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Abstract

In the present thesis, AC electrokinetic forces, like dielectrophoresis and AC electroosmosis, were
demonstrated as a simple and fast method to functionalize the surface of nanoelectrodes with
submicrometer sized biological objects. These nanoelectrodes have a cylindrical shape with a
diameter of 500 nm arranged in an array of 6256 electrodes. Due to its medical relevance influenza
virus as well as anti-influenza antibodies were chosen as a model organism. Common methods to
bring antibodies or proteins to biosensor surfaces are complex and time-consuming. In the present
work, it was demonstrated that by applying AC electric fields influenza viruses and antibodies can
be immobilized onto the nanoelectrodes within seconds without any prior chemical modification
of neither the surface nor the immobilized biological object. The distribution of these immobilized
objects is not uniform over the entire array, it exhibits a decreasing gradient from the outer row
to the inner ones. Different causes for this gradient have been discussed, such as the vortex-shaped
fluid motion above the nanoelectrodes generated by, among others, electrothermal fluid flow. It
was demonstrated that parts of the accumulated material are permanently immobilized to the
electrodes. This is a unique characteristic of the presented system since in the literature the
AC electrokinetic immobilization is almost entirely presented as a method just for temporary
immobilization. The spatial distribution of the immobilized viral material or the anti-influenza
antibodies at the electrodes was observed by either the combination of fluorescence microscopy
and deconvolution or by super-resolution microscopy (STED). On-chip immunoassays were
performed to examine the suitability of the functionalized electrodes as a potential affinity-based
biosensor. Two approaches were pursued: A) the influenza virus as the bio-receptor or B) the
influenza virus as the analyte. Different sources of error were eliminated by ELISA and passivation
experiments. Hence, the activity of the immobilized object was inspected by incubation with the
analyte. This resulted in the successful detection of anti-influenza antibodies by the immobilized
viral material. On the other hand, a detection of influenza virus particles by the immobilized anti-
influenza antibodies was not possible. The latter might be due to lost activity or wrong orientation
of the antibodies. Thus, further examinations on the activity of by AC electric fields immobilized
antibodies should follow. When combined with microfluidics and an electrical read-out system,
the functionalized chips possess the potential to serve as a rapid, portable, and cost-effective point-
of-care (POC) device. This device can be utilized as a basis for diverse applications in diagnosing

and treating influenza, as well as various other pathogens.



Zusammenfassung

In der vorliegenden Arbeit wurden AC elektrokinetische Krifte, wie die Dielektrophorese und
die AC Elektroosmose, als einfache und schnelle Methode zur Funktionalisierung der Oberfléache
von Nanoelektroden mit biologischen Objekten in Submikrometergréfie demonstriert. Diese
Nanoelektroden haben eine zylindrische Form mit einem Durchmesser von 500 nm und sind in
einem Array aus 6256 Elektroden angeordnet. Aufgrund ihrer medizinischen Relevanz wurden
Influenzaviren sowie anti-Influenza Antikorper als Modellorganismus ausgewahlt. Géangige
Methoden, um Antikdrper oder Proteine auf Biosensoroberfliachen zu bringen, sind komplex und
zeitaufwéndig. In der vorliegenden Arbeit wurde gezeigt, dass durch die Anwendung elektrischer
Wechselfelder Influenzaviren und Antikorper innerhalb von Sekunden auf den Nanoelektroden
immobilisiert werden konnen, ohne dass zuvor eine chemische Modifikation der Oberflache noch
des immobilisierten biologischen Objekts erforderlich ist. Die Verteilung dieser immobilisierten
Objekte ist tiber das gesamte Array ungleichmaf8ig. Es kommt zur Ausbildung eines Gradienten,
welcher von der dufleren zur den inneren Reihen hin abnimmt. Verschiedene Ursachen fiir diesen
Gradienten wurden diskutiert, beispielsweise der Vortex-formige Fliissigkeitsstrom iiber den
Nanoelektroden, der unter anderem durch elektrothermische Fliissigkeitsbewegung erzeugt wird.
Es wurde gezeigt, dass Teile des akkumulierten Materials dauerhaft an den Elektroden
immobilisiert sind. Dies ist ein Alleinstellungsmerkmal des vorgestellten Systems, da in der
Literatur die AC elektrokinetische Immobilisierung fast ausschlief8lich als Methode nur zur
tempordren Immobilisierung dargestellt wird. Die rdumliche Verteilung des immobilisierten
Virusmaterials bzw. der anti-Influenza Antikérper an den Elektroden wurde entweder durch die
Kombination aus Fluoreszenzmikroskopie und Dekonvolution oder durch super-resolution
Mikroskopie (STED) betrachtet. Es wurden On-Chip-Immunoassays durchgefithrt, um die
Eignung der funktionalisierten Elektroden fiir einen potenziellen affinitdtsbasierten Biosensor zu
untersuchen. Dabei wurden zwei Ansitze verfolgt: A) Influenzaviren als Biorezeptor oder
B) Influenzavirus als Analyt. Verschiedene Fehlerquellen wurden mittels ELISA und
Passivierungsexperimente eliminiert. Infolgedessen wurde die Aktivitit der immobilisierten
Objekte durch Inkubation mit dem Analyten iberpriift. Dies fihrte zum erfolgreichen Nachweis
von anti-Influenza Antikérpern mittels immobilisiertem Virusmaterial. Andererseits war ein
Nachweis von Influenzaviruspartikeln durch die immobilisierten anti-Influenza Antikdrper nicht
moglich. Letzteres konnte auf einen Aktivititsverlust oder eine falsche Ausrichtung der
Antikorper zuriickzufithren sein. Daher sollten weitere Untersuchungen zur Aktivitat von durch
elektrische Wechselfelder immobilisierte Antikérper folgen. In Kombination mit Mikrofluidik und
einem elektrischen Auslesesystem besitzen die funktionalisierten Chips das Potenzial, als schnelle,
tragbare und kostengiinstige Point-of-Care-Einheit (POC) zu dienen. Dieses Einheit kann als
Grundlage fir vielfiltige Anwendungen bei der Diagnose und Behandlung von Influenza und

verschiedenen anderen Krankheitserregern genutzt werden.
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1 Introduction

1.1 Motivation and objectives

Respiratory viruses are a significant threat to public health, leading to a high incidence of
diseases worldwide. Every year, this large group of pathogens is responsible for many deaths and
economic losses. One of these viruses is the influenza virus, causing about 3 to 5 million cases of
severe illness and 290,000 to 650,000 deaths each year globally [1]. Furthermore, due to the
transmission by respiratory droplets and aerosols, this type of virus has the potential to spread fast

and uncontrollable.

In the event of an infection with the influenza virus the incubation period is short and lasts
about 2 days [2]. Specific therapy with antiviral drugs like Oseltamivir (neuraminidase inhibitor)
or Amantadine (M2 inhibitor) is most effective when started as early as possible, meaning within
48 hours after the onset of the first symptoms [3]. Thus, the time frame for an in-time diagnosis
and subsequent treatment is very short. Furthermore, when it comes to respiratory outbreaks in
hospitals or retirement or nursing homes a fast pathogen identification is needed for patient
management like isolating patients to reduce the spread of infection and for the surveillance of
influenza. Thus, the Robert Koch-Institute recommends to test within 48 hours if influenza is
suspected [4]. Since many other respiratory pathogens, such as rhinoviruses and coronavirus, can
cause clinical symptoms that are very similar to seasonal influenza, a reliable differentiation can
only be made using laboratory diagnostics. Common laboratory methods are time-consuming,
complex or expensive. Thus, the viral growth in cell culture can take up to 10 days. The detection
of the viral nucleic acid by PCR is faster and offers a high sensitivity and specificity but is prone
to contamination, it is a complex process, expensive and requires special instruments and trained
staff. Time is also required for sample collection, transport and preparation. Rapid influenza
diagnostic tests do a nearly instant diagnosis, are inexpensive and portable. The majority of these
tests on the market are lateral flow assays. They usually have a high specificity of above 99% but
show a sensitivity of only 54% compared to RT-PCR [5]. Thus the rate of false-negative diagnosis
is so high that results are inconclusive until confirmed by, e.g., PCR. Additionally, only a general

detection of influenza A or B is possible, but no subtyping.



Introduction

There is the need for a less complex, sensitive, less laboratory-intensive, portable and cost-
effective diagnostic method for the detection of influenza. Thanks to the miniaturization in
semiconductor technology, and new methods for manufacturing them, the development in
biosensing and their medical applications has gained interest in recent years. The immobilization
of biomolecules on the surface of a sensor is one key step in sensor development. For affinity-based
biosensors these biomolecules, known as bio-receptors, transmit the interaction with the analyte
to the transducer. Standard procedures for immobilizing biomolecules use chemical and
physicochemical couplings, usually resulting in a statistical distribution and orientation of the
immobilized molecules. This immobilization procedure can be quite complex, time-consuming and
challenging involving various preparation steps such as surface cleaning, surface modification and
sometimes even modifications of the bio-receptor itself. It often requires long incubation times,

working with high temperatures and harsh chemicals.

