slow
decay in the signal is attributed to the dissociation of the attached biomolecules and bleaching of the
fluorophore labels at the sensor surface. The fluorescence sensor response AF that is associated with the
affinity binding {defined as the difference between the baseline signal before the injection of the antibody
and the secondary antibodies and after the final rinsing) is linearly increasing with the concentration of
the antibody. The unspecific interaction of the secondary antibody with the sensor surface (without
captured anti-cTnl antibody) was tested and a negligible signal of AF =132 c¢ps was measured for the
anti-mouse secondary antibody (specific for the monoclonal antibody), however, a strong response of
AF =2790 cps was observed for the anti-goat secondary antibody (specific for the polyclonal antibody),
as shown in figure 3b. As was expected, the SPFS readout using a sandwich assay was not sensitive
enough for low concentrations, owing fo the close proximity of the epitopes aa 87-91 and aa 30-9¢
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Figure 3. (0} Recognitien of the moneclonal antibedy te the cTnl pretein, the black curve represents the control test, where 6 nM
Alexa fluer 647 conjugated secondary antibody specific to the monoclonal ¢Tnl was flown, no signal was ohserved after washing the
surface. This was followed by binding of the secendary antibedy to different concentrations of the meneclonal antibody bhound to
the ¢Tnl, which gives clear fluorescence signal {red, blue) indicating successful binding. (6) A nonspecific binding test performed by
flowing 6 nM Alexa fluor 647 conjugated two secondary antibodies, specific for both the menoclenal and the pelyclonal antibodies,
clearly showing that the unspecific interaction in case of the polyclenal antibedy is higher than that of the monoclonal one
{AF refers to fluorescence counts).

(figure 1), therefore an inhibition-competitive assay format was developed for the detection of ¢Tnl analyte
using the monoclonal anti-cTnl antibody. Although polyclonal antibodies, containing accurately identified
antigenic determinants can provide an alternative to monoclonal antibodies for the detection of diseases
biomarkers, whenever multipoint binding of the antigen is offered, which can result in an increased
sensitivity of the assay owing fo the increase in the avidity of antibody-antigen interaction [13],
monoclonal antibodies are more advantageous than polyclonal ones. Their specificity is the most
important advantage, as they only react with one epitope on the target molecule, while polyclonals
contain hundreds or even thousands of specificities that can lead to cross-reactions and consequently
murch less selectivity. In addition to that, our SPFS results clearly indicate that the nonspecific binding in
case of the polyclonal antibody is much higher {figure 35}, therefore we chose to develop the competitive
assay using the monoclonal antibody. Given that ¢Tnl is released into the blood circulation of patients of
AMI predominantly in its complex form, it is crucial to use antibodies which can recognize, not only free
cInl, but also ¢Tnl complexed with other ¢ITn subunits [33], monoloclonals would be more
advantageous in that regard. It is worth mentioning that the chosen monoclonal mouse IgG against ¢Tnl
epitope aa 87-91 is specific for cT'nl where the epitope (87-91; GLGFA) is not found through the whole
troponin T sequence, therefore, it cannot cross-react with ¢ITnT and it can distinguish between both of
them [34], electronic supplementary material.

As schematically shown in figure 44, the developed cInl assay with SPFS readout consisted of three steps.
First, a sensor chip was prepared with ¢Tnl protein immobilized to a mixed thiol SAM by amine coupling.
Second, the analysed sample with cTnl was spiked with mouse monoclonal antibody at a concentration of
2nM and reacted for 20 min. Afterwards, the sample was flowed over the sensor surface for 20 min
followed by rinsing for 5 min. Third, a secondary anti-mouse antibody solution (6 nM) was reacted for
20 min with the affinity bound antibody at the sensor surface. After rinsing for 5 min, the fluorescence
sensor response AF was determined. The established calibration curve in figure 4b shows that the sensor
response AF is inversely proportional to the target ¢Tnl analyte concentration. In a sample with low
amounts of ¢Tnl analyte, the majority of binding sites of the antibody spiked into the sample are free and
can react with ¢I'nl coupled to the sensor surface. Therefore, a large flttorescence signal is generated after
the reaction with the secondary antibody. For large amounts of cI'nl target analyte molecules present in
the sample, the binding sites of the antibody are occupied, and do not bind to the surface, thus leading to
a low fluorescence signal response. In order fo calculate the limit of detection {LoD), the response of the
fluorescence signals was plotted as a function of the ¢Tnl analyte concentrations (figure 4c), and the curve
was fitted using the sigmoidal function [35,36]:

(A — Az)

FO = ey

The achieved LoD is 19 pM, it was determined as the concentration for which the fitted calibration
curve intersects the fluorescence signal measured for a blank sample (AF0 =132 cps) lowered by three
times the standard deviation of noise (6=10.6 cps). Although this achieved LoD is not the lowest

+ As.
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Figure 4. (g} A schematic of the inhibition-competitive assay steps, (b) fluorescence signal kinetics measured upon the hinding of
the secondary antibody conjugated with Alexa Fluor 647 and varied concentrations of ¢Tnl, and (¢} nomalized calibration curve of
the SPFS bicsensor with an indicated LoD of 19 pM.

among the previously investigated detection methods of ¢Tnl, it is to the authors” knowledge, the first
time to detect this protein using a single monoclonal antibody specific for one epitope, which would
be very beneficial to use in case of using real samples where the protein is known to be in its complex
form. Detailed summaries of the other detection methods and LoDs are in [10,37].

It is worth noting that the proposed SPFS readout is inherently more tolerant to fouling of the sensor
surface that inevitably occurs on the gold sensor surface with thiol SAM carrying oligo(ethylene glycol)
chains when realistic samples such as blood serum [38] are tested. For the analysis of biomarkers in more
complex samples including saliva and blood plasma, more advanced biointerfaces based on anti-fouling
polymer brushes [39,40] can be deployed on the surface of plasmonic biosensors as was previously
reported by our laboratory. In combination with the advancement of SPFS instrumentation and
biointerfaces (which were not the subject of the present research reported here), the reported results
make an important step towards developing affinity biosensors that can serve for rapid diagnosis of
cardiac diseases at an early stage with reliable and reproducible results.

4. Conclusion

We have developed a sensitive troponin ¢Tnl immunoassay; using a single monoclonal antibody, with an
LoD of 19 pM in 45 min detection time. It takes advantage of SPFS detection by optically probing the
enhanced field intensity at the fluorophore label absorption wavelength (1. 633 nm). We illustrate
that the direct detection format based on the regular SPR biosensor principle does not provide
sutficient sensitivity for the analysis of ¢T'nl at clinically relevant concentrations. By using the same
instrament operated in SPFS modality, we significantly improved the sensitivity by implementing an
inhibition-competitive immuncassay. Crucial for this assay format is the careful selection of ¢Tnl
epitope and respective monoclonal antibody based on both experimental frials and theoretical
modelling. These studies confirmed that immobilizing the ligand (recombinant version of target cTnl
protein) directly to the surface via its N-ferminal leaves the epitopes aa 30-90 and aa 87-91 available
for affinity binding of respective IgG antibodies.

Data accessibility. All the necessary data are included in the main manuscript and figures, and raw data for all the figures
in the paper are uploaded as electronic supplementary material. BLAST results are presented in the electronic
supplementary material file.
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1. Introduction

“Cardiovascular diseases (CVDs) are the number one cause of
death globally, taking an estimated 17.9 million lives each year.
CVDs are a group of disorders of the heart and blood vessels and
include coronary heart disease, cerebrovascular disease, rheumatic
heart disease, and other conditions. Four out of five CVD deaths
are due to heart attacks and strokes, and one third of these deaths
occurs prematurely in people under 70 years of age™ (cited from
[1]. In addition, the total economic burden of CVD is enormous;
the costs are expected to rise from approximately US$ 863 billion
in 2010 to a staggering US$ 1,044 billion by 2030 worldwide [2].

Acute Myocardial Infarction (AMI), the most life-threatening ver-
sion of acute coronary syndromes, causes severe irreversible tissue
injury in the myocardium. The analysis of AMI primarily depends
on electrocardiography (ECG) but only 57% of patients can be
diagnosed correctly for AMI, and some of these patients can even
show normal or non-diagnostic ECG when presented to the Emer-
gency Room [3]. What is worse, 25% of AMI have happened with-
out any symptoms like pain in the chest, back, or jaw. Therefore,

hitp:/www.acmecasereport.com/
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a rapid, sensitive, and cost-efficient platform is needed to meet the
diagnostic requirements in AMI detection [4].

Over the years, various marker molecules have been proposed
for AMI diagnostics, among which were Aspartate Transaminase,
Creatine Kinase, or Myoglobin [5]; although cardiac Troponin T
(cTnT) or Troponin I (¢Tnl) have become the golden standards for
myocardial infarction diagnostics and resulted in the development
of the first bedside testing method [6]. During these years, there
have been significant improvements in assays for cTn with regards
to analytical sensitivity and precision at low concentrations [7].
The first-generation assay was not able to detect low plasma con-
centrations of troponin, while the second generation could identify
njury earlier, but was not sensitive enough for healthy people. Fi-
nally, the third generation are high-sensitivity troponin assays and
can reliably detect the low troponin levels in healthy individuals,
as well as can differentiate patients with myocardial 1schemia on-
set and early necrosis [8].

The corresponding cut off levels of ¢Tnl in plasma for healthy pa-
tients were in the first generation 0.5 ng mL-! (500 pg mL1). With
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the advances in the development of high sensitivity troponin tests,
the reference cutoff levels for ¢Tnl in serum used to establish AMI
has been progressively lowered and is currently in the range of 26
pgmL [9] Thisisabout 100-1000 times lower than the ¢ Tnl level
in patients with a clear positive test for AMI, with serum levels
of ¢Tnl as high as 5-50 ng mL"' [10]. Upon the occurrence of an
AMI, the death of cardiac myocytes causes the ¢Tnl concentration
up to 50 ng mL-! within 3—6 h, and finally to a level around 550 ng
mL" where it remains elevated for a few days, while that of other
biomarkers will decline more rapidly [11].

The enormous clinical importance of having reliable methods and
devices for testing cTnl, the scientific challenge that the low level
of the marker in the blood of healthy patients means (at a molec-
ular mass of c¢Tnl of 24 kDa, 26 pg mL! correspond to 1.08 pM
concentrations), and the commercial interest in sensitive, specific,
robust, and affordable sensors spurred an unmatched race among
biomolecular engineers for the development of new formats and
examples of sensors that meet these requirements.

In this context, we intend to present in this short summary first a
rather comprehensive (though probably not complete) list of ex-
amples in the literature of what other groups have reported. We
will limit the compilation to the type of transduction principle that
has been applied and the limit of detection (LoD) that has been
achieved.

Then we use the results of our own studies to reflect on a few is-
sues that one encounters in developing c¢Tnl sensors. In particular,
we will introduce 3 types of sensing concepts, based on:

o surface-plasmon optics (focusing on the most sensitive
version offered by surface-plasmon fluorescence spec-
troscopy (SPFS)) [12],

e electrochemical assay, focusing on differential pulse vol-
tammetry (DPV) [13],

e graphene FETs (gFET) as electronic sensors [14].

These sensors all measure in one way or another the surface cov-
erage of the analyte molecules (¢Tnl in our case) that bind (revers-
ibly) from solution to surface-immobilized receptors.

We present data for two types of receptors:

e antibodies [15],

s DNA aptamers [16].

Indeed, monoclonal antibody development involves several im-
munizations of a host animal, isolation of antibody-producing
cells, followed by hybridoma selection and antibody production.
Hach step is time-intensive, with the entire process realistically
taking four to six months. With aptamer selection being an in vitro
process that is typically completed within 2-3 months, and togeth-
er with increased shelf life of aptamers over antibodies with com-
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parable affinity constants, these surface receptors lately are more
intensively employed for sensing concepts [17].

In our examples, these receptors are immobilized using three types
of chemistries typically applied by the community for the coupling
of the receptor:

e Formation of self-assembled monolayers (SAMs) via thi-
ol interaction with Au,

e 1 7 stacking interaction between 1-pyrenecarboxylic
acid (PCA) and graphene followed by amide bond forma-
tion using EDC/NHS chemistry on the activated esters,

e  Electroreduction of diazonium salts on graphene materi-
als followed by Cu(T) based click-chemistry.

The substrates themselves represent three different types of sub-
strate materials:

e  Aufor SPFS,

s Nitrogen-doped porous reduced graphene oxide (N-pr-
GO) for the electrochemical studies,

e  Graphene, prepared by chemical vapor deposition for the
FETs.

And finally, we refer to two types of samples:
e cardiac Troponin I in PBS buffer, and
e clinical saliva samples.

We will discuss very briefly the essential basics of (and differences
between) the various sensor platforms and compare the obtained
results, in particular, with respect to the achieved LoDs 1in the light
of the clinical requirements (cf. above).