The present thesis demonstrates the use of AC electrokinetic forces, like dielectrophoresis and
AC electroosmosis, as a method to functionalize the surface of nanoelectrode arrays in a single
step. These forces have been extensively exploited and explored for the spatial manipulation of
cells. Here, these forces are now to be applied to the much less explored manipulation of
submicrometer objects. This poses a greater challenge due to the smaller object size, the increasing
competition with side effects such as Brownian motion and the more complex electrode structure
needed. To this end, strong electric field strengths or field gradients, respectively, are necessary.
The generation of these strong electric fields requires down to nanometer-sized geometries which
has been fulfilled by the unique nanoelectrode arrays used in the present thesis. Because of the
medical relevance mentioned, influenza viruses and anti-influenza antibodies were immobilized
and their function as a bio-receptor for a potential biosensor was tested. The AC electrokinetic
immobilization was carried out without prior chemical modification, neither of the electrode
surface nor of the bio-receptor. Thus it is simpler and faster compared to established
immobilization methods. Furthermore, due to the directed attraction to the electrodes the sample
can be concentrated from small volumes demonstrating the minimal consumption of reagents this
method. In by far most applications of AC electrokinetics the attraction and immobilization has
been accomplished only temporary. A special feature of the system presented here is the fact that
viruses as well as antibodies can be permanently immobilized. This simplifies the subsequent

handling and the preparation of sensing elements for bioanalysis. It has been demonstrated before
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that proteins can be orientated within the electric field [6]. This is particularly interesting for the
antibody immobilization, since such a controlled orientation can be exploited to further increase
the sensitivity. Finally, the presented functionalized nanoelectrodes have the prospect of a simple,
inexpensive, lab-free, portable biosensor for point-of-care applications. While the focus of the
present thesis was about the detection of influenza antigen or anti-influenza antibodies, the
system’s design is so universal that it can be transferred also to other pathogens as well as other

applications outside medical diagnostics.
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1.2 Model system — Influenza

The influenza virus, belonging to the family of Orthomyxoviridae, is an enveloped virus. Based
on its genetic and antigenic differences it can be classified in the three types A, B and C. Of these,
especially type A and B are of clinical relevance for humans. Its genome consists of linear negative-
sense single-stranded RNA encapsulated in nucleocapsid. RNA-polymerase complexes, consisting
of the proteins PB1, PB2, and PA, are located at the ends of the nucleocapsid [7]. With regard to
their surface proteins hemagglutinin (HA) and neuraminidase (NA) influenza A viruses are
subdivided into several subtypes or serotypes. So far, 18 different HA subtypes and 11 NA subtypes
are known [8]. There are no subtypes of influenza B, but two genetically different lineages have
been circulating worldwide for years: B/Yamagata and B/Victoria. HA is a homotrimer, its
monomers are made of the polypeptide chains HA1 and HA2 linked together by disulfide bridges.
Hemagglutinin makes up to 80% of all surface proteins with a mutual distance of about 11 nm and

protrude from the membrane by about 14 nm [9, 10].
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Figure 1-1 Schematic illustration of the influenza virus. It is a spherical, enveloped virus. Its genome comprises
eight negative-sense, single-stranded RNA segments encapsulated in nucleoprotein. Based on the two

surface proteins, hemagglutinin and neuraminidase, influenza viruses are divided into subtypes. [11]

Influenza viruses are characterized by a permanent antigenic drift. Because the RNA
polymerase complex has no proofreading activity point mutations occur in the replicated viral
genome with high probability. If such mutations accumulate in the genes for HA and NA this can
change the amino acid sequence and thus the antigen structure, leading to an evasion of the host

antibody response [12, 13]. Another, more drastic, change is the antigenic shift. If a host is getting
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infected by two different influenza strains (coinfection) a reassortment of the RNA segments might

occur. A novel influenza strain can emerge, that can even cause pandemics [13].

Some of the worst influenza pandemics were the Spanish flu (HIN1) in 1918/19 which led
to ~50 million deaths worldwide, the Asian flu (H2N2) in 1957 killed around 1-4 million people,
the Hong Kong flu (H3N2) in 1968 costed around 1-4 million human lives and the Mexican flu
(HIN1) claimed up to 575,000 lives in 2009 [14, 15]. The flu season is the period when influenza
viruses mainly circulate. In the northern hemisphere, this is usually between the 40th calendar and
the 20th calendar week. During the flu season 2019/20 about 188,000 influenza infections and 547
number of deaths were registered in Germany [16]. Due to the Covid-19 pandemic and the
associated prevention and hygiene measures, these numbers have fallen sharply. There was a
worldwide absence of the flu epidemic in the 2020/21 season. So, just 564 infections and 16 deaths
were registered in Germany [17]. Since April 2022 and due to lifting the COVID measures,
numbers are raising again. Thus the 2021/22 season showed 21,038 infections and 39 cases of death
[18], while the 2022/23 season had 292,825 registered infections and 1,028 deaths [19]. These are
just the registered cases in Germany. The estimated number of unknown cases is higher. Globally,
seasonal flu is estimated to cause 3 to 5 million cases of severe illness and 290,000 to 650,000 deaths

each year [1].

Influenza is an airborne virus. Here, transmission occurs due to the contact between expiratory
droplets and mucosa. Transmission is also possible through direct contact with contaminated
surfaces and subsequent mucosal contact. [20] Sudden outbreak of symptoms like headache, cough,
fever, muscle pain, sore throat and running nose can occur. There is an overlap of symptoms
between the common cold, influenza (the flu) and COVID-19. Infections range from being
asymptomatic, to mild symptoms, to severe courses with pulmonary complications or even
multiple organ failure. The incubation period — the time between infection and the appearance of
first symptoms - is short and lasts 1-4 days with a central tendency of 2 days [2]. Infected people
are contagious from the day prior to symptoms up to 5-7 days after the symptoms have started. It

can be longer for young children and immunocompromised people. [21]

For the treatment of influenza different classes of antiviral drugs exist. These drugs are most
effective when given within 48 h of the onset of symptoms. They can lead to a reduction in viral
shedding and decrease the duration of symptoms. Meta-analyses show that antiviral drugs can

shorten the duration of the disease by 0.5 — 1.5 days [3]. Most antiviral drugs against influenza fall
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into three categories: (I) NA inhibitor, (I) M2 inhibitor and (III) endonuclease inhibitor. (I) NA
inhibitors, like Oseltamivir and Zanamivir, suppress the viral enzyme NA's active site. This causes
viral aggregation at the infected host cell surface and prevents the release of viruses from the
infected cell. (I) M2 inhibitors, like Amantadine, attach to the transmembrane region of the M2
protein and sterically block the channel. This hinders viral uncoating and thus viral replication.
(IIT) Endonuclease inhibitors, like Baloxavir marboxil, inhibit the endonuclease activity of the PA
subunit of influenza RNA polymerase, which is required for the transcription of the viral RNA. It
is a new class of anti-influenza drugs that was first approved 2018 in Japan and 2021 in Europe. [3,

22, 23]

Influenza is a contagious, rapidly spreading disease. Its symptoms are comparable to those of
other respiratory viruses and bacteria. As a result, distinguishing influenza from other infections
based on the patient's symptoms is often challenging. Early detection of influenza virus infections
is crucial for the fast beginning of antiviral therapy in order to reduce influenza-related morbidity
and mortality. Diagnostic examinations are also important for surveillance, epidemiological
studies and studies of vaccine analysis, e.g. of its effectiveness. Several methods for diagnosing

influenza are currently available.

The viral detection can be performed by cell culture methods. A culture of mammalian cells is
inoculated with clinical samples, propagated for up to 10 days. Virus infection and thus the
existence of viral antigen can be monitored, among others, by the development of the cytopathic
effect and direct or indirect immunofluorescence [24]. These cell culture methods are very time
consuming and can be difficult to interpret [25]. Serological tests measure the presence of
influenza-specific antibodies following infection and vaccination, like hemagglutination inhibition

assay (HIA), virus neutralization assay (VN) and enzyme immunoassay (EIA).

The most common immunoassay method for influenza detection is the so called enzyme-linked
immunosorbent assay (ELISA). Although faster than cell culture, it still requires a couple of hours
to be performed. ELISA can be classified in different types: direct, indirect, sandwich and
competitive [26]. In direct ELISA the antigen is immobilized on the surface of, for example, a
microtiter plate. A labeled primary antibody binds the antigen and gets directly detected. On the
other hand, in indirect ELISA the primary antibody is not labeled and is detected by a labelled
secondary antibody. In sandwich ELISA the antigen is sandwiched between two specific

antibodies. The capture antibody is coated on a microplate and an antigen-containing sample is
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added. A conjugated-detection antibody is then added, binds to an additional epitope and enables
the antigen-antibody detection. Competitive ELISA has different configurations. In one
arrangement the sample antigen competes for the reporter antibody with the reference antigen,
which is coated onto the microtiter plate. ELISA is applied for influenza antigen detection [27], as
well as for the detection of anti-influenza antibodies for example to examine the effectiveness of a

vaccination or to confirm immune response of post-viral infections [28, 29].

Rapid influenza diagnostic tests (RIDT) based on lateral flow assays are easy to handle, do not
need expensive equipment or trained staff and are cost efficient. It is an immunoassay that uses
monoclonal antibodies to bind the nucleoprotein of influenza A and B. If an infected sample is
present, a color change will indicate this within 30 minutes. Some tests distinguish between
influenza A or B viruses while others do not. Besides the advantages, there are also some
disadvantages, e.g. no such test is able to distinguish between different influenza A subtypes.
Results are of only qualitative nature. Despite its high specificity above 99% these RIDTs only have

a sensitivity of about 54% compared to RT-PCR [5]. Thus the rate of false-negative results is high.

Nucleic acid-based tests (NATs) amplify and detect viral RNA. These tests are more sensitive
as compared to antigen- or antibody-based tests, but they are expensive and time consuming.
Above that specialized equipment and trained staff are required. A variety of NATs exist like:
reverse transcription PCR (RT-PCR), ligase chain reaction (LCR), next-generation sequencing

(NGS) and loop-mediated isothermal amplification (LAMP). [30]
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1.3 Affinity-based biosensors

When it comes to affinity-based biosensors the sensing element is a bio-receptor that can be,
among others, antibodies, other proteins or nucleic acid (Figure 1-2A). The bio-receptor binds the
analyte from the sample to be tested and defines the selectivity and sensitivity of the sensor. The
interface is an intermedium layer that connects the bio-receptor to the sensor surface. The
transducer transforms the interaction between the bio-receptor and the analyte into a signal, which

can be of optical, electrical, electrochemical, acoustic or calorimetric nature. [31]

The interface is a vital part in biosensor design. Its creation can be quite complex, time
consuming and challenging as it involves multiple preparation steps like surface cleaning, surface
modification (e.g. self-assembled monolayer, silanization, with or without protein A) and
sometimes even modifications of the bio-receptor itself. Long incubation times, working with high

temperatures and harsh chemicals are common.
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Figure 1-2 Biosensors. (A) Schematic representation of an affinity-based biosensor. Modified from [31]. (B)
Preparation steps for the modification of a glassy carbon electrode for the detection of anti-H5 antibodies.
At first electrodes are pre-treated with H,SO, to create carboxylic groups. Protein A gets coupled by an
EDC/NHS coupling reaction. Monoclonal anti-His antibodies bind to protein A and immobilize recombinant
His-tagged HA which serves as the bio-receptor. Finally the modified electrodes are blocked by BSA. [32]

The following studies comprise biosensors for the detection of anti-influenza antibodies or
influenza antigens. It is a selection to demonstrate the variety of different surface types, the
complexity of different surface modification techniques, as well as the need of modified or non-

modified bio-receptors.
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In their study Horiguchi ef a/. used different sialic acid (SA) receptors immobilized on gold
electrodes for the label-free detection of whole influenza HIN1 viruses [33]. As an interface a
self-assembled monolayer (SAM) was used. An SAM consists of long chain molecules with a head
group, typically thiol-groups, binding to the surface and a functional group protruding into the
volume. Here aminooxyundecyl disulfide (AOUD) was used as SAM. Its synthesis is rather
complex and took at least two days [33]. At first electrodes were cleaned, then incubated with
AOUD for 24 h, and finally SA was bonded to the SAM at 60°C for 240 min. The detection of

influenza was done by quartz crystal microbalance and electrically.

The interface in the study of Jarocka et al is even more complex (Figure 1-2B). Here,
monoclonal anti-His antibodies where bound to protein A, which itself was covalently bound by
an EDC/NHS coupling to the ~-COOH groups of the glassy carbon electrode substrate [32].
Therefore, the glassy carbon electrodes were electrochemically pre-treated with 0.5 M H,SO, to
generate carboxylic groups. Subsequently, the electrodes where incubated in a mix of EDC and
NHS for 1 h and protein A was covalently bound by another 1 h-incubation. Protein A was covered
with anti-His antibodies by deposition for 1 h. The bio-receptor bound to that interface is a
recombinant His-tagged HA to detect anti-H5 antibodies from chicken sera. Finally, the incubation

with the bio-receptor and the blocking of the modified electrodes took 1 h each.

Cheng ef al. modified the surface of aluminum interdigitated electrodes of a surface acoustic
wave (SAW) chip by silanization [34]. Therefore the IDEs were washed with acetone, isopropyl
alcohol and deionized water. As an interface between electrode and bio-receptor
3-aminopropyltriethoxysilane (APTES) was used. Therefore, the electrodes were incubated in
APTES for 15 min and then baked for 30 min at 125 °C. While cooling down, the electrodes were
immersed in glutaraldehyde and subsequently rested at room temperature for 1 h. Anti-influenza
antibodies were bound to the silanized surface and the chip is getting blocked for 30 min. Finally,
the interaction between anti-influenza antibodies and commercially influenza virus as well as
influenza viruses from nasal swab samples are measured by the change of the interfacial

capacitance [34].
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1.4 Forces on suspensions in electric fields

When a non-uniform AC electric field is introduced to a suspension of polarizable particles, it
causes movement of both the particles and the surrounding fluid in various directions. As a result,
there are two types of forces that come into play: those that affect the particles directly, and those
that affect the fluid causing the fluid to stream, which then indirectly affects the particles through
the development of drag forces. The following subchapters illustrate those forces with a focus on
AC electrokinetic forces (ACEK) like dielectrophoresis (DEP), AC electroosmosis (ACEO) and

electrothermal fluid flow.

o« Weak DEP effect il =

Strong DEP effect

pDEP nDEP

~ \
F= (+q) x (+E¢) Induced charge (+q) VI&F Heat sink

Figure 1-3 Forces on polarizable particles in non-uniform AC electric fields. (A) Dielectrophoresis (DEP). (B)
AC electroosmosis (ACEO). (C) Electrothermal fluid flow. (modified from [35])

1.4.1  Forces acting on particles

When a particle is suspended in a fluid the force of gravity acts on it. This force is proportional
to the strength of the gravitational field and the mass of the particle. The buoyancy force is the
upward force that a fluid exerts on an object, counteracting the gravitational force. This force is
proportional to the fluid density, the object’s volume and the gravitational acceleration. If the
particle is denser than the fluid, the gravitational force is greater than the buoyancy force, causing
the particle to sink. If the particle is less dense than the fluid, the buoyancy force is greater than
the gravitational force, and the particle floats to the surface. When the particle has the same
density as the fluid, it remains suspended in the fluid at a constant level, neither sinking nor

floating. [36, 37]
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The random movement of particles suspended in a fluid is referred to as Brownian motion,
which occurs due to the collisions between the fluid molecules and the particles. This phenomenon
was first observed by Robert Brown in 1827 when studying the movement of pollen grains in water
[38]. The motion of the particles is a consequence of the thermal energy present in the fluid,
causing the particles to move in a non-directed pattern. The mathematical model for Brownian
motion relates the displacement of a particle to the elapsed time and the diffusion coefficient of
the particle. The degree of randomness in particle displacement is more pronounced in a less

viscous liquid, for smaller particle size and at higher temperature.

Dielectrophoresis (DEP) is the motion of a polarizable particle in response to a non-uniform
electric field, caused by the interaction between the electric field and the induced dipole moment
of the particle. It was first described by Herbert Pohl in 1951 [39] and found its first biological

application 15 years later for the separation of living and dead cells [40].
The time-averaged dielectrophoretic force on a spherical particle is given by

FDEP = anong3Re[K((lJ)]V|E|2 (1)
where ¢, is the relative permittivity of the medium, ris the radius of the particle, Re/K{(w)/is the
real part of the Clausius-Mossotti (CM) factor and |£] is the electric field strength. The CM factor

is defined as

_ (s —em)
K@) = (& + 2¢5,) @

where &, and &y, are the complex permittivities of the particle and the medium, respectively. These

in turn are defined by

Epm(@) = gy — 122 3)
where o is the frequency of the applied field and gy, , is the conductivity of the particle and the
medium. So, as described in equation (2) and (3) the real part of the CM factor depends on the
applied frequency and the permittivity and conductivity of the particle and the medium. Depending

on the values of &, and &, the CM factor can range between +1 for &, > &, and -0.5 for &, <

Em-
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pDEP nDEP

Figure 1-4 Dielectrophoresis. The figure shows a spherical, polarizable particle in a uniform (A) and a non-
uniform (B and C) AC electric field. The electric field lines, represented by dashed lines, are deformed by
the induced dipole. If the particle’s polarizability exceeds that of the surrounding medium, the electric field
lines are drawn towards the particle (A, B). Conversely, if the particle’s polarizability is lower, the electric
field lines are bent around the particle. In a uniform electric field, the particle experiences no net force and
thus it does not move. In a non-uniform electric field the force either points in the direction of the high
electric field strength (B), called pDEP or in the direction of low electric field strength (C), called nDEP. For
all three cases, one-half of the AC period is depicted. Dashed lines: electric field lines; pDEP: positive
dielectrophoresis; nDEP: negative dielectrophoresis. (modified from [41])

If the polarizability of the particle is greater than the polarizability of its surrounding medium,
more charges accumulate at the inside of the interface between particle and medium compared to
the outside. A difference in charge density occurs, causing the induced dipole to align with the
electric field. Here, the electric field lines are bent touching the particle’s surface in a 90° angle
(Figure 1-4A and B). Conversely, if the particle has a lower polarizability than the medium, more
charges accumulate on the surface of the particle, resulting in a net dipole that aligns opposite to
the electric field. Here, the electric field lines are bent around the particle (Figure 1-4C). In a
uniform AC electric field, the electric field strength as well as the gradient of the electric field are
equal on both sides of the particle. Consequently, there is no net force and the particle does not
move. On the other hand, in a non-uniform AC electric field, the electric field strength as well as
the gradient of the electric field are different at both sides of the particle. This leads to three possible
scenarios, depending on the electrical properties of the particle and the surrounding medium as
well as the applied frequency: (I) if the particle's polarizability is higher than that of the
surrounding medium, the force points towards the region with high electric field strength, causing
the particle to be attracted towards this region. This is referred to as positive DEP (pDEP) with
Re[K (w)] > 0. (I) If the particle's polarizability is lower than that of the surrounding medium, the

force points towards the region with low electric field strength, causing the particle to be repelled
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from this region. This is referred to as negative DEP (nDEP) with Re[K (w)] < 0. (1) Last but not
least, if the particle's polarizability is equal to that of the surrounding medium, the force is zero,
meaning there is no movement. This is referred to as crossover frequency with Re[K (w)] =0.All
in all, the strength of the DEP force depends on multiple factors, including the particle volume, the
frequency of the applied electric field, the polarizability of both the particle and the surrounding
medium, and the electric field gradient. The strength of the gradient, in turn, depends on the

applied voltage as well as the geometry and sharpness of the electrodes. [42-44]

1.4.2  Forces acting on the fluid

AC electroosmosis (ACEO) is a phenomenon that occurs at frequencies below 100 kHz [41,
45, 46]. When an alternating electric field is applied, the fluid experiences a resultant net motion.
This motion arises from the interaction between the electric field and the electric double layer at
the fluid-solid interface. The electric double layer is formed when charged particles, like ions, are
present in the fluid close to the charged surface. It consists of two regions: the Stern layer and the
diffuse layer. The Stern layer is in direct contact with the solid surface and comprises ions tightly
bound to the surface [47]. The diffuse layer comprises mobile ions distributed within the fluid.
Applying an electric field changes the charge distribution and some of the potential is getting
dropped across the double layer, an effect called electrode polarization [48, 49]. The tangential
component E; of the AC electric field E exerts a force F; on these ions in the fluid, causing them
to move towards the center of the electrodes surface. During each cycle of the AC field, the
potential sign alternates, which in turn swaps the distribution of the induced ions as well as the
direction of the tangential electrical force. This leads to a constant the force vector direction, hence
the direction of fluid flow remains constant. If the applied frequency is low the ACEO flow tends
to zero. If the applied frequency is very high, the ACEO flow tends to zero as well, because the
charges do not have enough time to form a double layer [50]. The authors measured and analyzed
the streaming pattern in detail by particle image velocimetry (PIV) [51-53]. ACEO was used to
concentrate microorganisms such as bacteria and yeast cells, as well as spores, DNA and latex

beads in a controlled manner towards the center of electrode surfaces [46, 54, 55].
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Figure 1-5 Schematic illustration of ACEO at IDEs. (A) If an AC electric field E is applied charges accumulate
at the surface of the electrodes forming an electric double layer. The tangential part E; produces a force F,
on the charges at the electrode surface. (B) Based on this force, the charges move across the electrodes
creating an overall fluid stream. IDE: interdigitated electrode. (modified from [51])