2. Materials & Methods
2.1. Optical sensing
2.1.1. Surface-Plasmon Fluorescence Spectroscopy

For the direct optical analysis of the interaction between the pro-
tein and its receptors, antibodies in this case, an optical device
combining surface plasmon resonance (SPR) [18] and surface
plasmon-enhanced fluorescence spectroscopy (SPFS) [19, 20] in
the Kretschmann configuration was used. The set-up consisted of
a high refractive index (LaSF9) prism, optically matched to the
sensor chip (50nm gold evaporated onto a LaSF9 glasss slide) and
coupled to a flow cell. A laser beam at a wavelength of 1 = 633
nm was directed to the prism base, and the reflected light collected
by a photo detector in total internal reflection mode. The intensity
was measured with a lock-in amplifier to observe changes in the
SPR signal. At the appropriate angle of incidence, the enhanced
electromagnetic field intensity generated by the resonant excita-
tion of surface plasmons excites the chromophore-labelled analyte
molecules bound from solution to the receptor units, immobilized
on the sensor surface [21]. Their fluorescence signal was measured
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(at A = 670 nm) in this SPFS mode by a photomultiplier (H6240-
01, Hamamatsu, Japan), linked to a photon counter. The beam in-
tensity was reduced to 30-60 pW to avoid the bleaching of the
employed chromophore Alexa Fluor 647. In order to separate the
fluorescence light from scattered excitation light @ A = 633 nm
a set of filters (laser notch filter and fluorescence bandpass filter)
was used.

2.1.2. Sensor Chip Preparation and Assay Development

LaSF9 high refractive index glass slides (Hellma Optics) were
thermally evaporated-coated with 2 nm chromium and 50 nm
gold, then incubated overnight in a 1:9 SH-PEG-COOH/ SH-PEG-
OH (Sigma-Aldrich) solution for further surface functionalization.
The SAM-coated gold slides were placed in the microfluidic flow
cell with a volume of 4 ul. ¢Tnl proteins were immobilized to the
(EDC/NHS-) activated ester groups via amine coupling, and ei-
ther monoclonal mouse or polyclonal goat antibodies (Abs) were
rinsed across the ¢cTnl capture layer. As a secondary antibody, Al-
exaFluor 647 conjugated anti-mouse or anti-goat antibodies were
used at a concentration of 6 nM to monitor by SPFS the surface
coverage of the primary ABs.

2.2. Electrochemical Sensing

2.2.1. Synthesis of N-prGO: The synthesis of prGO was achieved
via dispersion of rGO powder (100 mg) in 30% H,0O, (100 mL),
ultrasonicating for 30 min and heating for 12 h at 60 °C. The ob-
tained solution was filtered and the recovered prGO powder was
dialyzed to remove H,O, and to separate from small sized graphene
quantum dots [22].

The synthesis of N-prGO was carried out by mixing prGO pow-
der and liquid ammonia (1:30 w/v) by ultrasonication before being
transferred into a 50 mL Teflon coated stainless steel autoclave and
heated for 24 h at 200 °C. The acquired solution was separated by
filtration followed by washing with ethanol/water (1:1) mixture
solution to completely remove the ammonia. The product was kept
for drying in an oven at 60 °C overnight.

2.2.2. Preparation of the Electrodes: Glassy carbon electrodes
(GC) were modified by drop-casting 5 ul of a suspension of
N-prGO (1 mg ml'in water) and drying for 24 h in an oven at 60
°C. The formed GC/N-prGO electrodes were immersed in 0.1 M
PBS (pH 7.0) and cycled 30 times between -1.5 Vand +1.1 Vata
scan rate of 0.1 V s to stabilize the interface. Thereafter, to insure
good reduction of the prGO, the potential was furthermore kept at
-1.5V for 3 min.

The GC/N-prGO electrode was immersed into a mixture of 1-pyr-
enecarboxylic acid (1 mM) and synthesised pyrene-PEG (1 mM)
[23] with a ratio of 1:20 for 1 h at room temperature. The em-
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ployed aptamer with the sequence 5*-NH,-TTT TTT CGT GCA
GTA CGC CAACCT TTCTCATGC GCT GCC CCT CTT A-3°
was immobilized by first activating the carboxyl groups of 1-pyr-
enecarboxylic acid via immersion into a solution of EDC (15
mM)/ NHS (15 mM) in PBS (0.1 M, pH 7.4) for 30 min, followed
by covalent coupling of the 5’ -NH_-modifled aptamer (5 uL, 5 uM
in PBS) by incubation for 40 min and washing (3 times) with PBS.

2.2.3. Differential Pulse Voltammetry: For the detection of ¢TnI,
differential pulse voltammograms (DPV) [24] were recorded in a
5 mM [Fe(CN),]* solution in 0.1 M PBS pH 7.4 within the poten-
tial range from -0.2 V to +0.5 V at a modulation amplitude of 5
mV and a step potential of 80 mV, step height of 15 mV and step
time of 250 ms. Aptamer modified GC/N-prGO-COOH/PEG elec-
trodes were immersed into cTnl standard solution or in samples
containing ¢Tnl for 30 min. After rinsing with PBS buffer (0.1 M,
pH 7.4, three times), the electrodes were transferred into a 5 mM
[Fe(CN),]* solution in 0.1 M PBS pH 7.4 and a DPV signal was
recorded. Following the measurements, immersion of the sensor
into NaOH (0.1M, pH 12.0) for 20 min was used to regenerate the
sensor interface.

2.3. Electronic Sensing Based on Graphene Field-Effect Tran-
sistors

2.3.1. Preparation of Functional Graphene Channels by
“Click” Chemistry: For ¢Tnl electronic sensing, we used a cova-
lently-modified graphene field-effect transistor for the binding via
“click” chemistry of a PEG-DNA aptamer mixture in a ratio of 1:2
[25]. Surface modification starts on a clean CVD-grown graphene
after transferring it to an interdigitated electrodes device (Figure
1) first, electro-grafting of 4-((triisopropylsilyl)ethylenyl)ben-
zenediazonium tetrafluoroborate (TIPS-Eth-ArN,") (10 mM) in
0.1 M N-butylhexafluorophosphate (NBu PF ) in acetonitrile was
performed using cyclic voltammetry at a scan rate of 50 mV s for
five cycles between +0.30 V and -0.60 V vs. Ag/AgCl. The elec-
trodes were rinsed with copious amounts of acetonitrile and ace-
tone and gently dried. Before “click” chemistry, the TIPS protect-
ing group was removed by the immersion of the Graphene-TIPS
surface into tetrabutylammonium fluoride (TBAF, 0.1 M in THF)
for 1h. The surface was then left for 15 min in a pure THF solution
for cleaning. The deprotected surface was then exposed to a 1:2
mixture of methoxypolyethylene glycol azide (nPEG Azide, aver-
age MW 1000) and the DNA aptamer, using CuSO, (0.01 M) and
L-ascorbic acid as reaction catalyst. The interface was treated with
an aqueous solution of EDTA (10 mM) for 10 min to chelate any
remaining Cu?* residues and finally washed copiously with water

and left to dry.
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Figure 1: Graphene based field effect trana stor surface-modified by anti-fouling PEG chans and aptamers for specific cTal sensing

2.3.2. Electronic Read-out of ¢T'nl Binding: Craphene transfer
characteristics were recorded after each modification step using
a Ketthley 2400 source-meter with custorn-made LabVIEW soft-
ware All measurements were performed using a Micrui flow cell
made of PMIMA with fixed flow channel geornetry (16 pl), ensur-
ing a defined flow rate of 50 ul min? to minimize mass transport
lirnitation of the analyte to the sensor surface n all experiments
[2€]. Electrical measurements were performed by applying a 50
mV source—drain bias Vo, and sweeping the gate potential V.
while menitering the current betw een the drain and the source T
A silver chlonde wire (diameter 1 mm, Sigma-Aldrich) was used
to operate the graphene-FET device in liquid gate configuration,
with a constant gate bias of 0.2 V. The general procedure of the
sensing experiment started with continuously flushing the pure
buffer (PES, 0.01z) until a stable baseline of drain current was
established, followed by injection of the analyte at a constant flow
rate [27].

3. Results

The long list of papers published on the detection of ¢Tnl is given
inTable 1, containing a total of 120 references, with the first paper
published 1 2004

The spectrum of the applied detection principles is rather wide,
with a clear focus cn optical (neluding surface-plasmon resonance
(SFE), fluorescence, colorimetric, flucrescence resonance energy
transfer (FRET)), as well as electrochernical techniques (eg., cy-
clic- or differential pulse- voltammetry, impedimetric protocols,
electro-chemiluminescence, ete. Hewever, also a few exatic de-
tection formats for the monttorng of <Tnl as a marker for AW
events have been reported; e.g., surface-enhanced resonance Fa-
man spectroscopy (SERRE), magneto-optics, single-photon detec-
tion, electro-acoustic principles, tomention but a few. In addition,
several reports appear in the literature on the use of electrical or
electronic concepts for cardiac marker sensing

Ceneerning the transducer functionalization as a means to guaran-
tee the mere specific recogrition and binding of the analyte pro-
teins, three receptor systems have been described, 1.e., antibodies,
peptides, and aptarners
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Most remarkable in this long st of references 15 the incredible
spread of reported limits of detection (LoD), ranging from 7 7x10°
pgml? to4 8210 pgml, thus covering 9 orders of magnitudel

Given the current cut-off level for ¢Tnl in healthy patients of 26
pg mL1, one half of the reported tests have only fustorical value
and don’t need to be considered further: no clinic would use any of
these prineiples and protocols.

At the other end of the spectrum, extremne sensitivities seem to be
offered with spectacular LoDs — but not for free: in all cases, the
reported values are the result of extreme complexities with multi-
ple amnplification steps — totally useless for practical applications:
doctors need simple and easy to apply tests and recipes. And not
even from a scientific point of view any of these reports on “ultra-
sensitive” sensors 13 helpful: none of the authors dares about try-
ing to understand the basic physical principles that might operate
in their experiment! The simple question: what i3 the molecular
mechanism and/or a theoretical maodel by which one could under-
stand that the sensor responise changes by a factor of 3-5 (1) upon
varying the ¢Tnl concentration by 5-7 orders of magnitude [28-
32] (Calling this “linear” 15 another story ... All reports refer to
a bimolecular reaction between the ligand, cTnl, and its antibody
or specific aptamer. A description of this reaction by a Langtnuir
model might be too simple;, however, it would be a good starting
point: it would explain that there might be a truly linear regirne at
concentrations well below the half-saturation concentration, i e,
the dissociation constant, ¥, for the specific receptor-ligand pair!
And it would suggest that there should be a saturation behavior
for analyte concentrations in the sarmple solution well-above this
K ralue.

In order to explain why it is so inportant to generate this mod-
el-based understanding of the molecular interactions on the sensor
surface, we refer to our own work and surmmarize in the following
experimental binding data that were collected by 1) surface plas-
mon fluorescence spectroscopy, by i) an electrochemical tech-
nigue, i.e, differential pulse voltammetry, and by the most recent
methodological developed mn our laboratortes, 1e, u1) an elec-
tronic read-out concept based on graphene field-effect transistors

(¢FETs)
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3.1 Optical cTnl Sensing Based on Surface-Flasmon Fhiores-
cence Spectroscopy

Because a direct detection format with mere SPR readout provided
insufficient sensitivity, the first example that we present is an ap-
proach based on surface-plasmon flucrescence spectroscopy with
a special inhibition mmune assay [33]. As shown in Figure 2, this
assay consisted of three steps: firstly, samples with known con-
centrations of ¢Tnl were spiked in the bulk solution with rmouse
menoclonal anti-cTnl antibodies, each at a concentration of 2 nhd,
and incubated for 20 min (Figure 20a)). Theses samples were then
flowed for 20 min over the surface of a sensor chip that was pre-
pared with ¢Tnl proteins mmmobilized onto a mixed thiol AN
with active ester groups coupled to the amimne moiteties of the pro-

Analyte
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teins (Figure 2(b)). And finally, after rinsing for 5 min, a 6 nidd
solution of a secondary Alexa Fluor 647-conjugated anti-tmouse
antibody was allowed to react with the affinity bound primary anti-
body (Figure 2(c)). After ancther 5 min of rinsing, the fluorescence
sensor response AR was determined. Tue to the competitive bind-
ing in the reaction vessel, the sensor response shows an increase
with decreasing analyte concentration, as seen in Figure 2(d). In a
solution with low concentration of ¢Tnl analyte, most binding sites
of the a-TMINI3 antibody are available and attach to the sensor sur-
face with the immobilized ¢Tnl This way, a high fluorescence sig-
nal is seen after the reaction with the labelled secondary antibody.
At a high concentration of the ¢Tnl target analyte present in the
bulk solution, the binding stes of the a-TNNI3 antibody are oc-
cupied, thus leading to low fluorescence signal on the sensor chip.
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Figure2: 5chematics of the competitive assay, consisting of (3) mixing ofthe analyte (of known concentrations for the calibration curve) with a known
concentration of a primary antibody; (b) flowing the mizture across the chip surface of the sensor which was functionalized by a monolayer of immo-
bilized cTal; () rinsing the flow-cell with the fluorescently lahelled secondary antibodies, and (d) recording the fluorescence signal of the binding of
the secondary antibody (g) fluorescence signal, taken from (d) as a function of the ¢ Tal concentration in the bulk mizture.

The 3 -limit of detection (LoD) derived from the response of the
fluorescence signals plotted as a function of the ¢Tnl concentrations
(Figure 2(a)) was 450 pg mL, below the most recently clinically
defined threshold for diagnostically relevant levels of cardiac tro-
potins.

3.2, Electrochemical Determination of ¢Tnl L evels by Differen-
tial Fulse Voltammetry

Carbon-based materials [34] are promising candidates for the sen-
sitive detection of medically relevant markers like ¢Tnl by electro-
chemical means [35] We added lately to this field by proposing the
use of nitrogen-doped paorous reduced graphene oxide (M-prG0O)
[36] for detection and quantification of cTnl (Figure 3a). The good
electrochemical conductivity (Figure 3b) of N-prGO, formed by a
two-step process from reduced graphene oxide by first treatrnent
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with hydrogen peroxide (H,0,) and subsequent hydrolysis of the
formed epoxy groups to hydrogyl groups, accompanied by C-C
bond breaking to produce a rGO porous structure, is one important
elernent in this sensor. Coupling of an aptamner, known for its high
selectivity towards cTnl [37], via 1-pyrenecarboxylic acid and the
presence of an antifouling element such as PEG-based pyrene li-
gand, are other important elements i this approach.

Addition of ¢Tnl of different concentrations to these interfaces re-
sults in a decrease of the maximum current as recorded by differ-
ential pulse voltammetry with [Fe(CI),]* as redex probe (Figure
4a}. This change is propotional to the ¢Tnl concentration between
1 pg mL! and 100 ng mL! with a detection limit of about 088 pg
ml? (Figure 4b).

Interestingly, this sensor concept allows also for sensing of Tl in
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saliva sarples of patients who reported chest pain. The sensitivity
of the sensor changes when working in saliva due to the presence
of a large vartety of protemns and salts (Figure 4¢), but a compara-
ble LoD of 1 pgml ! could still be reached. The electrochernical
response of a saliva sarnple of a healthy and an AMI diagnosed

Research Article

patient could be differentiated (Figure 4d). ¢Tnl concentrations of
below 1 pgml ! were determined for the healthy patients, while a
cTnl level of 675 pg mL? was determnined for the AMI diagnosed
patients. In the case of the healthy patients, the quantitation limnit
of the sensor was just good enough to indicate that the concentra-
tion isbelow 1 pg mlt
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Figure3: (3) Concept ofthe electrochemica cTul sensor based on drop casting H-pri30 onto the carbon worling electrode followed by modification
with 1-pyrenecarboxylic acid and poly (ethylene glycol) (PEG) modified pyrene ligand and covalent integration of an aptamer onto thel-pyrenecar-
boxylic acid functions. (b) Cyclic voltammo grams recorded on GC (black), and GC coated wath N-pr30 (blue) using [Fe(CN})* (5 mMYPES (0.1M))

as redox mediator, scan rate = 100 mV 5L,
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Figured: (g) Differential pulze voltanmograms & various cTol concentrations (0, 0.001, 0.01, 0.1, | and 10 ng mL'Y in PBS =1 (pH 7.4). (b) Calibra-
tion curve in PBS x1 (pH 7.4). {c) Calibration curve for ¢Tnlin human saliva samples spiked with different concentrations of cTal. {d) DPV curvesin
sdiva of patient samples with chest pain and diagnosed AMI and healthy ones as controls.

3.3. Electronic Sensing Based on Graphene Field-Effect Tran-
sistors

FET-based biosensors, propetly functionalized by a selective re-
ceptor layer, will directly convert any biological interaction into
an electrical signal [38], allowing also for real-time detection of
oTnl with high sensitivity and selectivity. This measured current
signal 15 due to the accumulation of charge carriers in the chan-
nel caused by a modulation of the gate potential, which in turn is
influenced by the presence of the analyte bound to its receptor In
particular, graphene as a channel material in FETs has many inter-
esting properties that make it attractive for biosensing including,
high sensitivity to near surface charges and electric flelds, excel-
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lent electrical characteristics chigh mobility, high transfer kinet-
1cs, high conductivity, among others), as well as good mechanical
properties and biocompatibility [39, 40]

After coupling the 2:1 aptarmer: FEG layer by “ click” chernistry to
the graphene channel of the transistor (cf. section 2.¢1), the trans-
fer characteristics of the modified-graphene FET during exposure
to eTrl solutions with concentrations ranging from 3 to 1000 pg
mL? were recorded after stabilization with each concentration
(Figure 5a) At different ¢Tnl concentrations, an increase of the
FET source-drain current is observed inthe holes’ regime and a de-
crease inthe electrons’ regire. This comes as a consequence of the
positively charged molecules adsorbed onto the channel — since
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oTrl has the 1scelectric point at pH 2.87, it is positve in FBS at pH
7.4, This will induce a negative charge in the graphene channel,
generating more electrons, leading thermn to become the majority
carriars; the I,V curve shifts to the left side due to graphene’s
n-doping, leading to a decrease of the central neutrality point
(CNP) also known as Dirac point. This suggests that the decrease
of the Dirac point value is attributed to the charge gating effect of
the attached linker molecules and ¢Tnl The sensor response was
analyzed at a gate voltage of 350 mV — at this value, the current
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for each cTnl concentration and for the PBE 0.01x baseline was
extracted from the IV, curve By caleulating AL, =1, (<Tnl]
o~ Iog (PBS, 0, for each given concentration, n, in pg mL!, a
calibration curve was obtained (Figure 5b). The fit of these data
to a Langmuir model (black curve in (Figure 5(b)) gave a disso-
claticn constant of K, =55 pg mlLL As judged from the minimal
difference of the source-drain-current at V= 350 mV (cf Figure
Sa) between pure butter and the 3 pg mL! solution we estimate a
LoD =1 pg mL%
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FigureS: () Craphene transfer characteni stics (Al o-vs-V, curves) after stabilization with each cTal concentration (0, 3, 6, 60, 120, 240, 480, 650, 820
and 1000 pg mLY in 0.01x PBES (pH 7.4) without washing steps. (b) Al converted according to the Langmuir model to the corresponding surface

coverage, O, as a function of the analyte concentration ofthe solution running through the flow cell.

4. Discussion

We start the discussion with a few fundamental remarks concern-
ing theuse of biosensors asanalytical tools for montoring the con-
centration of clinically relevant markers in body liquids like whole
blood, plasma, urine, saliva, or others. For any one of the concepts
developed for monitoring the cardiac marker ¢Tnl that were re-
ported in the literature (cf Table 1) the optical, electrochernical
or electronic transducers were all functionalized, each with a lay-
er of specific receptor molecules. For ¢Tol, these receptors were
either specific antibodies, peptides (derwed from phage-display
approaches), or aptarners. These functional coatings are optinized
to serve a double purpose for the transducer that will be exposed
to the analyte solution: onthe one side, it offers specific sites with
a typically high binding affinity for the analyte molecule of in-
terest; and on the other side, it passivates the sensor surface by
an anti-fouling coating which prevents all other molecules in the
cocktail of the analyte solution from binding as well, thus prevent-
ing a possibly strong background sensor signal from non-specific
binding events

Upon exposure of such a functionalized transducer surface to the
analyte solution (some of) the empty binding sites will be ocoupied
by the association (binding) of the analyte molecules fromthe bulk.
If the binding is reversible, ie., if the analyte can also dissociate
again, the surface coverage, 1.e, the fraction of occupied binding
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sites of the receptor (mono-)layer establishes an equilibrivm with
the corresponding bulk concentration — which is the level of the
marker of interest in the test sarnple. This one-to-one correlation
between the bulk concentration of the marker and its surface densi-
ty on the sensor surface isthe basis for the quantitative evaluation
of the marker concentration in the test solution from a measure-
ment of its surface coverage on the transducer device used.

The sensitivity of any sensor depends critically on two factors:
the first is the binding affinty of the analyte molecule to the re-
ceptor molecule. This receptor affinity can be quantified by an
inhibition constant or K, value, which indicates the bulk con-
centration required to occupy 50% of the receptor molecules on
the transducer surface;, hence, it i1z also called half-saturation
constant. Obvicusly, the lower this constant, the lower the bulk
concentration can be to reach half-saturation on the sensor. This
15 the motvation for the race towards high-affinity receptors,
e.g., bythe SELEX process for the developmert ofhigh-atfinity
aptamers [41], or the search for high affinity antibodies [42].

The second factor that is crucial is a feature of the transducer
itself and depends on its principle of operation: it reducesto the
simple question: how low in coverage, well below half-satura-
tion, can one still see a sensor signal upon the binding of only
a few ligands to the receptor molecules. Given the broad di-
versity of transducer principles developed for biosensors, there
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is no general answer to this question and depends heavily on
the physics behind the transduction concept implemented. The
only common feature frequently observed is the use of labels
that are introduced with the sole purpose, i.e., to enhance the
signal contribution of each analyte molecule to the overall sen-
sor response. The well-established enzyme-linked immunosor-
bent assay (ELISA) is a classic example for that concept and was
developed to enhance via enzymatic amplification the signal from
each binding event.

For the examples for ¢Tnl detection from our own group presented
above, the fluorescence-labeling of the antibodies used in our sur-
face-plasmon optical detection approach falls into this category:
the binding of an antibody to the ligand ¢Tnl is further enhanced
by recording the fluorescence emission originating from a second-
ary chromophore-labeled (detection) antibody binding to the first
one. The multiple cycling between the ground and the excited state
of the chromophore with the emission of up to 2000 photons per
second per dye molecule [43] represents an enhancement factor
of the detection scheme that increases the sensitivity significantly.
It should be pointed out that it is not the analyte that needs to be
labelled, but the secondary antibody. Hence, this is not a serious
limitation of this and similar techniques, however, it means an
additional processing step. Similarly, the example given for the
category of electrochemical sensors based on the modification of
the differential pulse voltammetric signal upon the binding of ¢Tnl
to an aptamer binding layer depends on the surface coverage and
thus generates a sensor signal that is strictly correlated with the
binding events of interest. In this example, the mechanism for en-
hancement is the redox cycling of the mediator [Fe(CN),]*. Only
the electronic sensing platform discussed as the third example
monitors the binding of ¢Tnl from a solution sample to the aptam-
er receptor layer by the direct impact of analyte molecules (and
possibly the resulting impact on the receptor, e.g., a change in the
charge distribution by a reorganization in the structure of the ap-
tamer) on the source-drain current of a field-effect transistor tuned
to an appropriate gate voltage (V=350 mV in this case).

With this in mind, we are now turning to the surface-plasmon
optical sensor data. The concept that we focus on is based on a
particular format, an inhibition immuno-assay: the first step 1s
the mixing of the sample solution of the appropriate antibody,
the receptor R, of known concentration, ¢, with the marker
molecules, the ligands L, at concentration,
reaction ([44], cf. also Figure 2(a)):

c,. According to the

the concentration of the ligand-receptor complex, ¢, . is deter-
mined by the equilibrium constant, K,, (the inverse of the disso-
ciation constant (half-saturation constant), K, =k, / k) given by

the mass action law
K, =c, /erc Eqn. (1)
The unreacted, still empty receptor molecules together with the
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formed complexes are then rinsed through the flow cell across the
transducer surface of the SPFS spectrometer (Figure 2(b)), bind
to the surface-immobilized ¢Tnl ligands, and are detected via a
secondary chromophore- labeled antibody (Figure 2(c)), the fluo-
rescence of which is monitored. For very low concentrations of the
ligand in the reaction vessel, only a small fraction of the receptor
molecules is occupied; hence, leads to a high fluorescence signal
(cf. Figure 2(d)). Increasing successively the ligand concentration
in the reaction vessel, occupies more and more of the receptors;
hence, the fluorescence signal decreases (Figure 2(d)). The result
is a titration curve of the receptor in the bulk solution of the re-
action vessel (Figure 2(e)), the fit of which according to eqn. (1)
yields the dissociation constant K, = 840 pg mL"' (corresponding
to K, = 35 pM). The 36- criterion for the limit of detection leads
to LoD = 450 pg mL". For the first generation of troponin assays
in the clinic, this result was good enough; however, despite repre-
senting a very attractive high affinity constant for an antigen-an-
tibody interaction, the progress in high-sensitivity troponin tests
with their progressively lowered cut-off level for healthy patients
nowadays asks for better performance assays. It should be pointed
out, although, that it was not so much the affinity of the employed
antibody that limits the applicability of the assay, it was the mod-
erate LoD, compared to the K d—value of the interaction that acts
as the show stopper: because of the mnversion of the signal gen-
eration — a low level of ligands in the bulk solution means a high
fluorescence signal on the sensor and vice-versa - a relatively high
background fluorescence at low analyte concentrations leads to a
difference between K ;and LoD of only a factor of 2, very different
from the best cases of an SPFS-based biosensor assay reported
in the literature [45] where for the detection of a (fluorescently
labelled) 196bp PCR amplicon by a PNA capture probe on the
sensor surface, a LoD = 100 fM was achieved at a K, value of 2.7
nM, i.e., aratio of LoD /K =1 /30000!