Electrothermal fluid flow is caused by the interaction between an electric field and a
temperature gradient in the bulk of a fluid. The gradient proceeds from the region of highest
temperature at the electrodes. This temperature gradient can be caused by an external source like
illumination or an internal source like Joule heating [41]. This rise in temperature was calculated
to be less than 5 K even with biofluids with a conductivity of 88 mS/m, thus being safe for biological
samples [56]. The electric field interacts with the resulting gradients in conductivity and
permittivity giving a body force and thus a flow into the fluid. The strength of the flow depends
on the temperature gradient, the conductivity of the fluid, the applied frequency of the electric
field and the field strength [57]. The effect was applied, among others, for pumping [58], mixing

[59] and further manipulation of bioparticles [60].
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1.5 ACEK manipulation of biological objects

ACEK effects have been used to study the manipulation of polarizable biological objects for
years. Cells are the most studied objects, since the dielectrophoretic force increases with the
volume of the object, making manipulation more accessible. The DEP separation of live and dead
cells was first demonstrated by Pohl ef a/ in 1966 [40]. Since then, a significant portion of DEP
research and development has been devoted to the separation and collection of mammalian cells.
One approach is to distinguish different cells from one another by their individual crossover
frequencies that can be used to separate them from mixtures, recover them, or analyze how they
react to various environments. ACEK manipulation has been demonstrated for a wide variety of
cells, like cancer cells, blood cells and stem cells. [61-64] It has also been shown to have a

commercial usage [65-68].

The progress in instrumentation and microfabrication technologies of semiconductors allowed
the manufacturing of electrodes with more complex and down to nanometer-sized geometries. The
creation of stronger and sharper electric fields and electric field gradients became possible and
thus the manipulation of smaller objects, like viruses, proteins [69-71], DNA [72-74] and small
molecules [75]. However, the amount of publications in these fields are significantly smaller
compared to the amount of publications about cell-based manipulation. The spatial manipulation
by ACEK of medically relevant submicrometer objects such as organelles [76-78], liposomes [79,
80] and exosomes [81, 82] is gaining popularity. When it comes to the ACEK manipulation of
viruses various virus types have been investigated so far, like adenovirus [83], cowpea mosaic [84],
hepatitis [85], herpes simplex [86—-88], influenza [89-92], norovirus [93], rotavirus [83, 93], Sendai
(94, 95], Sindbis [96] and tobacco mosaic virus [84, 87, 97, 98]. The majority of early publications
were focused at the experimental validation of trapping [88, 94, 95], separation [87] and
investigation of the dielectric properties of viruses [84, 86]. More recent publications - there are
only a few - are focused on the application of ACEK forces on virus particles for a more medical
research and usage [34, 91, 92]. However, ACEK forces have not been used to directly functionalize
the surface of electrodes with viruses but rather to assist bringing the particles into spatial

proximity of antibodies [34] or to concentrate the viruses before cell infection [91, 92].

When it comes to the spatial manipulation of proteins, especially antibodies, the selection of

publications is even smaller. One reason is the mentioned relation between the decreasing
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object-size to the increasingly demanding electrode geometry. To evade this challenge, antibodies
have been attached to larger, more easy to manipulate objects, like nanobeads [99, 100] or single-
walled carbon nanotubes [101, 102]. When it comes to the direct manipulation of antibodies ACEK
forces were used to bring the antibodies into spatial proximity of their antigen. This results in a
shorter assay time and increased sensitivity of the sensor [103, 104]. To the best of our knowledge,
there are only two studies about the direct immobilization of antibodies to the surface of electrodes
[105, 106]. Han et al used two coplanar ITO electrodes on a glass wafer to concentrate
troponin I antibodies at the electrode edge by an superimposed AC electrical signal [105]. Otto ef
al. used a nanoelectrode array of more than 10° cylindrical tungsten electrodes. So far, these
authors are the only ones demonstrating a permanent immobilization of antibodies by ACEK that

retained their functionality [106].

There are not many papers in the literature that discuss the permanent immobilization caused
by ACEK particularly in the submicrometer range and its effect on the confirmation of proteins.
The ability to regulate the electric field strength to accomplish permanent immobilization of bovine
serum albumin (BSA) was demonstrated for the first time by Yamamoto ef a/ [107]. The only
additional studies are the ones with the same or a similar electrode design as the one in the present
study [71, 108—111]. There has not been much research on how ACEK affects the confirmation of
proteins or the activity of, e.g., antibodies. It has been demonstrated that the electric field,
especially DEP, can be used to stretch cells and DNA [73, 112]. Furthermore, some studies have
investigated the influence of electric fields on the confirmation of proteins [113-117]. But so far
only Otto et al. have investigated the activity of antibodies after ACEK immobilization [106] and
Priifer at al and Laux ef al of enzymes [71, 108, 111]. Furthermore, Prifer et al. have shown that

the strength of activity depends on the enzyme species.
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1.6 Aim of Thesis

The objective of this study is to lay the groundwork for the development of an affinity-based
biosensor capable of rapidly detecting influenza viruses or anti-influenza antibodies. Due to its
medical relevance, the influenza virus is chosen as a model organism. The system offers several
advantages as compared to conventional detection methods. It enables the concentration of
biological objects from very small volumes (3-5 pl), the detection of multiple analytes on a single
chip, it allows for quick measurements, and has the potential for the integration into a point-of-

care system.

A critical aspect in the biosensor design involves the functionalization of the sensor surface
with a bio-receptor. Common methods for surface functionalization are complex, time-consuming,
and often involve the use of harsh chemicals. In this work, the use of ACEK forces as an alternative
approach for a rapid and simple surface modification without the need for prior chemical alteration
of neither the sensor surface (nanoelectrodes) nor the bio-receptor (viruses or antibodies) is
introduced. The potential side effects associated with ACEK manipulation are discussed, which
are more significant in manipulating smaller objects such as viruses or antibodies compared to

larger entities like cells.

Different potential applications of the system shall be discussed. Specifically, a focus is set to
the investigation of the present system as an affinity-based biosensor using either: A) influenza

virus as the bio-receptor or B) influenza virus as the analyte (Figure 1-6).

5§i § * (% e - virus particle
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Figure 1-6 Schematic representation of the on-chip arrangement. (A) A single nanoelectrode is shown in
cross-section (light grey), the surrounding SiO, (ochre) and an underlying metal layer (dark grey). Unstained
influenza viruses (bio-receptor) are immobilized on the electrode using ACEK and then incubated with
unlabeled primary antibodies (analyte). Binding is measured using a fluorescently labeled secondary
antibody. (B) Antibodies (bio-receptors) are immobilized on the electrode by ACEK and then incubated with

fluorescently labeled influenza viruses (analyte).
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2 Materials

The following tables give an overview and detailed information about the materials used. For

a better clarity, the categorization was done based on chemicals and substances, as well as devices

and software. Some tables were generated specifically for components that share a thematic link,

such as super-resolution microscopy.

Table 2-1 List of chemicals and substances

Chemical / Substance

Manufacturer

Bromephenole blue

BSA; Albumin Fraction V
Conductive silver paint

Coomassie®; Quick Coomassie® Stain
Dithiothreitol (DTT)

Glycerol

Glycine

H,SO,

Influenza A, HIN1, A/Brisbane/59/2007
Influenza A, H3N2, X-31, A/Aichi/1968
Milk powder

PBS

PEG 600

PEG 20.000

Polyacrylamide gel; 12% Mini-PROTEAN® TGX™
Protein labeling kit; DY-634

Protein marker; peqGold protein-marker V
R18, Octadecyl rhodamine B
Tris(thydroxymethyl)aminomethane (TRIS)
TRIS-HCI

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich; St. Louis, USA

PanReac AppliChem; Darmstadt, Germany

Conrad electronic SE; Hirschau, Germany

Serva; Heidelberg, Germany
Sigma-Aldrich; St. Louis, USA

Sigma-Aldrich; St. Louis, USA

Carl Roth; Karlsruhe, Germany
Sigma-Aldrich; St. Louis, USA
BeiRecources; Manassas, USA

RKI; Berlin, Germany

PanReac AppliChem; Darmstadt, Germany
PanReac AppliChem; Darmstadt, Germany
PanReac AppliChem; Darmstadt, Germany
Carl Roth; Karlsruhe, Germany

Bio-Rad; Hercules, USA

emp Biotech GmbH; Berlin, Germany
VWR; Radnor, USA

Biotium; Fremont, USA

Carbochem; Philadelphia, USA
Sigma-Aldrich; St. Louis, USA
Sigma-Aldrich; St. Louis, USA
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Table 2-2 Buffers and their composition

Buffer

Composition

PBS
TMB solution

10 mM phosphate, 2.7 mM KCl, 140 mM NaCl; sterile filtrated
0.1 M Na,HPO, (5 parts), 0.1% H,0, (4 parts), 0.1% TMB (1 part)