The next example that we presented was based on differential
pulse voltammetry with [Fe(CN),]* as the redox mediator, and us-
ing a specific aptamer, taken from the literature [37] as the receptor
system for ¢Tnl binding to this sensor surface from the analyte
solution. A key concept in electrochemical systems is the fact that
the kinetics of the heterogeneous electron transfer is modulated
upon ligand-analyte interactions. Using the negatively charged fer-
rocyanide redox couple [Fe(CN),]* revealed that electron transfer
is increasingly hindered upon interaction of the positively charged
cTnl analyte (theoretical isoelectric point 9.87) with the surface
linked aptamer most likely due to restricting the diffusion. With a
LoD of 0.88 pg mL" in PBS and 1 pg mL! in saliva, this concept
is a very attractive alternative to other techniques described in the
literature. The simplicity of the method and the portable character
of the sensor format makes, this approach appealing as point-of-
care testing (POCT) device.
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Table 1: Compilation of publications reporting on the detection of ¢Tnl. Given are the LoD (all values scaled in units of pg mL"', with 24 pg mL"' = 1
pM) and year of publication, together with the analytical technique applied: SPR, surface-plasmon resonance; CL, chemiluminescence; FRET, fluores-
cence recovery after photobleaching; SPFS, surface-plasmon fluorescence spectroscopy, ECL, electro-chemiluminescence; FET, field-effect transistor;
SE(R)RS, surface-enhanced (resonance) Raman spectroscopy;, SAW, surface acoustic wave.

Applied Technique LoD pg ml! Year Ref.
Fluorescence QD 770000 2008 [46]
Flectrochemical Peptides 340000 2010 [47]
Electrochemical 16000 2017 [48]
SPR Au nanorod 10000 2009 [49]
SPR 6800 2011 [50]
CL ELISA 5600 2007 [51]
Fluorescence Aptamers 5000 2015 [52]
SPR 5000 2016 53
SPR 1400 2004 54
SPR 1250 2017 53
Electrochemical Aptamers 1190 2014 [56]
Electrochemical AuNPs 1000 2011 [57]
Electrochemical Conducting paper 1000 2012 [58]
Chemiresistor ZnO NP 1000 2016 59
Electrochemical Antibody 800 2021 60
FRET 700 2009 61
Electrochemical MIP 650 2016 62
Paramagnetic Magnetic NPs 500 2007 [63]
SPFS Antibody 450 2020 [64]
Electrochemical AuNPs 250 2013 65
Impedimetric 200 2010 66
Electrochemical AuNPs 200 2012 67
Colorimetric Peptides/ AuNP 200 2016 68
Electrochemical microchip 148 2007 69
ECL 110 2018 70
Fluorescence Fluoro-microbead 100 2011 71
Electrochemical Auand Ag 100 2013 72
Fluorescence AMPPD-ALP 100 2014 73
Photonic Xtal Antibodies 100 2014 74
FRET Antibody 97 2020 75]
FET Silicon nanowire 92 2012 [76]
Paramagnetic Magnetic NPs 72 2009 77
Electrochemical 70 2016 78
Fluorescence Aptamer 70 2018 79
SPR Peptides 68 2011 80
ECL AuNPs 60 2013 [81]
Electrochemical Nanocomposites of AuNPs 50 2016 [82]
Flectrochemical Antibody 50 2020 [83]
Cyclic voltammetry 40 2018 [84]
Paramagnetic Magnetic NPs 30 2010 [85]
Colorimetric HRP 27 2009 [86]
Electrochemical 25 2015 [87]
Electrochemical Antibody/Aptamer 24 2015 [37]
Electrochemical Aptamer 24 2017 [88]
Electrochemical DNA 24 2019 [89]
FElectrochemical Aptamer 23 2018 [90]
Fluorescence 16 2018 91
Electrochemical Aptamer 1 16 2019 92
SERRS AuNP 16 2020 93
SPR/electric Antibody 15 2018 94
Flectro-acoustic Antibody 14 2020 95
Optomagnetic 11.7 2009 96
ELISA 10 2009 [97]
Colorimetric AuNP 10 2010 [98]
hitp:/Awww.acmcasereport.com/ 9

86|Page



Wohime 6 Issue 2-2021

Research Article

ity ramnarac moaserepot oot

87| Page

Colorimetric AulPs 10 2010 a9]
Chemiresistor SWCNT/ AulF 10 2013 100
Potenti om etric 10 2014 101
Electrochemical 10 2018 102
Electrochemical Array of Au MPS Aptamers 3 2017 [103]
CMOS Transstor Antibody 7.7 2014 [104]
Chemiresistor Nanowire, Antibady 7.7 2015 [105]
Electrochemical Aptamer 75 2019 [106]
SAW AuMPs 6.2 2013 [107]
AlGaN/GalN transistor i 2018 [108]
Electr ochemical [ 2018 [109]
Electrochemical Aptamer 5.7 2019 [110]
Optical Antthody 57 2020 [111]
Fluorescence Antihody 5.8 2020 [112]
Fluorescence FITC 5 2011 113
SERS Graphene-4u NP 5 2019 114
Electrical Silicon nanowire 5 2014 115
Electr ochemical Aptatner 4.3 2019 116
Electr ochemical Pt nanoparticles 4.2 2014 117]
Electrochemical [8)n] 4 2010 118
Electrochemical A NP3 34 2014 118
FET “n0 NPs 3.24 2017 120
Electrochemical 2.4 2016 121
ELISA 2 2010 122
ECL AuMDPs 2 2011 123
Fluorescence Europium(IID 2 2012 124
Chemiresistor Anbbod 1 2014 125
Chemiresistor Antthody 1 2014 126
Impedimetric 1 2016 127
Impedimetric 1 2017 128
Electr ochemical Anptamer 1 2018 129
Electr ochemical Aptatner 1 2018 36]
Electr ochemical Crraphene-mult walled carhon .94 2015 130
CL Antihody 0.84 2020 131
ECL Au NPs 0.5 2015 133
ECL Aptamer 0.48 2019 133
Flectrochemical Au MPs Ru-peptide 0.4 2014 134
Chemiresistor Nanowire, Antibody 0.25 2012 135
Parama gnetic Antithody 0.2 2007 136
Electrochemical 0.17 2018 137
SPR Antthody 0.12 2020 138
Fluorescence Ti02 nanotube array AMTO0 0.1 2012 139
Electr ochemical Aptarner 0.05 2020 140
Electrochemical 0.033 2019 141
ECL 0.016 2015 142
ECL AulPs 0012 2017 143
Electrochemical 0.01 2011 144
Photoelectr ochemi cal 0.0067 2018 28
ECL Antihody 0.004 2019 24
Electrical Aptatner 0.0024 2020 30
Fluorescence Antthody 0.00084 2013 31
ECL Antihody 0.00048 2018 5
ka
+ ’ - ’
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The last example from the set of techniques that we applied for the
development of a sensitive cTnl test assay was based on a transis-
tor device using graphene as the channel material that connects
source and drain electrodes. The functionalization of this chan-
nel by a diazonium-based coupling strategy with the attachment
of the c¢Tnl-specific aptamer [37] by click chemistry leads to a
very promising IV behavior (cf. Figure 5(a)), indicating excel-
lent mobilities in the device structure. Even more important 1s
the very reproducible (and reversible [44]) shift of the individual
1,V -curves upon rinsing analyte solution through the flow cell.
The observed behavior is given only by a shift of the Dirac point
to lower positive voltages, in line with the understanding that the
binding of the analyte protein leads to an aptamer/cTnl complex
at the sensor surface that results in a gradual change of the surface
potential at the channel/analyte solution interface that adds to the
gate voltage.

e takenat a

constant gate voltage of V, =350 mV as a function of the ¢TnI
concentration, we observed a behavior that suggested an analy-

By plotting the change of the source-drain current, I

s1s in terms of a classic binding behavior: for low concentrations,
the current increased linearly with the ¢Tnl concentration, to then
merge into a saturation behavior at higher concentrations (Figure
5(b)). Assuming a Langmuir binding model these data can be fitted
with the dissociation constant as the only parameter, resulting in
K, = 55 pg mL" (corresponding to about 2.5 pM). This is a re-
markably high affinity for an aptamer as receptor for a bio-affinity
reaction and a good starting point for a very sensitive assay for
clinical applications. The obtainable LoD 1s certainly better than
1 pg mL", as judged from the clear difference of the I,V -curves
measured in bare PBS-buffer and after injecting a ¢Tnl-solution
with a concentration of only 3 pg mL™". With these limits, the ap-
proach falls definitely into the regime of assays with a clinically
relevant resolution: the cut-off level of assays of even the third
generation is defined as 26 pg mL-! for healthy individuals.

5. Conclusion

In recent years, the cardiac marker, cTnl, obviously became a
reference system heavily used by the community of biosensor
developers to calibrate their broad range of transducer concepts
and experimental setups. The result 1s a long list of publications
dealing with just this one marker, quantifying its LoD as the clin-
ically relevant parameter. As mentioned before, the range of LoD
values reported in the literature is covering 9 orders of magnitude!
However, a relatively large number of papers is only (at best) of
historical value because todays cut-off requirements for clinical
applications are at the level of 26 pg mL" (to be able to monitor
also healthy patients), although one has to admit that the cut-off
level was constantly decreasing over the years: what used to be
a good technique for the detection of the ¢Tnl level in patients’
blood a few years ago is not acceptable any more today. Still, the

hitp:/www.acmecasereport.com/
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list of reports with LoDs in line with the current clinical levels
is impressive. Hence, a practitioner looking for a good detection
concept for ¢Tnl needs to take into consideration other factors of
the test kit like the ease of operation, the robustness of the test kit,
the costs, etc. Hence, it can be expected that even in the foresee-
able future there will be new proposals for and reports about better
devices that may eventually also be marketable and will find their
way into the clinic of doctor’s office. We, too, continue to work on
that target.
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In this study, we demonstrate that polyclonal aptamer libraries against two isoforms of retinol
binding protein 4 (RBP4) can be used for GFET functionalization, discriminating retinol-loaded
or empty RBP4, which can serve as a marker for diabetes development. This biosensor
showcases the potential of aptamers as highly sensitive interfaces in GFET-based sensors for
future diagnostic platforms, with applications in medical diagnostics and environmental

health monitoring.
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Oligonucleotide DNA aptamers represent an emergently important
class of binding entities towards as different analytes as small
molecules or even whole cells. Without requiring the canonical
isolation of individual aptamers following the SELEX process, the
focused polyclonal libraries prepared by this in vitro evolution and
selection can directly be used to label their dedicated targets and to
serve as binding molecules on surfaces. Here we report the first
instance of a sensor able to discriminate between loaded and
unloaded retinol-binding protein 4 (RBP4), an important biomarker
for the prediction of diabetes and kidney disease. The sensor relies
on two aptamer libraries tuned such that they discriminate between
the protein isoforms, requiring no further sample labelling to detect
RBP4 in both states. The evolution, binding properties of the
libraries and the functionalization of graphene FET sensor chips
are presented as well as the functionality of the resulting biosensor.

Introducticn

Retinol binding protein 4 (RBP4) is a serum protein, which
belongs to the lipocalin ligand binding protein family.! It serves
as a transporter in the blood for all-trans-retinol (vitamin A
alcohol) and other retinoids like retinal or retinoid acid from
hepatic retinoid stores to peripheral tissues of the body.” RBP4 is
expressed in the liver and circulates in blood serum,® where
normal levels of the protein can range from 40 to 60 pg mL " in
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New concepts

Covalent surface modification of GFETs with nanoscale affinity entities
like aptamers has recently been demonstrated as advantageous over non-
covalent functionalization strategies. The stable and robust surfaces
resulting from covalent grafting of specific binding molecules are
expected to become versatile and cheap devices for biosensing
applications. In this work, we show that polyclonal aptamer libraries
against the two isoforms of retinol-binding protein 4 (RBP4) can be used
for GFET functionalization to discriminate retinol-loaded or empty RBP4.
Empty RBP4 can serve as a marker during diabetes development, which is
currently not yet used in clinical routine. Thus, a respective biosensor
represents not only an attractive tool for early diabetes diagnostics, but
also demonstrates the power of aptamers as highly sensitive sensing
interfaces of GFET-based sensors in future sensing (clinical) diagnostic
platforms. We believe that due to the simplicity of library evolution and
efficiency of covalent chemical grafting onto the graphene layers of GFETs
will open new avenues for these electronic devices to become standard
{bio-) sensors for a bread range of applicatiens in medical diagnostics
and environmental health monitoring.

humans.* Under physiological conditions, mainly ligand-bound
RBP4 (holo-RBP4), approximately 90% of blood RBP4,” circulates
inan1:1:1 complex with transthyretin (TTR) {Scheme 1) and all-
transretinol as its stability is further enhanced and RBP4 is
prevented from extensive loss throughout glomerular filtration
and catabolism in the kidneys.*” Under healthy conditions, the
RBP4 expression is tightly regulated and after the transport of
retinol to its target cells the remaining unbound RBP4 {apo-
RBP4) is rapidly filtered out and the protein is cleared from the
serum.® However, the amount of RBP4 can be increased in the
serum as a consequence of diseases like obesity,” chronic
kidney disease,'? insulin resistance,’* and type 2 diabetes
mellitus."® Depending on the level of elevation of the concen-
tration of a certain RBP4 isoform or disbalances of RBP4 to
retinol ratios, various reactions affecting the human health
state can be triggered.'? Recent studies showed, that especially
apo-RBP4 contributes in adipose tissue to the development of