Table 2-3 Antibodies

Type Description Catalog Manufacturer
number

Primary Anti-H1, (HIN1) (A/Brisbane/59/2007); MBS432100 MyBioSource, Inc.; San
antibody polyclonal antibody; used for: chip Diego, USA

passivation experiment/on-chip

immunoassay
Primary Anti-H3, (H3N2) (A/Shangdong/9/93); 3HG3 HyTest Ltd.; Turku,
antibody monoclonal; used for ELISA/FLISA/on- Finland

chip immunoassay
Secondary Goat anti-mouse IgG Fc-HRP; used for GtxMu-004-  ImmunoReagents; Raleigh,
antibody ELISA EHRPX USA
Secondary Goat anti-mouse IgG Alexa Fluor® 488; 115-545-146  Jackson ImmunoResearch
antibody FLISA/Passivation experiments/on-chip Europe Ltd.;

immunoassay Cambridgeshire, UK
Secondary Goat anti-mouse I[gG STAR RED STRED-1001  Abberior GmbH;
antibody Gottingen, Germany

Table 2-4 Electrical Setup and devices

Device Model Manufacturer

AC voltmeter UT803 Uni-Trend Technology; Dongguan City, China
DC voltmeter M9803R Mastech; Taipei, Taiwan

Demodulator probe ~ TT-DE 112 Testec; Dreieich, Germany

Frequency counter
Function generator
Oscilloscope

Wideband amplifier

Volteraft 7202
Model 193
HM307

TOE 7606

Conrad electronic SE; Hirschau, Germany
Wavetek; Paris, France
Hameg; Mainhausen, Germany

TOELLNER Electronic Instrumente GmbH; Herdecke, Germany
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Table 2-5 Fluorescence microscope and devices

Device Model Manufacturer
CCD camera F-View II Olympus; Tokyo, Japan
LED lamp pE-4000 CoolLED; Andover,

Objective 4x
Objective 10x
Objective 20x
Objective 40x
Objective 60x
Objective 100x
Objective 100x
Objective 100x

Fluorescence filter

Cy3

Fluorescence filter

Cy5

Fluorescence filter

FITC

Fluorescence filter

WIBA

Fluorescence

microscope

Shutter driver

UPLFLN4X, NA = 0.13
UPLFLN10XPH, NA = 0.30
UPLFLN20XPH, NA = 0.50
UPLFLN40XPH, NA = 0.75
LUCPLFLN60X, NA = 0.70
MPLFLN100X, NA = 0.90
UPLFLN100XO2PH, NA = 1.30
UPLSAPO100XO, NA = 1.40

F46-004; excitation: ET545/25, emission: ET605/70,
beam splitter: T565]pxr

F46-006; excitation: ET620/60, emission: ET700/75,
beam splitter: T6601pxr

F46-501; excitation: ET480/36, emission: H537/42,
beam splitter: H507Ipxr flat

U-MWIBAS3; excitation: BP460-495/25, emission:
510-550, beam splitter: 505

BX51

VCM-D1

England

Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
AHF; Tibingen,

Germany

AHF; Tiibingen,

Germany

AHF; Tibingen,
Germany
Olympus; Tokyo, Japan

Olympus; Tokyo, Japan

Uniblitz; Rochester, USA

Table 2-6 Super-resolution microscopy

Device

Model

Manufacturer

Cover slip

Immersion oil
Microscope
Objective 10x
Objective 40x
Objective 100x,
oil

STED

nanoscope

High precision, 1.5H

Immoil-F30cc, Type-F
IX83

UPLXAPO10X, NA = 0.40
UPLFLN40XPH, NA = 0.75
UPLXAPO100XO, NA = 1.45

STEDYCON; excitation lasers: 405 nm, 488 nm,
561 nm, 640 nm; STED-Laser: 775 nm

Paul Marienfeld GmbH; Lauda

Koénigshofen, Germany
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan
Olympus; Tokyo, Japan

Abberior Instruments GmbH;

Gottingen, Germany
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Table 2-7 Other devices and materials

Device Model Manufacturer

96-well plate 655101 Greiner Bio-One GmbH; Kremsmiinster,
Austria

96-well plate 655077 Greiner Bio-One GmbH; Kremsmiinster,
Austria

96-well plate 655900 Greiner Bio-One GmbH; Kremsmiinster,
Austria

Centrifuge 5415D Eppendorf; Hamburg, Germany

Centrifugal Concentrator

Conductivity probe
Conductometer

Gel filtration

ITO cover slip
LCR meter
Microplate reader

Microplate reader;
excitation filter 485BP12

Microplate reader;
emission filter 520BP10

pH meter
Polyacrylamide gel

electrophoresis system

Power supply for SDS-
Page
Scanner

Scanning electron

microscope

Shaker

Tungsten cylinder

electrodes

Vivaspin® 500; 30,000
MWCO; VS0121

TetraCon® 325

Cond 1971

CentriPure MINI Desalt
Z-50

70-100 Q; 06462-AB
3532-50

FLUOstar® Omega
BMG 0643A

BMG 0648A

inolab pH Level 1
Mini-PROTEAN® Tetra
Cell

PowerPac™ 200

Canoscan LiDe 200
Evo MA10

Thriller®

Sartorius; Gottingen, Germany

WTW; Weilheim, Germany
WTW; Weilheim, Germany
emp Biotech GmbH; Berlin, Germany

SPI Supplies; West Chester, USA

HIOKI; Ueda, Japan

BMG LABTECH GmbH; Ortenberg, Germany
BMG LABTECH GmbH; Ortenberg, Germany

BMG LABTECH GmbH; Ortenberg, Germany

WTW; Weilheim, Germany
Bio-Rad; Hercules, USA

Bio-Rad; Hercules, USA

Canon; Tokyo, Japan

Zeiss; Jena, Germany

PEQLAB Biotechnologie GmbH; Erlangen,

Germany

Leibniz Institute for High Performance
Microelectronics (IHP); Frankfurt/Oder,

Germany
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Table 2-8 List of software

Software Version / specification Manufacturer

CellM 3.1 Olympus; Tokyo, Japan

Image] version 1.51n or higher ~ National institute of health; Bethesda, USA

Image] Plugin DeconvolutionLab Biomedical Imaging Group, EPFL; Lausanne, Switzer
Image] Plugin Diffraction PSF 3D OptiNav Inc.; Bellevue, USA

Image] Plugin MicroArrayProfile OptiNav Inc.; Bellevue, USA

Origin Pro 2019  9.6.0.172 OriginLab Corporation; Northampton, USA
SmartSEM 5.07 Zeiss; Jena, Germany
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3 Methods

3.1 X-31

The Influenza A material (A/Aichi/2/68, H3N2, short X-31) was provided by the Robert Koch-
Institute (RKI). 10-13 day old fertilized chicken eggs were inoculated with virus. After an additional
incubation for 2-3 days at 35 °C the allantoic fluid was harvested. The sample was ultra-centrifuged
at 100.000 g at 4 °C for 1.5 h in order to concentrate and purify the virus. The pellet was dissolved
in phosphate-buffered saline (PBS). Further, the viral sample was inactivated by B-propio-lactone
(BPL). After the evaluation of the inactivation, the protein concentration of the X-31 sample was

determined by a bicinchoninic acid (BCA) assay. Samples were stored at -80 °C and unfrozen at

4 °C.

3.2 Characterization of viral material

3.21 SDS-PAGE

For the running buffer 25 mM tris(hydroxymethyl)aminomethane (TRIS), 192 mM glycine and
1 % (m/v) sodium dodecyl sulfate (SDS) were dissolved in 1 L of ultrapure water. The pH of the
buffer was adjusted (WTW; pH levell) to 8.3 at room temperature. To break down secondary and
tertiary structures by disrupting hydrogen bonds and stretching molecules the X-31 (1.3 mg/ml)
was added to the sample buffer. This buffer was freshly made out of 62.5 mM Tris-HCl, 2 % (m/v)
SDS, 10 % (v/v) glycine, 0.05 % (m/v) bromephenol blue and 0.1 M dithiothreitol (DTT). The virus
sample and the sample buffer were mixed at a ratio of 1:2 and incubated for 10 min at 99 °C under
constant gentle shaking. For separation, 20 pl of the denatured sample was loaded onto a 12 %
precast polyacrylamide gel (Bio-Rad; Mini-PROTEAN® TGX™) that had been inserted into a
vertical polyacrylamide gel electrophoresis system (Bio-Rad; Mini-PROTEAN® Tetra Cell). For the
sizing of protein bands 5 pl of a pre-stained protein marker (VWR; peqGold protein-marker V),
ranging from 10 kDa to 250 kDa, was added to the well next to the virus sample. The power supply
was attached (Bio-Rad; PowerPac™ 200) and electrophoresis was run for 1.5h at 120 V.

Subsequently, the gel was washed with ultrapure water and stained in Quick Coomassie® stain
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for 2 h. Then, the gel was washed for 30 min in ultrapure water, under gentle shaking. Finally, the

gel was scanned (Canon; Canoscan LiDe 200).

For molecular mass determination, the relative migration distances (Rf) of the protein
standards were measured with /mage/ (National institute of health; version 1.51n or higher). R¢ is
defined as the quotient of the mobility of a protein and the distance of the buffer front. A standard
curve was plotted and linearly fitted using the logarithm of the molecular weight (MW) of the
protein standards and Ry. The Ry values of the X-31 protein bands were converted to MW and

compared to values from literature and UniProt (chapter 4.2.1).

3.2.2 Determination of particle diameter — scanning electron microscopy

A gold-coated glass substrate covered with an electropolymer was incubated with the X-31
virus sample. Preparation of the substrate and virus incubation was carried out by the bachelor

student Kira Lenz.

Subsequently, the scanning electron microscope (SEM; Zeiss; Evo MA10) was used for imaging
the substrate surface and the virus particles attached to it. The SEM was controlled by the
manufacture’s software SmartSEM (Zeiss; version 5.07). An acceleration voltage (EHT) of 2 kV
and a probe current (I Probe) of 5 pA were applied at a working distance (WD) between 6 mm and
6.5 mm. Scanning speed and line integration were adjusted to a certain extent to lessen the

charging effects.