This journal is ® The Royal Society of Chemistry 2022
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Scheme 1 RBP4-mediated transport of all-trans-retinol in blood serum
from stores in the liver to extrahepatic peripheral tissue. (A) Secretion of
RBP4 from the rough endoplasmatic reticulum of hepatocytes to the
blood serum. Binding of apo-RBP4 with retinol and subsequent com-
plexation of holo-RBP4 with transthyretin (TTR) forms a 1:1:1 holo-RBP4/
TTR complex. Release into the serum is mediated by retinol availability, the
conformational change upon retinol-binding is supposed to trigger the
release. (B) Delivery of retinol frorm hepatic retinoid stores to peripheral
extrahepatic tissues during periods of inadequate vitamin A intake. Trans-
port of the holo-RBP4/TTR complex in blood serum to target cells, there
the complex is cleaved to release holo-RBP4. (C) RBP4-associated retinol
uptake by peripheral tissue due to specific interactions of holo-RBP4 with
RBP4-receptors on the surface of target cells. Free RBP4 is either cleared
by glomerular filtration or returned to hepatic stores afterwards,

an inflammatory state, which may result in insulin resistance.'**

Likewise, patients suffering from type 2 diabetes mellitus may
exhibit moderate plasma RBP4 levels, but their level of free
RBP4 in proportion to retinol is increased indicating an imbal-
ance in ratios as a crucial factor.'®* Nowadays, several enzyme-
linked immunosorbent assays (ELISAs) are commercially avail-
able the for detection of RBP4 in human serum, but they lack
accuracy and are insufficient for the quantification of high
concentrations of RBP4."” Hence, quantitative western blotting
is used as the standard procedure for the detection of serum
RBP4, especially in insulin-resistant states.'? Typically only the
amount of total RBP4 is measured and no further differentiation
in isoforms is made. In order to overcome these restrictions and
to create a methodology allowing to discriminate between apo-
and holo-RBP4 the development of specific binding molecules
with distinct affinities either for the apo- or the holo-protein
would be an attractive amendment of the current existing RBP4
specific diagnostic technologies.

Since their introduction more than 20 years ago, nucleic acid
aptamers have become serious alternatives, which offer consid-
erable additional technical options making them increasingly
attractive for different applications compared to antibodies or
antibody derivatives, as they can serve as promising binding

This journal is @ The Royal Society of Chemistry 2022
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Scheme 2 SELEX based evolution of focused aptamer libraries for specific
detection of apo- or holo-RBP4. (A) Initial counter selection by incubation
of an initial aptamer library (~6 x 10'* individual aptamers), containing 40
randomized nucleotides flanked by two primer binding sites, with naked
Dynabeads® M-280 tosyl-activated resulting in an aptamer ‘counter library’
with reduced amounts of aptamers with specificity against the naked beads.
(B) Selection of specific polyclonal aptamer libraries by SELEX against apo-
or holo-RBP4. Reduction of sequence diversity by incubating the counter
selected aptamer library first with naked beads and subsequent with the
target proteins (bound to Dynabeads® M-280 tosyl-activated (indicated as
‘R)) and aptarmers exhibiting an adequate three-dimensional structure bind
to the targets. The remaining unbound aptamers are subsequently
removed, the bound aptamers are then eluted from the target proteins,
amplified by ePCR and the undesired complementary strands are removed
prior to the next SELEX round. (C) Specific target detection by binding of
focused aptamer libraries. Exclusive binding of polyclonal apo-RBP4 apta-
mers to apo-RBP4 and of holo-RBP4 aptamers to holo-RBP4.

molecules in techniques requiring highly specific detection and
quantification of target molecules."® Aptamers are single-
stranded oligonucleotides like RNA or single-stranded DNA
(ssDNA) with surprising physical and chemical stability, high
specificity and affinity in combination with low overall immu-
nogenicity, they can acquire different secondary and tertiary
structures and are capable to bind defined targets.'® High-
affinity aptamers can be evolved and isolated from large random
sequence libraries. In this selection process, performed com-
pletely in vitro, called systematic evolution of ligands by expo-
nential enrichment {(SELEX), repeated rounds of target binding

Nenoscale Horiz., 2022, 7, 770-778 | 771
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and PCR mediated amplification aptamers with binding affinity
are successively enriched {Scheme 2).2° Additionally, to reduce the
sequence space of the random nucleotide library, an initial
elimination of nonspecific oligonucleotides by a counter selection
using only the target cairier material prior to the selection process
leads to a so called ‘counter library’ with enhanced selectivity.
Counter-selections against the carrier material before each round
of selection also enable increased specificity towards the target
protein, since otherwise in the selection step aptamers would not
only be selected against the immobilized target, but also against its
carrier material. Aptamers can be selected against a wide range
of target structures including proteins,® whole cells, and
microorganisms,®>** small molecules and chemical compounds
like metal ions.> They can not only be used in diverse fields such
as diagnostics,” biomarker discovery,”® imaging agents,” drug
delivery,® and as pharmaceutical compounds in molecular
therapy,>>*” but they are also attractive molecules for the con-
struction of binding entities in technical devices like electronic
biosensors®™ on which predominantly antibodies or antibody
derivatives have been used.**

Recently, we have shown that as a significant simplification
of the aptamer textbook procedures, where the overall aim is to
isolate and characterize individual aptamer sequences before
they are used for applications, already focused polyclonal
libraries can not only be used directly after sufficient enrich-
ment, but can even outperform single aptamers.®® Thus, the use
of focused polyclonal aptamer libraries can be expected to be
advantageous due to higher precision based on the larger
sequence space available for productive target recognition and
increased performance in sensor technologies and diagnostics.

In order to specifically detect and quantify serum RBP4 such
focused polyclonal aptamer libraries were evolved in an iterative
SELEX process with recombinant purified target RBP4 proteins
immobilized on magnetic particles {Scheme 2) in combination
with fluorescence monitoring of the success of this molecular
evolution process {“FluMag-SELEX"").*® Therefore, each round of
aptamer evolution started by a counter-selection step using naked
magnetic beads prior to selection steps using apo- or holo-RBP4
coated magnetic beads. The aim was to create the possibility to
differentiate between RBP4 isoforms (i.e. the apo- and holo-RBP4)
and therefore two independent focused aptamer libraries were
successfully evolved simultaneously against both apo- and holo-
RBP4. The selective and precise quantification of RBP4 isoforms
plays an important role in early diagnostics and in the reduction
of either the level of serum apo- or holo-RBP4, as well as
balancing impairments in RBP4 to retinol ratios. Exclusive
specific binding of both polyclonal aptamer libraries to their
dedicated targets was used for the subsequent development of
aptamer-based apo-RBP4 and holo-RBP4 biosensors based on
electrolyte-gated field effect transistors {(EG-FETs).

EG-FET devices have been used extensively in biosensing
applications, for example, to detect microRNA,*® DNA¥ hio-
markers for heart failure,*® cancer,® biotin in the pM range,*
and urea.*” We have also recently developed a highly sensitive
method of detecting the E7-protein for human papillomavirus
implicated in carcinogenesis.**
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Scheme 3 {A) Typical configuration of an EG-FET. (B) Response of the
device when there is no target analyte (green) and when the target analyte
is present (red)

One of the primary benefits of EG-FET sensing devices is
that they do not require target labelling with fluorescent or
redox probes. Both the sensor chips and the read-out equip-
ment are low cost and therefore highly suitable for use in point-
of-care settings and in low socioeconomic areas where expertise
and laboratory environments are not readily available.

An EG-FET is based on the same principle as a metal oxide
FET: a source and drain electrode are separated by a semicon-
ducting channel (Scheme 3). By applying a voltage at the gate
electrode, channel conductivity is changed, modulating the
current flowing between the source and drain electrodes.
Biorecognition elements {(antibodies, antigens, proteins or
aptarmers) can be deposited on the channel and when the target
analyte binds, the change in dielectric layers at the interface
between the channel and the electrolyte changes. As a result,
the mobility of charge carriers in the channel is also changed.**
At a constant gate voltage, binding events on the channel can
therefore be observed as a change in the source-drain current
{Ins), therefore changing the gate voltage coupling to the
channel will alter the source-drain current. We deposited the
previously developed aptamer libraries on reduced graphene
oxide field-effect transistors {rGO-FETs, a sub-class of EG-FET
devices) using a previously developed methods.**

This platform also allows simultaneous optical and electro-
nic sensing when the platinum wire gate electrode is replaced
with a planar gold surface, achieving additional insight.*’

Results and discussion

Recombinant RBP4 production in E. coli and purification from
cell extracts

Competent cells of the expression strain E. coli BL21 (DE3) were
transformed freshly prior to RBP4 over-expression and grown
for 5 h after induction with IPTG, and the cell growth was
monitored photometrically. After its biotechnological produc-
tion, cell harvest, and cell lysis almost no RBP4 was isolated
from lysate supernatants but remained in the insoluble fraction
(Fig. S1A, ESI¥). This recombinant protein expressed in E. coli
requires a denaturation and refolding process to be active and
ready for retinol/retinal binding, as the formation of inclusion
bodies was described for recombinant RBP4 previously.** It is
not unusual that foreign proteins aggregate as inclusion bodies
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after high level over-expression in E. cofi.** Several factors like a
strong promotor system or a high target gene copy number
favour a higher rate of recombinant protein expression leading
to inclusion bodies formation.*® Those can typically be dis-
solved under strongly denaturing conditions {e.g. urea) followed
by incubation with the diluted denaturant in excess to enable
protein refolding.*”** Therefore, RBP4 was recovered according
to Wang et al from inclusion bodies as a soluble protein by
dissolving the cell pellets in a denaturation buffer containing
8 M urea and subsequent refolding steps. It could be observed
as a band with an apparent molecular mass of 21 kDa (Fig. S14,
ESIt). After all refolding steps, the resulting protein solution
was submitted to size exclusion chromatography (SEC) for
further purification. The collected fractions, assumed to contain
purified RBP4, were analyzed by SDS-PAGE in Fig. $1C {ESIT),
there single bands at a molecular mass of ~ 21 kDa represented
RBP4. The corresponding protein concentrations (Fig. S1B,
ESIT) were calculated by the Chromlab Software and a total
vield of ~12 mg RBP4 was gained after urea extraction and
purification from inclusion bodies harvested from 1 L culture.

Ligand binding properties and functionality of apo-RBP4

The functionality of the purified RBP4 was further confirmed by
determining its capacity to specifically bind increasing amounts
of all-trans-retinal. Varying concentrations of retinal were added
to a constant amount of the recombinant apo-RBP4. This
mixture was incubated under exclusion of light and the quench-
ing of intrinsic tryptophan fluorescence was monitored. The
amount of apo-RBP4 in the reaction mixture decreased until
only ligand-bound RBP4 was present after complexation with
all-trans-retinal (Fig. S1D, ESIt). Interaction between RBP4 and
retinal was confirmed, as the retinal quenched the intrinsic
RBP4 tryptophan fluorescence due to energy transfer to the
bound ligand. After binding, retinal is known to be incorporated
into the binding cavity of the B-barrel of RBP4, where the polar
groups remain solvent exposed.” High affinity binding of all-
trans-retinal to E. coli-derived RBP4 was confirmed previously by
spectral analysis. There, fluorescence quenching by binding
increasing concentrations of retinal was monitored demonstrat-
ing the specific interaction at a single binding site.*® In order to
select aptamer libraries against apo- or holo-RBP4, first immo-
bilization of proteins on magnetic Dynabeads M-280 tosyl-
activated was performed. Covalent coupling of the tosyl
groups on the surface of the magnetic beads with primary
amino groups of apo-RBP4 was performed as described by the
manufacturer. To verify the coating with apo-RBP4 or holo-
RBP4, the intrinsic tryptophan fluorescence emission was mon-
itored at 340 nm with an excitation at 280 nm. Fluorescence was
measured of apo-RBP4, apo- or holo-RBP4 coated beads, retinal,
and naked magnetic beads (Fig. S1E, ESIf). Afterwards, to
confirm retinal binding of holo-RBP4, emission was monitored
at 490 nm with an excitation at 350 nm. The immobilization could
be verified, as apo-RBP4 coated beads showed similar tryptophan
fluorescence as single apo-RBP4 and intrinsic holo-RBP4 fluores-
cence was quenched after complexing apo-RBP4 immobilized on
magnetic tosyl-beads with retinal. In comparison, signals gained
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by holo-RBP4 coated beads and by unbound retinal were similar.
Uncoated naked magnetic beads exhibited no signals after fluores-
cence measurements, as buffers were used purely in the coating
process.

Evolution of aptamer libraries specific for RBP4 isoform and
verification of their specificities

With the aim to develop a methodological tool for the specific
quantification of serum apo- and holo-RBP4, polyclonal ssDNA
aptamer libraries were evolved during an iterative FluMag-SELEX
over a total of eight selection rounds. In order to differentiate
between the RBP4 forms, two independent focused ssDNA
aptamer libraries were selected in a simultaneous SELEX process
against both RBP4 isoforms. These polyclonal aptamer libraries
that bind to either apo-RBP4 or holo-RBP4 were successfully
selected from a random ssDNA library containing ~6 x 10'*
individual aptamers with 40 randomized nucleotides flanked by
two primer binding sites {23 nt each). The specificity was
increased by early counter selection measures in which non-
specific oligonucleotides were eliminated by using empty {or
“naked”) magnetic beads prior to each selection round. During
the individual rounds of the FluMag-SELEX, the aptamers were
Cy5-labelled via labelled PCR primers and analyzed fluorescently
afterwards. To verify the evolution progress, defined amounts of
aptamers (10 pmol) from each SELEX round were incubated with
apo- or holo-RBP4-coated magnetic beads after the selection
process. The libraries against apo-RBP4 were incubated for 30
min at25 °C with apo-RBP4-coated magnetic beads and the holo-
RBP4 libraries with holo-RBP4-coated beads and analyzed fluor-
escently after elution. The amount of eluted aptamers increased
with each selection round indicating the progress of the enrich-
ment process (Fig. 14). The resulting two focused polyclonal
aptamer libraries were further analyzed after the final selection
round for specific target binding. The affinity binding character-
istics of both final aptamer libraries were examined by analysis
using apo- or holo-RBP4 coated magnetic beads as well as naked
beads. Therefore, 10 pmol of round eight aptamer libraries were
used for each of the RBP4 binding assays. The binding assays
were performed using the apo-RBP4 library to specifically dis-
tinguish apo-RBP4 immobilized on magnetic beads from holo-
RBP4 and the naked beads negative control. Then, the final
polyclonal holo-RBP4 library was analyzed similar in order to
specifically detect holo-REP4.

As expected, both aptamer libraries were confirmed to
specifically and efficiently bind their dedicated targets. Only
marginal signals were exhibited by the apo-RBP4 library for
holo-RBP4 and magnetic beads {Fig. 1B), but high specificity
was observed for the holo-RBP4 aptamer library {Fig. 1B).

In addition, the highly selective target binding of both
aptamer libraries was visualized using fluorescence micro-
scopy. Therefore, 30 pmol of each aptamer library were incu-
bated for 30 min with RBP4-coated magnetic beads as well as
with naked beads as negative controls. Afterwards, images were
taken under transmitted light to visualize the magnetic beads
and to detect target binding. Exclusive target binding of apo-
RBP4 aptamers was observed visually, as only fluorescence

Nanoscale Horiz., 2022, 7, 770-778 | 773
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Fig. 1 Characterization of specific RBP4 binding to Cy5-labelled aptamer
libraries. (A) RBP4 ssDNA aptamer libraries enrichment. Black bars,
increased binding of selected aptamers to apo-RBP4 during SELEX. Grey
bars, increased binding of aptamers to holo-RBP4 during SELEX. The
evolution progress was monitored using fluorescence measurement at
an excitation of 635 nm with an emission at 670 nm. (B) Specificity analysis
of the final polyclonal aptamer libraries. Binding of aptamers against apo-
RBP4 or holo-RBP4 to both apo- and holo-RBP4 as well as to naked
Dynabeads® M-280 tosyl-activated. All experiments were performed
using 10 pmol aptamers, 13.6 pg apo- or holo-RBP4 and 0.68 mg
magnetic beads, fluorescence was monitored at an excitation of 635 nm
with an emission at 670 nm. Error bars symbolize standard deviations of
measurements conducted in triplicates. P values <0.05 were considered
significant. * denotes P < 005, ** <0.01, n.s. not significant

signals were observed after the binding to apo-RBP4 coated
magnetic beads (Fig. 2A).

As expected, beads coated with holo-RBP4 did not show any
red fluorescence {Fig. 2B), indicating the differentiation
between both RBP4 forms by the apo-RBP4 library. Likewise,
highly specific target recognition was observed for the holo-
RBP4 aptamer library. Red fluorescence signals could be
observed after the binding of these aptamers to their dedicated
target holo-RBP4 (Fig. 2D) and, as predicted, no signals were
obtained after the incubation with apo-RBP4-coated beads
(Fig. 2E). Moreover, both aptamer libraries exhibited no bind-
ing to the magnetic beads indicated by no fluorescence signals
(Fig. 2C and F). These visual fluorescence signals additionally
show the rapid and efficient labelling properties of both poly-
clonal aptamer libraries and furthermore the discriminating
ability of them both between apo- and holo-RBP4.
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Fig. 2 Fluorescence microscopic analysis of specific RBP4 binding to
Cyb-labelled aptamer libraries. (A) Binding of apo-RBP4 aptamers to
apo- and (B) holo-RBP4 as well as to (C) naked Dynabeads® M-280
tosyl-activated. (D) Binding of holo-RBP4 aptamers to apo- and (E)
holo-RBP4 as well as to (F) naked Dynabeads® M-280 tosyl-activated.
All experiments were performed using 30 pmol aptamers, 13.6 g apo- or
holo-RBP4 and 0.68 rmg magnetic beads. Images were monitored using a
Leica DMi8 coded (Leica Microsysterms CMS GrmbH, Wetzlar, Germany) at
x40 magnitude under transmitted light and using the Y5 filter (excitation:
590-650 nm and emission: 662-738 nm) for fluorescence imaging

Specific electrical sensing of apo- and holo-RBP4 using rGO-
FETs

To assess the performance of aptamer libraries in biosensing
applications, they were used as biorecognition element on an
electrolyte-gated reduced graphene oxide field effect transistor
{(EG-TGO-FET). Chips were fabricated using a previously opti-
mized protocol.*” Measurements were made in a Micrux all-in-
one flow cell using an Ag/AgCl electrode as gate. Special
aptamer libraries were prepared with primers bearing an amine
functional group at the 5-end. This aptamer library was then
immobilized vie EDC-NHS coupling on a pyrene-carboxylic
acid functionalized reduced graphene oxide surface using pre-
viously published protocols {see Scheme 4).*' Analyte binding
alters the charge transfer characteristics of the device which
can be measured via ‘IpVg-curves’ in which the gate voltage (Vi)
is swept from —0.5 to 0.5 V and the source-drain current g is
recorded. Higher voltages were not tested to avoid damaging
biological components. Shifts in I,V characteristics are caused
by differences in charge carrier mobility originating from
changes in the charge distribution at the channel-electrolyte
interface.”* The charge distribution is altered during binding
events, for example of charged analytes such as proteins and
due to structural changes in the negatively charged aptamer
backbone upon analyte binding.

Analyte binding can be observed in real time by monitoring
Ing at a fixed gate potential during analyte addition®®3%-2
InVe curves can be recorded after analyte addition.
Measuring Is in real time during analyte addition was not
reliable {(see Fig. S5, ESIt). We suspect that when a constant
gate voltage is applied during analyte binding, a subset of the

or
36,53-55
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Scheme 4 Functionalization of rGO-FETs with polyclonal ssDNA aptamer libraries and specific apo- or holo-RBP4 detection. (A) The rGO-FET were
immersed into a mixture of PyPEG (PEG pre-conjugated with a PBSE) (500 puM) and 1- pyrenecarboxylicacid (PCA, 50 pM, linker) in DMSO for 12 h atroom
temperature to obtain a 10 :1 ratio of blocking and linking agents on the biosensor's surface. (B and C) Apo- or holo-RBP4 aptamer library immobilization
by first activating the carboxyl groups by immersion into a solution of EDC (15 mM)/NHS (15 mM) in 15¢ mM PBS solution for 30 min, followed by covalent
coupling of the 5/-NH;- modified aptamer (100 nM in milliQ grade water for 40 min at 25 °C). (D) Specific affinity recognition of either apo- or holo-RBP4
by the on rGO-FET immobilized polyclonal ssDNA aptamer libraries in electrical measurements.

aptamer library might be misfolded and lose some or all
affinity for RBP,. Instead, we recorded full IpVg curves after
incubation of the chip with each analyte concentration, which
allowed excellent reproducibility between devices. As the time
required for either sensing method is relatively similar, IpVg -
based sensing is acceptable for diagnhostic purposes.

An IpVe-shift can occur both in the Dirac point {the potential
atwhich Ipg Is at its minimurmn) and the slope of the curves, with
specific interactions causing a significantly more pronounced
change than non-specific interactions. I,V curves were
recorded first in 1x PBS solution as a background and after
the addition of each analyte concentration {3-300 nM) with
both target and non-target analyte {either apo- or holo-RBP4).

Fig. 3 shows typical device responses to specific and non-
specific binding events. Additional data can be found in the
ESLT

Slight changes in the shape and slope of the IpVe curve
occurred after adding the non-target analyte {see Fig. 4), but
there was no Dirac point shift. This change can be attributed to
non-specific binding events of the analyte to the aptamers or
PEG groups on the surface. Addition of the target analyte
resulted in a more pronounced shift in the IpVg curve, with
changes in both the slope and the Dirac point, indicating of
stronger, specific binding events.

The most pronounced shifts in IV curves upon analyte
binding occurred around —0.4 V (see Fig. 3). To quantify sensor
response, Ing shifts at this potential upon analyte addition were
used to compare the signal change for specific and non-specific
binding events. Fig. 4 shows the device response to specific
and non-specific analyte binding. Both for the apo- and
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holo- aptamer libraries, addition of the target analyte produced
a significantly stronger Ing - shift than the non-target analyte.

As the total concentration of RBP4 in human serum is
approximately 1-3 pM (estimates vary depending on the
method used to quantify RBP4 levels),"*® we tested RBP4
concentrations from 0.3-300 nM to determine device perfor-
mance. At all concentrations, the specific response was signifi-
cantly stronger than the nonspecific signal. A small signal
could also be seen upon addition of 100 pM RBP4 (see
Fig. 85, ESIT), indicating a theoretical detection limit of 2 ng mL *
RBP4, which is three orders of magnitude more sensitive than a
previously reported aptamer-based RBP4 sensing method.™

As the sample matrix for RBP4 detection would be human
blood plasma {HBP), we used blood plasma to test sensor
passivation. Due to the high viscosity of undiluted HBP, it
was impractical to test the sensor in this environment, and
device response was only tested in 10% HBP or less. There was
a change in device response in the presence of 10% and 1%
HBP, however, rinsing with buffer returned the signal to the
baseline. This could be observed both with an rGO-FET device
and in a surface plasmon resonance experiment {see Fig. §6,
ESIt). Thus, there was no unspecific binding potentially inter-
fering with RBP4 detection. To determine if the presence of
HBP interfered with RBP4 detection, we added 1% HBP spiked
with RBP4. After rinsing, the signal did not return to baseline,
indicating that while HBP was removed, RBP4 remained on the
surface.

Diluting the patient sample to 10% would also reduce the
concentration of RBP4 tenfold from 3 pM to 300 nM. This is
well within the sensitivity range of our device, which would
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Fig. 3 Top: Detection of apo-RBP4. Bottom: Detection of holo-RBP4. IV, curves are an average of a minimumn of 3 individual curves with error bars
showing the standard deviation. Both devices showed significantly more pronounced shifts in their ipVg characteristics upon specific analyte binding.
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Fig. 4 Average difference in current at —0.4 V upon addition of increasing cencentrations of RBP4. A-Values shown are averages of a minimum of three
independent experiments on different devices. Error bars show the standard deviation
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allow a dilution by a factor of up to 10 000. Using the device in a
clinical setting, a 100-fold dilution of a healthy patient sample
should produce a pronounced signal with the holo-RBP4 apta-
mer library and little to no response in the device functiona-
lized with the apo-library. Pathological states with increased
apo-RBP4 levels should produce a decreased response in the
former and an increased response in the latter. Future studies
will further optimize device performance in blood and with real
patient samples.

Conclusicn

The evolution of focused polyclonal aptamer libraries instead of
single aptamers against target molecules serves as a promising
strategy in diagnostics and sensor technology. Larger sequence
spaces enable a distinct and specialized diversity of binding
aptamers. Multiple target recognition can be achieved generat-
ing enhanced versatility and thus increased performance in
sensing and quantification of target molecules. Moreover, the
great biotechnological availability of polyclonal aptamer
libraries contributes to the rapid, cost-effective and easy devel-
opment of novel, highly specific electronic sensors for use as
powerful tools in clinical diagnostics. By functionalizing the
channel of an rGO-FET device, we were able to selectively
discriminate between RBP4 isoforms at physiologically relevant
concentrations between 0.3 and 30 nM. We believe that these
results may open a route to develop biosensors for the fast and
reliable measurement of the RBP4 isoform concentrations as a
novel diagnostic marker.
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Polyclonal aptamer libraries as binding entities on a graphene FET
based biosensor for the discrimination of apo- and holo- retinol
binding protein 4
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Abstract: Oligonuclectide DNA aptamers represent an emergently important class of binding entities towards as
different analytes as small molecules or even whole cells. Without the canonical isolation of individual aptamers
following the SELEX process already the focused polyclonal libraries prepared by this in viro evolution and
selection can directly be used to label their dedicated analytes and to serve as binding molecules on surfaces.
Here we report the first instance of a sensor able to discriminate between loaded and unloaded retinol binding
protein 4 (RBP4), an important biomarker for the prediction of diabetes and kidney disease. The sensor relies
purely on two aptamer libraries tuned such that they discriminate between the protein isoforms, requiring no further
sample labelling to detect RBP4 in both states. The evolution, binding properties of the libraries and the
functionalization of graphene FET sensor chips are presented as well as the functionality of the resulting biosensor.
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Experimental Procedures
Materials.