Image processing was performed with /mage/. The frequency distribution of the diameters
was calculated, plotted and a Gaussian model was fitted to the data using OriginPro2019

(OriginLab Corporation; Origin Pro 2019 version 9.6.0.172).
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3.3 Virus staining

Two distinct methods were employed to stain the influenza virus X-31: A) staining the virus
proteins or B) membrane labeling. Either the proteins or the membrane were stained. No
double-staining was done. To stain the virus proteins, the sample was first unfrozen and briefly
vortexed. Then, it was covalently labeled with the fluorophore DY-634 (empBiotech; MK-D0107).
This particular fluorophore binds to the lysine groups of the viral proteins by a reactive NHS-ester.
Ultrafiltration spin columns (Sartorius; 30,000 MWCO) were used to remove the unbound dye and
to exchange the buffer against ultrapure water. Here, 4-5 centrifugation cycles at 16,000 g for

5 min were carried out (Eppendorf; 5415D).

In order to label the viral membrane the lipophilic octadecyl rhodamine B (R18) was used. To
ensure that later only bound R18 dye is retained, three different purification methods were tested
to remove unbound R18 dye: I) ultrafiltration spin columns, (II) gel filtration and (III)
centrifugation. To this end, an R18 solution (Biotium; 60033) with ¢ = 1 uM in PBS was set up and
each purification method was applied to this solution: (I) The R18 solution was filtered with an
ultrafiltration spin column (Sartorius; 30,000 MWCO) for 7 min at 16,000g; (II) the R18 solution
was filtered by a gel filtration column (empBiotech; CentriPure MINI) for 2 min at 1,000 g; (III)
the R18 sample was centrifuged for 50 min at 16,000 g. Finally, fluorescence images of the filtrate
and concentrate from (I), the filtrate from (II) and the pellet and supernatant from (III) were

acquired (Cys3 filter; 40x objective, exposure time = 500 ms).

Subsequently, the viral membrane was stained by incubating X-31 with a protein
concentration of 130 pg/ml with R18 at a molar concentration of 1 uM for 30 min, at RT and
shaken at 800 rpm (peqLab; Thriller). The unbound dye was removed by gel filtration for 2 min

at 1,000 g.
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3.4 Conductivity measurements

Since a high medium conductivity promotes nDEP and has an influence on the formation of
unwanted side effects like electrolysis, Joule heating and thus electrothermal fluid flow [57], it is
a critical parameter in electrokinetic experiments. Thus, it is crucial to keep the conductivity low.
Since the virus sample was valuable and only available in small amounts a purpose-built
conductivity probe was constructed. It was made up of four platinum wires with a 0.1 mm
diameter, attached to the inside of a 200 pl pipette tip. Despite the small electrode surface, this
four-electrode setup allowed minimal electrode polarization. An LCR meter (HIOKI; 3532-50;
1 kHz; 1 V) was used to measure conductance in the four-terminal sensing mode. With the help of

this purpose-built setup sample volumes from 20 pl down to 8 pl can be measured.

To calibrate the system, the conductivity of a KCI dilution series ranging in logarithmic steps
from 2 pS/cm to 4 mS/cm was measured with a conductometer (WTW; Cond 197i) equipped with
a conductivity probe (WTW; TetraCon® 325), as well as measured with the described purpose-
built probe. By plotting the measured values from both conductivity probes against each other in

a semi-logarithmic representation a calibration curve was determined.

Finally, the actual sample was measured with the help of the purpose-built probe. Here, the
conductivity varied between 3 uS/cm and 60 uS/cm. Since the lower bound of the purpose-built
probe is 3 pS/cm, the actual sample conductivity can be even less than 3 pS/cm. This is a reasonable
range of conductivity, since the upper limit is at 200 pS/cm for a pDEP application with the
nanoarray configuration [118]. Changes caused by contamination from the ITO or the electrode
chip were not monitored, but were kept to a minimum by rinsing both with ultrapure water and

drying with an N> stream before the experiment was done.
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3.5 Electrode configuration

The electrode chips were fabricated by the Leibniz Institute for High Performance
Microelectronics (IHP) using a standard 250 nm CMOS technique on 8-inch silicon wafers.
Deposition of a bottom electrode made up of metal layers (Ti/TiN/AlCu/TiN/Ti) is the first step in
the CMOS process. The holes for the tungsten cylinders are etched by reactive ion etching (RIE)
into a layer of SiO; that is deposited on top of the metal layers. Then, tungsten is used to fill the
holes that are in direct electrical contact with the bottom metal layer. To polish the wafer surface,

chemical mechanical polishing (CMP) is used. [106, 109]

A single chips outer dimension is 1x1 cm. Four electrode arrays are located at the center
(Figure 3-1A), each consisting of 6256 tungsten electrode pins arranged in an 80 by 80 matrix.
Each individual electrode has a cylindrical shape with a diameter of 500 nm and a mutual spacing
of 2 um (Figure 3-1C). While the four subarrays remain electrically isolated from each other, the
underlying conductive Ti/TiN/AICu/TiN/Ti layer connects all electrodes within each array.

16 electrode-free, cross-shaped sections per array exist for improved orientation.

415 pm 17 um

Figure 3-1 Electrode configuration. A microscopic image of the four nanoelectrode subarrays (top-view).
Each array has 6256 electrodes. The four subarrays are electrically separated from each other. (B) A close-
up of (A), revealing 49 electrodes. (C) Schematic cross-section of the electrode chip. The cylindrical
electrodes are composed of tungsten, they have a diameter of 500 nm and a mutual distance of 2 ym. An

underlying Ti/TiN/AICu/TiN/Ti layer electrically connects the electrodes within each array. [11]
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3.6 Electrode preparation

A microscope slide was used to hold the nanoelectrode chip in place (Figure 3-2). An indium
tin oxide-coated cover slip (ITO; 70-100 Q; SPI Supplies; 06462-AB) was used as a counter
electrode. In order to keep the electrodes and counter electrode apart, an 80 pm thick lamination
foil was used as a spacer. Therefore, a 3 mm hole was punched into the spacer, which was then
hot-melted onto the electrode chip at a temperature of about 80 °C. The hole served as a sample
chamber. Real-time optical microscopy observation of the experiment was made possible by the
ITO's transparency. The electrical circuit between the electrodes and the ITO cover slip was closed
using an additional pad covered in copper tape. Conductive silver paint (Conrad; 530042) was used

to adhere copper wires to the contact pads after being soldered to the connector.

conductive pad

glass slide
T contact

pa spacer counter electrode (ITO)

plug

lu
i:)z.'.é electrode - N\oemeeeeo / : plug
Ea - R
-
n O

spacer counter electrode (ITO)

Figure 3-2 Scheme of an assembled chip. The chip was attached to the surface of a microscope slide. The
counter electrode was an ITO cover slip (dashed rectangle), which was electrically connected by a pad
wrapped in copper tape (green). An 80 pm thick spacer (red) separated the electrodes and the ITO cover slip.
The sample chamber was formed by a 3 mm diameter hole punched into the spacer. (A) Top view, (B) side

view. (modified from [11])

3.7 Electrical setup

Figure 3-3 depicts a schematic of the electrical configuration. A function generator (Wavetek;
Model 193) created the AC signal, which was then amplified by a wideband amplifier. The
wideband amplifier (Toellner; TOE 7606) was kept from being overdriven by the function
generator's output signal by the attenuator. This made sure the voltage kept its sine shape. A
separate frequency counter (Conrad; Voltcraft 7202) was used to track the frequency, and an

oscilloscope (Hameg; HM307), an AC voltmeter (Uni-Trend; UT803), and a DC voltmeter
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(Mastech; M9803R) with a demodulator probe (Testec; TT-DE 112) were used to measure the
amplitude. The AC signal was turned on and off mechanically by a switch. Except for the two-
wire cable connecting the switch and electrode chip, all devices were connected using coaxial
cables. Any DC signal was blocked from getting to the electrodes by a 3.3 uF capacitor (WIMA;
MKC4 SV21).

’ computer H camera ‘ ’DC voItmeter‘ ’coupter‘
; function
LED Light fluorescence
source microscope demodulator generator
AC voltmeter
cledtiode
chip oscilloscope wide band
amplifier
switch caéacitor

Figure 3-3 Scheme of the electrical setup. A function generator produced an AC signal, which was then
amplified by a wideband amplifier. The frequency and amplitude were monitored with a frequency counter,
voltmeters, and an oscilloscope. A fluorescent microscope with a CCD camera was used to capture the

images. [11]

3.8 Fluorescence microscopy

An upright fluorescence microscope (Olympus; BX51) was used to monitor the fluorescently
labeled samples. The experiment was observed through the transparent ITO counter electrode
while the electric field was applied or through a cover slip for any other measurements. Except
when working with the MPLFLN100x objective (NA =0.9), which is non-coverglass corrected. The
microscope was equipped with a cooled charged-coupled device (CCD) camera (Olympus;
F-View II). An LED lamp (CoolLED; pE-4000) served as the illumination source combining a
365 nm LED, a 460 nm LED, a 525 nm LED, and a 635 nm LED with an intensity setting of 5 % for
bright field images and a setting of 100 % for fluorescence images combined with an LED matching
the properties of the sample and the fluorescence filter. A list of the different objectives and
fluorescence filters can be found in Table 2-5. The software Ce// (Olympus; version 3.1) was used
to control the shutter driver (Uniblitz; Model VCM-D1), the exposure time, the shutter and for

image acquisition.
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Images were processed using the software /mage/ extended with the plugins MicroArray
Profile (OptiNav Inc.; USA), Diffraction PSF 3D (OptiNav Inc.; USA), and DeconvolutionLab

(Biomedical Imaging Group; EPFL, Switzerland). OriginPro2019 was used for curve fitting.