Acetic acid, agarose, ampicillin, boric acid, bromophenol blue, CaCl,, isobutanol, K;HPO,, KCI, KOH, KH,POy, LB
medium, HCI, NaCl, Span® 80, Tris, triton X-100, tween® 80 and urea were ordered from Roth (Carl Roth GmbH
and Co. KG, Karlsruhe, Germany). Allfrans-retinal, bovine serum albumin, coomassie brillant blue G-250, ethanol,
N-hydroxysuccinimide, sodiumdodecy! sulfate (SDS) and tRNA were purchased from Sigma Aldrich (St. Louis,
Missouri, USA). EDTA, Dulbecco's Phosphate-Buffered Saline (1x), Dynabeads® M 280 tosyl-activated were
obtained from Thermo Fisher Scientific (Waltham, Massachusetts, USA). BioMag® Streptavidin was ordered from
QIAGEN (Venlo, Netherlands) and human serum was obtained from Merck KgaA (Darmstadt, Germany) (Product
Number H4522-20ML),

Recombinant RBP4 production in E. coli and purification from inclusion bodies.

Chemical competent E. cali BL21 (DE3) Tuner™ (200 pL) (Merck Millipore, Darmstadt, Germany) were
transformed using 1 uL pET22b-rRBP4 (191 ng/uL). The RBP4 gene was gained from pET302-rBBP4 (Thermo
Fisher Scientific, Darmstadt, Germany) and it was cloned into a pET22b vector, previously. Cells were incubated
at 4 °C for 45 min, followed by heat shock treatment for 90 sec at 42 °C and subsequent incubation for 2 min at
4°C. Then, 800 pL pre-warmed lysogeny broth (LB) medium was added and incubated at 37 °C for 1 h to
regenerate the cells. After regeneration cells were plated on selective LB-amp (100 pg/mL) agar plates and
incubated overnight at 37 °C. To produce RBP4, one clone of freshly transformed E. colif BL21 (DE3) was used to
inoculate 25 mL selective LB-amp (100 pg/mL) medium containing 0.4 % glucose and cultivated overnight at 37 °C
and 150 rpm. Expression cultures were inoculated with an optical density (OD) of 0.1 at 600 nm in 250 mL LB
medium (0.4 % glucose, 100 pg/mL ampicillin) in 1 L Erlenmeyer flasks without chicanes. Induction of cultures was
performed using 1 mM isopropyl-B-D-thiogalactoside (IPTG) after growth to an ODggg of 0.6 and as control, a non-
induced culture was cultivated similarly. After induction, the expression cultures were further cultivated for 1 h at
37 °C, followed by a temperature shift to 30 °C for 4 h. After cultivation, the cells were harvested by transferring
them to 50 mL tubes followed by centrifugation (4000 xg, 20 min, 4 °C). Then, the supernatants were discarded
andthe cell pellets were washed with & mL 1x PBS, combined, and centrifuged (4000 xg, 20 min, 4 °C). Afterwards,
supernatants were discarded, and the cell pellets were frozen at -80 °C overnight. SDS-polyacrylamide gel
electrophoresis was performed to verify the production process.’

Frozen cell pellets were thawed on ice, suspended in 15 mL lysis buffer (50 mM Tris, 2 mM EDTA, 0.1 % Triton X-
100, pH 7.5) and sonicated on ice for 12 min in 6 cycles at 40 % intensity. The E. coli lysate was then centrifuged
(14000 xg, 45 min, 4 °C) and the pellets containing the insoluble inclusion bodies were dissolved in 15 mL
denaturation buffer (50 mM Tris-HCI, pH 8, 2 mM EDTA, 0.1 % (vAv) Triton X-100, 8 M Urea). The protein solution
was centrifuged (13 000 rpm, 30 min, 4 °C) and the collected supernatant was diluted 1:14 with renaturation buffer
(50 mM Tris-HCI, pH 8, 5 mM EDTA, 1 % (v/v) Triton X-100, 0.8 M Urea) and incubated at 4 °C overnight.
Afterwards, the protein solution was concentrated using Vivaspin 20 centrifugal concentrators (molecular weight
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cut-off 10 kDa) (Sartorius, Goéttingen, Germany) at 4000 xg in 1 hintervals at 4 °C, buffer exchange was performed
by washing three times with 20 mL 1x PBS.

Purification of E£. cofi-derived recombinant RBP4 isolated from inclusion bodies? was performed by size-exclusion
chromatography using the NGC™ chromatography system (Bic-Rad Laboratories, Inc., Hercules, California, USA)
with ChromLab Software and SuperdexTM 200 Increase 10/300 GL (GE Healthcare Bio-Sciences AB, Danderyd,
Sweden). First, the column and the chromatography system were rinsed with 36 mL (1.5 column volumes) filtered
dH.O at a flow rate of 0.5 mL/min and then equilibrated with 36 mL filtered 1x PBS using a flow rate of 0.75 mL/min,
a 1 mL locp was rinsed with 3 mL 1x PBS prior to sample injection. After the sample was applied, UV detection
was performed at 280 nm and fractionation was started after a retention volume of ~7.5 mL, 200 pL fractions were
collected stepwise in a 96-well-microplate. Afterwards, the system and column were rinsed with 36 mL filtered dH,O
using a flow rate of 0.75 mL/min and then with 36 mL 20% ethanol at a flow rate of 0.5 mL/min. Fractions of purified
RBP4 were analyzed by SDS PAGE and stored at -20 °C. Concentrations were calculated by the ChromLab
Software for fractions obtained from SEC.

All-trans-retinal binding properties of apo-RBP4.

Quenching of intrinsic protein fluorescence was analyzed to determine RBP4 activity by adding increasing all-trans-
retinal amounts. Working solutions were prepared by diluting retinal and apo-RBP4 in DPBS. After the addition of
increasing amounts of retinal (0 - 2.125 pM) to a constant apo-RBP4 amount of 0.425 uM, the mixture was
incubated at 25 °C for 90 min under exclusion of light in a Lumox® multiwell 384 well-plate. Then, the fluorescence
emission was measured using a Spark® multimode microplate reader, the emission was monitored at 340 nm with
an excitation wavelength of 280 nm.

In vitro selection of aptamer libraries against apo- and holo-RBP4.

The selection of aptamer libraries was based on the FluMag-SELEX procedure using tosyl-activated magnetic
Dynabeads M-280.2 Immobilization of proteins was performed by covalent coupling of the p-toluenesulphonyl
(tosyl) groups on the surface of the magnetic beads with primary amino groups of RBP4. The magnetic beads were
coated as described by the manufacturer and aliquoted into 200 uL aliquots containing 0.68 mg beads,
respectively. To gain holo-RBP4-coated beads, beads coated with apo-RBP4 were incubated with 3x excess all-
trans-retinal for 90 min at 25 °C with the exclusion of light on a rotator. Thereafter, the beads were washed twice
with 1 mL 1x DPBS, pH 7.4, containing 0.1 % (wiv) BSA, resuspended, and aliquoted into 200 uL samples (0.68 mg
beads per aliquot) and stored at 4 °C. In counter selection steps naked beads were used which were treated
similarly prior to usage.

The commercial library (TriLink BioTechnologies, Inc, San Diego, California, USA) with approximately 6x10'
individual aptamers contained a central random 40-nuclectide (nt) region flanked on both sides by 23 nt primer
binding sites. The selection of aptamers was carried out using primers with the following sequences: Cyanine 5-
labeled forward primer (Cy5 FW): §'-[Cy 5]T AGG GAA GAG AAG GAC ATA TGA T-3' and biotin-labelled reverse
primer (Bio RW): &'-[BI O]T CAA GTG GTC ATG TAC TAG TCA A-3' (Eurcfins Genomics, Ebersberg, Germany).
Prior to each SELEX round, coated magnetic beads were washed three times with 500 L binding buffer (100 mM
NaCl, 20 mM Tris-HCI, 2 mM MgCl,, 5 mM KCI, 1 mM CaCl,, 0.02 % (v/v) Tween 20, pH 7.6). For aptamer
activation, the ssDNA library was heated to 90 °C for 10 min, immediately cooled, and kept at 4 °C for 15 min,
followed by incubation at 25 °C for 7 min. Counter selections against naked beads were performed prior to selection
rounds 1 — 6 and twofold counter selections were conducted prior to selection rounds 7 and 8. In the first selection
round, naked beads were suspended in 500 uL DPBS containing 1 nmol of random ssDNA library and incubated
at 25 °C for 30 min under rotation in the dark. Afterwards, the supernatant containing unbound aptamers was mixed
with 600 pmol BSA (100 mg/mL) and 600 pmol tRNA (10 mg/mL), transferred to either washed apo-RBP4-coated
beads or holo-RBP4-coated beads and incubated again. Unbound aptamers were removed by washing with 500 pL
binding buffer and elution of bound aptamers from apoe- or holo-RBP4-coated magnetic beads was performed by
incubating the beads in 200 uL DPBS at 95 °C for 5 min, followed by magnetic separation for 2 min. After elution
40 pL of the aptamer solutions were analyzed by monitoring the fluorescence intensity using a Tecan infinite F200
Microplate Reader (Tecan Group AG, Mannedorf, Suisse) at an excitation wavelength of 635 nm and an emission
wavelength of 670 nm. After each SELEX round, the eluted ssDNA aptamers were amplified by emulsion
polymerase chain reaction (ePCR).4 Therefore, 200 pL aqueous phase (40 pL 5x Herculase |l reaction buffer, 5 pL
dNTPs (10 mM, 2.5 mM each), 0.5 uL Cy5 FW and 0.5 pL Bio RW, 1 pL Herculase Il Fusion DNA Polymerase
(Agilent Technologies, Santa Clara, California, USA), 20 uL BSA (100 mg/mL), 113 pL Water HPLC Plus and 20 pL
ssDNA aptamers) were mixed with 400 uL of the oil-surfactant mixture (4.5 % (volfvol) Span® 80, 0.4 % (vol/vol)
Tween® 80, 0.05 % (volivol) Triton X-100, 95.05 % (volivol) mineral oil) and incubated for 10 min on a vortexer.
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Afterwards, the emulsion was transferred into PCR reaction tubes as aliquots of 50 yL and then overlaid with 50 L
mineral oil. The amplification conditions were 2 min at 80 °C, 2 min at 85 °C, 2 minat 20 °C, 3 minat 94 °C and 25
cycles of 30 sec at 94 °, 30 sec at 49.1 °C, 30 sec at 72 °C, then 2 min at 72 °C after the last cycle. After ePCR
run, the emulsified PCR reactions were pooled in a microcentrifuge tube (2 mL), mixed with 1 mL isobutanol,
centrifuged at 13 000 rpm for 1 min at 25 °C, and then the upper phase was discarded. Afterwards, the PCR
products were cleaned using the QlAquick PCR Purification Kit (QIAGEN, Venlo, Netherlands) and analyzed on a
2 % agarose gel by agarose gel electrophoresis. In order to separate the relevant DNA strands frem the double-
stranded PCR products, streptavidin-coated magnetic beads were used in alkaline strand separation. Therefore,
50 pL streptavidin beads were washed three times with 1 mL DPBS by magnetic separation, resuspended in the
PCR product, and then incubated for 16 h at 25 °C under rotation without light exposure. Afterwards, unbound DNA
was separated and removed, and the streptavidin beads were washed with 1 mL DPBS. Then, 50 yL NaCH
(100 mM, pH 13) was added, incubated for 4 min in total and after 2 min the microcentrifuge tubes were placed in
a magnetic separator. In the next step, 45 pL of the NaOH solution were added to 126 uL DPBS in a new
microcentrifuge tube, followed by subsequent addition of 34.4 pL 100 mM NaH,PC,. The remaining 5 pL of NaOH
solution were analyzed on a 2% agarose gel to monitor successful separation and the correct size of the ssDNA
fragments, and the concentration of the ssDNA was measured using a NanoPhotometer (IMPLEN, Munich,
Germany). After the first selection round, 30 pmol ssDNA from the previous round was used in the SELEX rounds
2 -6, 10 pmol ssDNA was used in rounds 7 and 8. All rounds started with binding to naked magnetic beads with
increasing incubation times, followed by selection with increasing amounts of tRNA and BSA and washing steps
with binding buffer. In selection round 6 a reciprocal washing step containing RBP4 was performed in addition.
There, apo-RBP4 coated beads were washed with 13.6 pug helo-RBP4 diluted in binding buffer, and the holo-RBP4
magnetic beads were washed with 13.6 ug apo-RBP4 bevor elution.

Specificity analysis of RBP4 aptamer libraries.

The enrichment of specific ssDNA aptamers over the FluMag-SELEX process was verified in a binding assay.
Therefore, the aptamer libraries from each round were bound to either apo- or holo RBP4-coated magnetic beads,
incubated and quantified by fluorescence measurement afterwards. In the first step, 10 pmol of each aptamer
library were activated as described earlier and then the libraries against apo-RBP4 were incubated for 30 min at
25 °C with apo-RBP4-coated magnetic beads and the holo-RBP4 libraries with holo-RBP4-coated beads. The
supernatants were separated by magnetic separation, the beads were washed with 500 pL binding buffer and
resuspended in 200 uL DPBS. After elution (95 °C, 5 min), 40 pL of the aptamer solutions were analyzed by
measuring the flucrescence emission using a Tecan infinite F200 microplate reader, the emission was monitored
at 670 nm with an excitation wavelength of 635 nm. In addition, the selectivity of the aptamer libraries was analyzed
in a characterization assay. Similar to the binding assay, 10 pmol of activated aptamer libraries were used and
incubated for 30 min at 25 °C with apo- and holo-RBP4-coated magnetic beads as well as with naked magnetic
beads. Then, the supernatants were separated by magnetic separation and the beads were washed with 500 pL
binding buffer and resuspended in 200 pL DPBS. After elution (95 °C, 5 min), 40 pL of the aptamer solutions were
analyzed by monitoring the fluorescence emission at 670 nm using a Tecan infinite F200 microplate reader with an
excitation wavelength of 635 nm. Experiments were conducted in triplicates.

Fluorescence microscopy.

In order to visualize the specific target binding of both final aptamer libraries they were submitted to flucrescence
microscopic analysis. Therefore, 30 pmol of each aptamer library were activated as described earlier and then the
libraries were incubated for 30 min at 25 °C with apo- and holo-RBP4-coated magnetic beads as well as with naked
beads. Afterwards, 100 pL of each reaction mixture were transferred to a 96-well microplate and fluorescence
microscopy was performed using a Leica DMi8 coded (Leica Microsystems CMS GmbH, Wetzlar, Germany) at x40
magnitude under transmitted light and using the Y5 filter (excitation: 590-650 nm and emission: 662-738 nm) for
fluorescence imaging.

Immobilization of aptamer libraries on rGO-FETs.

Prior to aptamer immobilization on the rGO-FETs a PCR, was performed to introduce an amine at the 5’-end of the
relevant strands. Therefore, a special amino forward primer (Amino-FW) was used: &'-[AC 6]T AGG GAA GAG
AAG GAC ATA TGA T-3' (Eurofins Genomics, Ebersberg, Germany). The rGO-FETs (fabrication method as
reported previously®) were immersed into a 2.5 mL mixture of 500 uM PyPEG (blocking agent polyethylene glycol
was pre-conjugated with PBSE linker) containing 50 M 1-pyrenecarboxylic acid (PCA) in DMSO and incubated
for 12 h at 25 °C. Afterwards, they were rinsed thoroughly with DMSO and then with dH,O. In the following step,
the carboxyl groups were activated by immersion of the rGO-FETs into a solution of 15 mM EDC/15 mM NHS in
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0.1 M PBS (pH 7.4) for 30 min at 25 °C, followed by covalent coupling of the 5'-NH,-modified apo- or holo-RBP4
aptamer libraries (15 pL, 100 nM in DNase-free water) by incubation for 40 min at 25 °C and subsequent washing
with PBS for three times.

Results and Discussion

Awa m 1 2 3 B 10 11 12 13 14

Ll
>

116.0

=
g

66.2 (S

45.0

350

RBP4 concentration [mg/mL]
o -
& -]

=4
°

J—
.

0 10 20 30
184 collected volume [mL]

D g E = S
= 1004m0 3 = 100 100 5 5
% o @ 58
a 5 =]
£ § ' £ 3z
2wl s & o apo-RBP4 [%] 8 € 501 o =8
£ 4 o +  holo-RBP4 [%)] 5 =
c Qo g
3 t 8 23 ]
5 SR=] &
5 ¥ 3D e
& T £
g o . . . & _— 0 o =

o 0.5 10 1B 20 28 RBP4 + o+ o+ o+ o+
all-frans-retinal [uM]
al-trans-retinal - - - - + + + + -
magnetic beads - - + + + + - - + +

Supplementary Figure $1. Expressicn, purification and characterization of £. coli BL21 (DE3)-derived RBP4. A) SDS-PAGE
analysis of renaturation of E. coli BL21 (DE3)-produced RBP4. Separation through a polyacrylamide gel containing 0.1 % SDS,
the gel was stained using Coomassie Brillant Blue G-250. Lane M, Pierce™ unstained protein molecular weight marker; lane 1,
harvested cell lysate supernatant; lane 2, insoluble protein fraction after addition of 8 M urea; lane 3, harvested RBP4 from
inclusion bodies after renaturation through incubation with buffer containing 0.8 M urea in excess. B) Concentration
determination of purified RBP4. Concentrations were calculated by the ChromLab Software for fractions obtained from size
exclusion chromatography using a NGC™ Chromatography System (Bio-Rad Laboratories, Inc., Hercules, California, USA) and
Superdex 200 Increase 10/300 GL (GE Healthcare, Chicago, lllinois, USA) with the extinction coefficient 77400 M- cr' and
the molecular weight of 21 kDa for RBP4. C) Fractions obtained from size exclusion chromatography were analyzed by
electrophoresis through a polyacrylamide gel containing 0.1 % SDS. Lane M, Pierce™ unstained protein molecular weight
marker; lanes 1-14, Superdex 200 Increase 10/300 GL fractions containing purified apo-RBP4. The gel was stained with
Cocmassie Brillant Blue G-250. D) Binding of all-frans-retinal to E. coli-derived apo-RBP4 and formation of holo-RBP4. After
addition of increasing amounts of all-frans-retinal to apo-RBP4, the fluorescence emission was measured using a Spark®
multimede microplate reader (Tecan Trading AG, Mannedorf, Switzerland). Emission was menitored at 340 nm with an
excitation wavelength of 280 nm. The amount of E. cofi-derived apo-RBP4 was kept constant at 0.425 uM, while the all-frans-
retinal concentration was varied between 0 and 2.125 yM. Error bars symbolize standard deviations of measurements
conducted in triplicates. E) Verification of coating of Dynabeads M-280 tosyl-activated with apo-RBP4 and holo-RBP4. Left y-
axis: Intrinsic protein flucrescence measurement. Signals of single apo-RBP4, apo-RBP4 and holo-RBP4 coated beads (grey
bars). Quenching of holo-RBP4 fluorescence after complexation of apo-RBP4 with all-trans-retinal. Emission was monitored at
340 nm with an excitation wavelength of 280 nm. Error bars symbolize standard deviations of measurements conducted in
triplicates. Right y-axis: Flucrescence measurement of all-frans-retinal, signals of retinal and holo-RBP4 coated beads (black
bars). Emissicn was monitored at 490 nm with an excitation wavelength of 380 nm. Error bars symbolize standard deviations
of measurements conducted in triplicates.
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Detection of apo-RBP4
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Supplementary Figure S2. IpV¢ characterization of sensing devices obtained by sweeping the gate voltage from -0.5V to 0.5V.
A, B and C show 3 specific interactions between apo-RBP4 and the corresponding aptamer library immobilized on the channel.
D, E and F show the holo-RBP4 interaction with the same aptamer library that should have no affinity for holo-RBP4. Conditions
and parameters were identical in each experiment. Each individual curve is an average of three measurements. Error bars
indicate the standard deviation. Incubation time for each concentration was 20 minutes followed by rinsing with 1X PBS buffer

(pH 7.4).
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Supplementary Figure $3. |5V characterization of sensing devices obtained by sweeping the gate voltage from -0.5V to 0.5V.
A, B and C show 3 specific interactions between holo-RBP4 and the corresponding aptamer library immobilized on the channel.
D, E and F show the apo-RBP4 interaction with the same aptamer library that should have no affinity for apo-RBP4. Conditions
and parameters were identical in each experiment. Each individual curve is an average of three measurements. Error bars
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indicate the standard deviation. Incubation time for each concentration was 20 minutes followed by rinsing with 1X PBS buffer
(pH 7.4).
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Supplementary Figure $4, Real-time sensing of RBP4 on gFET-devices recording Ips at a gate voltage of 400 mV. A) Titration
with holo-RBP4 (control), B) titration with apo-RBP4 in real time. C) Titration with apo-RBP4 (control) and D) titration with holo-

RBP4.
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Supplementary Figure S5. It was possible to detect 100 pM holo-RBP4 with some devices, but further optimization is required
to reliably reach this sensitivity. A) specific detection of holo-RBP4, B), non-specific interactions with apo-RBP4
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Supplementary Figure S6. Real-time kinetic measurement of holo RBP4 specific aptamer library fuctionalisied surface. A and
B are the time resolved SPR and gFET read-out, respectively upon addition of 1% HBP and 1% HBP spiked with 300 nM holo-
RBP4.

Passivation against non-specific interactions was tested with human blood plasma (HBP). Figure S7 shows SPR
and gFET measurements with 1% human plasma and 300nM RBP4 spiked 1% human plasma to demonstrate that
the presence of blood plasma does not prevent RBP4 binding to the sensor surface. For SPR measurements, a
glass slide coated with 2 nm chromium and 50 nm gold was functionalised with the holo-aptamer library via amine
coupling. As shown in Figure 6A, 1% human plasma resulted in mass binding to the surface in the SPR experiment
and a decrease in Ips on the gFET, but in both cases the signal returned to baseline after regeneration with 2M
NaCl solution. Upon addition of 1% HBP spiked with 300 nM RBP4, the signal did not return to baseline after
regeneration which indicates that in the presence of HBP, RBP4 still preferentially binds to the aptamer library.
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7 Summary and Outlook

In recent years, biosensors have emerged as a powerful tool for clinical diagnostics due
to their sensitivity, specificity, and ease of use. The studies discussed here present significant
advances in the development of biosensors for clinical diagnostics, addressing various aspects
of biosensor development, including the deposition protocol for rGO on silica-based
substrates, the use of monoclonal antibodies for immunoassays, the employment of

polyclonal aptamer libraries, and the selection of detection concepts for clinical applications.

The first study presents an optimized deposition protocol for rGO on silica-based
substrates through spin coating with a 214 ug/mL GO solution at 1800 rpm. Developed after
examining surface morphology and considering the effects of graphitic structures and
intercalation, this protocol significantly improves the reproducibility and stability of electronic
devices. When tested for stability regarding baseline drift, these devices demonstrated
superior performance compared to drop-casted FETs using the same materials. This optimized
deposition protocol provides a guideline for the scientific community, facilitating easier
handling and fabrication of GO- or rGO-based sensing devices, particularly biosensors or

electronic circuit switches, which can also be fabricated on flexible substrates.

The second study centers on the development of a troponin cTnl immunoassay using
a single monoclonal antibody and surface plasmon field-enhanced spectroscopy (SPFS)
detection. While the regular SPR biosensor principle did not offer sufficient sensitivity for cTnl
analysis at clinically relevant concentrations, the study found that operating the same
instrument in SPFS mode significantly improved sensitivity through an inhibition-competitive
immunoassay. Crucial to this assay format is the careful selection of cTnl epitope and
respective monoclonal antibody based on experimental trials and theoretical modeling. The
resulting assay achieved a limit of detection (LoD) of 19 pM within a 45-minute detection time,

providing a reliable diagnostic tool for detecting cTnl at clinically relevant concentrations.

The third study examines the use of cTnl as a reference system extensively utilized by
biosensor developers to calibrate a broad range of transducer concepts and experimental
setups. Although the range of LoD values reported in the literature spans nine orders of

magnitude, many papers are only of historical value, as today's cut-off requirements for
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clinical applications are at the level of 26 pg/mL, ensuring the monitoring of even healthy
patients. Therefore, practitioners seeking an effective detection concept for cTnl must
consider other factors, such as ease of operation, test kit robustness, and cost. As a result, it
is expected that new proposals and reports on improved detection concepts targeting these

factors will continue to emerge in the foreseeable future.

Lastly, the fourth study highlights the use of focused polyclonal aptamer libraries as a
promising strategy in diagnostics and sensor technology. Larger sequence spaces enable a
diverse and specialized range of binding aptamers, allowing for multiple target recognition
and generating enhanced versatility and improved performance in sensing and quantification
of target molecules. The wide biotechnological availability of polyclonal aptamer libraries
contributes to the rapid, cost-effective, and straightforward development of novel, highly
specific electronic sensors for use as powerful tools in clinical diagnostics. By functionalizing
the channel of an rGO-FET device, the study successfully discriminated between RBP4
isoforms at physiologically relevant concentrations between 0.3 and 30 nM. The findings
suggest that these devices may pave the way for developing biosensors that enable rapid and

reliable measurement of RBP4 isoform concentrations as a novel diagnostic marker.

Taken together, these studies represent significant contributions to the development
of novel, sensitive, and cost-effective biosensors for clinical diagnostics. The optimized
deposition protocol for rGO on silica-based substrates, the use of monoclonal antibodies and
SPFS detection for troponin cTnl immunoassays, and the use of focused polyclonal aptamer
libraries demonstrate the potential for improving the sensitivity and specificity of biosensors.
Furthermore, the selection of appropriate detection concepts for clinical applications, such as
considering factors beyond LoD, highlights the importance of considering practical aspects
when developing biosensors for clinical use. In conclusion, these studies offer promising
avenues for further research and development in the field of biosensors for clinical

diagnostics, ultimately contributing to improved patient care and outcomes.
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