3.9 Indirect ELISA

If not stated otherwise, the antigen was diluted to a final concentration of 5 pg/ml in PBS.
Subsequently, 50 pl of the antigen were added to wells of a 96-well plate (Greiner; 655101), which
were then kept overnight at 4 °C in a humidity chamber. On the following day, the coating solution
was removed, and the plate was washed once with tap water. To prevent non-specific binding, any
remaining protein-binding sites on the coated wells were blocked using a 3% BSA solution
(blocking solution) for 30 min at room temperature (RT). The plate was then incubated with 50 pl
of a fresh primary antibody solution (Hytest; anti-H3), containing a concentration of 1 pg/ml in
blocking solution. Incubation was done for 1 h in a humidity chamber at RT. Subsequently, the
primary antibody solution was removed and the plate was washed three times with tap water.
Then, 50 pl of a secondary antibody solution (ImmunoReagents; anti-mouse, HRP conjugate),
diluted 1:4000 in blocking solution immediately before use, were added per well and incubated for
1 h in a humidity chamber at RT. Finally, 50 pl of a fresh TMB solution were added, incubated for
10-30 min and stopped with 50 pl of 1 M H,SO,. The absorption was measured at 450 nm with the
reference at 630 nm using a microplate reader (BMG Labtech; FLUOstar Omega). Samples were

measured in triplicates.

Table 3-1 Composition of samples and controls for ELISA. The antigen-solution was, if not stated otherwise,
prepared in PBS and the antibody-solutions in blocking solution (3% BSA). If one of the components was not
present, either PBS was added instead of Ag or blocking solution instead of primary Ab. PC: positive control;
BG: background; NC: negative control; Ag: antigen; 1. Ab: primary antibody; 2. Ab: secondary antibody;

(+) Component was present; (-) Component was not present.

PC Blank BG NC
Ag + - - +
1. Ab + - + -
2. Ab + + + +
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To determine the contribution of background absorbance caused by the secondary antibody,
PBS or blocking solution were added instead during both the coating step and the primary antibody
incubation, to obtain the blank value. The absorbance of wells without any antigen but with
primary and secondary antibody incubation in blocking solution was considered as the
background. Additionally, negative control wells were incubated with the antigen and secondary
antibody as described above, but the primary antibody was replaced with blocking solution. To
verify the specificity of the anit-H3 antibody the wells have been coated with HIN1 instead of
X-31 (H3N2).

3.10 Indirect FLISA

The fluorescence-linked immunosorbent assay (FLISA) is a method that merges fluorescent
indicators with immunosorbent assay techniques. FLISA differs from conventional enzymatic
reporter systems, as it employs fluorescent dye-conjugated antibodies that emit light when exposed

to a specific wavelength.

At first the suitability of PBS buffer for fluorescence measurements in the microplate reader
was verified. Therefore, a dilution series of the secondary antibody (Jackson ImmunoResearch;
anti-mouse, Alexa 488 conjugated) from 1:200 to 1:1400 was prepared in PBS. 50 pl of each dilution
were added to a well of a 96-well plate (Greiner; 655900) and its fluorescence intensity was
measured by the microplate reader (excitation filter: 485BP12; emission filter: 520BP10). A well

filled only with PBS was defined as the BG. Samples were measured in triplicates.

To determine a suitable concentration of the secondary antibody a 96-well plate (Greiner;
655077) was coated with 5 pg/ml of a primary antibody from mice (50 pl; in PBS) for 2 h at RT in
a humidity chamber. The plate was washed with tap water and then blocked with 3% BSA for
30 min at RT. Then, the plate was washed again. The secondary antibody (anti-mouse; Alexa 488
conjugated) was prepared in a dilution series from 1:200 to 1:1400 in blocking solution. 50 pl of
each dilution were added to the wells and incubated for 1 h at RT in a humidity chamber. Finally,
the plate was washed, the wells were filled with 50 pl of PBS and measured by the microplate
reader (excitation filter: 485BP12; emission filter: 520BP10). To determine the BG, wells were
prepared as described, except that PBS was used instead of the primary antibody. All samples were

measured in triplicates.
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A protocol similar to the ELISA protocol outlined in chapter 3.9 was employed to confirm the
antigen-antibody interaction, except for the use of a different secondary antibody (Alexa 488
conjugated) and its dilution in blocking solution at a ratio of 1:500. Instead of applying TMB and
H,S0,, the plate was washed after the incubation with the secondary antibody and filled with 50 pl
PBS per well. Subsequently, the fluorescence intensity was measured by the microplate reader
(excitation filter: 485BP12; emission filter: 520BP10). The composition of the blank, BG and

negative control are listed in Table 3-1.

3.11 Super-resolution microscopy - STED

To analyze the spatial distribution of immobilized antibodies super-resolution microscopy was
employed, here stimulated emission depletion (STED). To prepare the chip, 5 pl of a secondary
antibody solution (5 pg/ml; abberior STAR RED) was pipetted onto an electrode chip without a
spacer. An electric field of 15 kHz and 5.3 V., was applied for 10 min. Then, the chip was washed
and dried with Nj. 2 pl of glycerol as well as a cover slip were added. Finally, observation was
done by fluorescence microscopy as well as super-resolution microscopy. For fluorescence
microscopy a Cy5 filter, a 635 nm LED, a 100x objective (NA = 1.40) and an exposure-time of 2 s
were chosen. The super-resolution microscope is a combination of an inverted confocal microscope
(Olympus, IX83) and a STED super-resolution nanoscope (abberior, STEDYCON). The
STEDYCON was equipped with four excitation lasers (405 nm, 488 nm, 561 nm, 640 nm) and a
STED laser, also called depletion laser, at 775 nm. To acquire confocal images a 100x objective
(NA = 1.45), a pinhole of 64 um, a 640 nm excitation laser at 10% power, and a line accumulation
of N = 1 were applied. Finally to acquire super-resolution images, the STED laser (775 nm) was set

to 20% power and the line accumulation was raised to five.
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3.12 On-chip experiments

3.12.1 AC electrokinetic manipulation of influenza viruses

For all non-immunoassay studies (see chapter 4.3), the surface proteins of the X-31 viral
material were labeled with DY-634 as described in chapter 3.3. The labeled virus material was
vortexed for 20 min and diluted to a protein concentration of about 5 pg/ml in ultrapure water. A
volume of 5 pl was loaded into the sample chamber of an electrode chip and covered with an ITO

cover slip. An electric field of 10-20 kHz and 3.5 V,,,; was applied.

3.12.2 Electrode chip passivation

For the on-chip immunoassay studies the surface of the electrode chip was passivated to
prevent unspecific binding, either of antibodies or the X-31 virus. To this end, different passivation
solutions were tested like: 3% BSA, 2% milk powder (MP), 1% PEG 600, 1% PEG 20k and a 5 pg/ml

antibody-solution.

Electrode chips were cleaned in 70% ethanol (EtOH) and dried with N,. Then, a 5-10 pl droplet
of the particular passivation solution was pipetted onto the chip and incubated for 30 min at RT in
a humidity chamber. The chips were washed three times with tap water and again blow-dried
with Nj. Next, 5-10 pl of a fresh 1:500 dilution of a secondary antibody (Alexa 488 conjugated) or
of a R18 dyed X-31 sample (15 pg/ml), prepared in the appropriate passivation solution, was added
onto the chip and incubated for 1 h at RT in a humidity chamber in the dark. Finally, the chip was
washed and 5 pl of ultrapure water plus a cover slip were added and the fluorescence intensity was

measured.

In order to establish the background, a chip was prepared as described, but instead of applying
a passivation solution and incubating with a secondary antibody or X-31, only PBS was used. As
a negative control, the chip was treated as described, but passivation was carried out using PBS,
and the secondary antibody as well as the X-31 were diluted in PBS instead of a passivation

solution.
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3.12.3 On-chip immunoassay: Approach 1 - Influenza virus as the bio-receptor

The protocol for this on-chip immunoassay studies is based on the indirect ELISA- and FLISA-
protocol as described in chapters 3.9 and 3.10. The electrode chips were cleaned by immersing
them five times in a beaker filled with 70% EtOH and drying them with N,. They were loaded with
5 pl of a non-labeled X-31 sample. The X-31 sample was diluted 1:260 with ultrapure water to
reach a protein concentration of 5 pg/ml. The sample was covered with an ITO glass and an electric
field of 20 kHz and 3.5 V ;s was applied for 10 min. After switching off the electric field, the chips
were washed by immersing them five times in tap water and blowing them dry by N,. Next, the
chips were passivated by introducing 10 pl of 3% BSA (blocking solution) and incubating them
with the blocking solution for 30 minutes at RT in a humidity chamber. Subsequently the chips
were washed in the same manner as before. A fresh dilution of the primary antibody of 1 pg/ml in
blocking solution was loaded with a volume of 10 pl onto the chips and incubated for 1 h at RT in
a humidity chamber. Then, the chips were washed and dried as before. They were incubated with
10 pl of a fresh 1:500 dilution of the secondary antibody (Jackson ImmunoResearch; anti-mouse,
Alexa 488 conjugated) in blocking solution for 1 h at RT in a humidity chamber in the dark. After
a last washing step the chips were analyzed under the fluorescence microscope by loading a 5 pl

droplet of ultrapure water and a cover slip. The WIBA filter set was used with the 490 nm LED.

A chip with just an X-31 incubation instead of being exposed to an electric field served as a
negative control. For another negative control, the primary antibody was omitted. Instead, the chip

was incubated with the blocking solution. Further handling was carried out as described.

In order to verify the specificity of antibodies, two more experiments were conducted. In the
first experiment, HIN1 was substituted for X-31, while in the second experiment, an anti-H1

antibody was used instead of the primary antibody anti-H3.
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3.12.4 On-chip immunoassay: Approach 2 - Influenza as the analyte

The electrode chips were subjected to a cleaning process which involved immersing the chips
five times in a beaker containing 70% EtOH and subsequently blowing them dry using N,.
Following this, just before each experiment, 5 pl of an antibody solution (Hytest; anti-H3, 5 pg/ml)
was freshly diluted in ultrapure water and loaded onto the chips. The sample was covered with an
ITO cover glass and an electric field of 15 kHz was applied for 10 min. Either a voltage of 5.3, 3.5
or 1.8 V,,, was used. Subsequently, the chips were washed by dipping them five times into tap
water and blow-drying them by N,. The chips were passivated by incubation of 10 pl of 2% MP for
30 min at RT in a humidity chamber, followed by a washing step as described before. At last, 10 pl
of a freshly labeled X-31 sample (20 pg/ml in 2% MP; R18 labeled) was loaded onto the chip and
incubated for 1 h at RT in a humidity chamber in the dark. After a final washing step, the chips

were measured by fluorescence microscopy using a Cy?3 filter set and a 550 nm LED.

As a negative control a chip was incubated just with the antibody solution without any field

application. The rest was performed as described.

In a final step, to prove the existence of immobilized non-labeled antibodies on the electrodes,
the electrodes were incubated with an anti-mouse antibody (Alexa 488 conjugated). To this end,
10 pl of a fresh 1:500 dilution of the antibody was loaded onto the chip and incubated for 1 h at RT
in a humidity chamber in the dark. Finally, the chips were washed, dried and their fluorescence
intensity measured by a fluorescence microscope equipped with a 490 nm LED and a WIBA filter

set.
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3.13 Deconvolution and summation projection

After immobilization of viral material the chip was washed with ultrapure water and dried
using N,. After capturing fluorescence images a theoretical point spread function (PSF) was
created using the Image/ plugin Diftraction PSF 3D (OptiNav Inc.; USA) based on information
about NA, wavelength and image pixel spacing. Based on the PSF, the Image/ plugin
DeconvolutionLab (Biomedical Imaging Group; EPFL, Switzerland) was applied using the

Richardson-Lucy algorithm with a total of 100 iterations deconvolving the image.

Deconvolved images were enlarged by a factor of eight via Image/with bilinear interpolation,
to better align the rectangular pixel distribution with the circular shape of the electrodes. Next, a
grid was created, defining the position of 119 electrodes (7x17), using the MicroArray Profile
(OptiNav Inc.; USA) plugin. A self-written /mage/ macro was used to read and convert the
coordinates of each individual electrode into rectangular ROIs of equal size (see Appendix A).
These ROIs were then utilized to extract each electrode as individual images, and the pixels at the
same position in all 119 images were subsequently added up to create a summation projection. The

individual steps are shown schematically in Figure 3-4A-F.

To visualize the spatial distribution of the fluorescence intensity 31 circular ROIs were
concentrically aligned on top of the summation projection. The external radii ranged from 2 px
(21.5 nm) to 62 px (666.5 nm) with each ring having a width of 2 px. The BG was defined as the
mean fluorescence intensity of the area surrounding the outermost ring. Furthermore, the
summation projection of 70 empty electrodes from the array center was created. Finally, the mean
fluorescence intensity for each ring was determined, the BG was subtracted, as was the mean
fluorescence intensity for each ring of the empty electrodes. The fluorescence values were

normalized and plotted against the spatial distance (Figure 3-4G).
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Figure 3-4 Experimental procedure and data analysis for the determination of the spatial distribution of viral
material. (A) The original fluorescence image was captured. (B) Definition of the point spread function (PSF).

(C) Based on the PSF the image from (A) was deconvolved. With the help of a self-written /mage/ macro
(D) each individual electrode was cut out (E) from the deconvolved image. Finally, these images were
combined into a summation projection (F) and the spatial dependency of the fluorescence signal was
plotted (G).
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4 Results and Discussion

In the following sections the results of the experimental studies are presented and discussed.
At first the viral sample is introduced in more detail and characterized (section 4.1 and 4.2). In the
following section 4.3, the main section, the AC electrokinetic immobilization of influenza viruses
on nanoelectrode arrays is observed. Here, the focus is set to the temporal development, the
permanent immobilization that is unusual for pDEP and the spatial distribution of viral material
on the electrodes. This section was published by Stanke et al [11]. Finally, first experimental
studies for an on-chip immunoassay are presented in chapter 4.4. Here a differentiation was made

between X-31 being the bio-receptor or being the analyte.

4.1 The virus strain X-31

The X-31 strain is a reassortant between A/aichi/1968 (H3N2) and A/PuertoRico/8/1934
(HIN1). Crossing these two virus strains results in a strain with H3 and N2 as surface proteins on
the one hand and an increased growth capacity coming from A/PuertoRico/8/1934 leading to a
high-yield virus strain in chicken egg production on the other hand. The yield is 8-fold higher

compared to the parental virus. [119, 120]

The virus samples were inactivated with BPL by the RKI. BPL invades X-31 and interacts with
nucleic acids. Here, due to its electrophilic nature BPL alkylates the viral RNA [121]. Thus, the
spherical structure of the virus particles remains intact [122]. Another advantage of BPL is that it
does not require a neutralizing agent to stop its reaction since it completely hydrolyzes into non-
toxic compounds [123]. However, the influence of BPL on the viral infectivity is still subject of

research [124, 125].

4.2 Characterization of the viral material
42.1 SDS-PAGE

Figure 4-1B shows a section of the stained and washed polyacrylamide gel. The contrast was
adjusted via Image/. The top lane shows the pre-stained protein marker, the bottom lane the
separated proteins from the X-31 sample. The marker lane was used to create a standard curve

with a logarithmic fit with a coefficient of determination (R?) of 0.99 (Figure 4-1A).
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Figure 4-1 Analysis of protein composition via SDS-PAGE. (A) Standard curve for molecular weight
determination. The relative migration distances of the protein standards were measured. Dividing the
mobility of a protein by the distance of the buffer front gives Ry. The standard curve was plotted with a linear
fit (dotted line). (B) SDS-PAGE separation of proteins from the X-31 sample. Proteins were separated on a
14 % polyacrylamide gel. M: pre-stained protein marker.

Characteristic proteins were identified by comparing values calculated from SDS-PAGE with
values from UniProt and literature, as shown in Table 4-1. While there is a good agreement
between the calculated values and values from the literature, there is a partially large deviation
from the UniProt values. UniProt uses merely the molecular weight of the amino acid chain, while

values from SDS-PAGE and Literature also include posttranslational modifications.

Table 4-1 Comparison of the measured molecular weight of X-31 proteins to values from literature and
UniProt. MW: molecular weight.

Protein UniProt Literature SDS-Page
MW [kDa] MW [kDa] MW [kDa]
PB1/PB2/PA 83-87 [126-128] 88-94 [129] 91
HAO/HA 64 [130] 75-84 [129, 131-134] 81
NP 56 [135] 62 [129] 64
NA 43 [136] 56-57 [129, 131] 61
HA1 36 [130] 51-58 [129, 131, 133, 134, 137] 54
M1 28 [138] 27-28 [129, 131, 139] 28
HA2 26 [130] 25-30 [129, 131, 133, 134, 137] 26
M2 11 [140] 15-17 [131, 141, 142] 16
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4.2.2 Determination of particle diameter

For the SEM images a low EHT of 2 kV and I, of 5 pA were applied for two reasons: (I) to
minimize the penetration depth of the electron beam and thus to enable to scan the surface. (I) The
sample was not gold-coated, as is common in SEM measurements of biological samples. This
allows for the examination of unaltered virus particles. There is also the fact, that the virus sample
is an insulator and does not efficiently transports incident electrons. To achieve a balance between
incoming electrons and emerging secondary electrons, a low EHT and I Probe are required. As a

result, charging effects are diminished, but resolution suffers somewhat though.

Y ® .ﬂ

L —
.
-

Figure 4-2 Determination of virus diameter. (A) Original SEM image. EHT =2 kV, I Probe =5 pA,
WD = 6.5 mm. (B) The SEM images were processed by FFT to be smoothed. (C) Images were transferred
into binary images where pixels smaller than a certain value are defined as the BG and pixels above that
values are defined as virus particles. (D) Since each virus particle is defined as a RO, its area can be read

out and converted into the particles diameter. Scale bar: 500 nm.

Image processing was performed with /mage/ (Figure 4-2B-C). At first, the spatial scale of the
original SEM images was defined. With the help of a fast Fourier transformation (FFT) the images
were filtered for specific minimum and maximum feature sizes to smoothen the images. A

threshold was defined to generate binary images where pixels smaller then this threshold were
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considered to be the background (BG) and pixels greater than this value were considered to be

virus particles. The surface area of each particle was calculated after they were classified as regions

of interest (ROI). The area of each particle was converted into the diameter.

For the determination of the particle diameter a total number of 573 virus particles were

analyzed from SEM images. The frequency distribution and the Gaussian fit of these diameters are

displayed as a histogram in Figure 4-3 with an interval width of 10 nm extending from 60 nm up

to 170 nm. About 90 % of all virus particles are in the range of 80 nm to 130 nm. The arithmetic

mean (AM) is at X gri¢nm. = 113.6 nm with a standard deviation (SD) of o = 14.3 nm, which is

consistent with the literature where the outer diameter of spherical X-31 particles range from

84 nm to 170 nm with a mean at 120 nm [9, 143].
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Figure 4-3 Frequency distribution of the X-31 particle diameter. 573 virus particles were analyzed having a

size distribution from 60 nm to 170 nm. About 90 % of all particles are in the size range from 80 nm to

130 nm. The arithmetic mean is at 113.6 nm. Dashed line: Gaussian fit.
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4.3 AC electrokinetic immobilization of influenza virus material

In the following subchapters, the study of the temporal development of the AC electrokinetic
immobilization of influenza viruses is presented. A detailed explanation of the experimental
parameters and image processing methods is provided. The change in fluorescence intensity of the
outer seven rows is measured, analyzed and discussed, highlighting the inhomogeneous
distribution pattern and its side effects. The immobilized virus material is subjected to different
forces after switching off the electric field, demonstrating that some parts of the material are
temporarily accumulated to the electrodes, while others are permanently accumulated. Lastly, the
spatial distribution of the immobilized viral material is analyzed at the single-electrode-level by

combining fluorescence microscopy and deconvolution.

4.3.1 Temporal development of the dielectrophoretic immobilization

4.3.1.1  Determination of the experimental parameters

The applied voltage (I) and frequency (II) are the two main electrical factors that can be varied
for ACEK-experiments. (I) Using high voltages can have negative effects such as electrolysis, joule
heating, and fluid streaming, which can work against the intended dielectrophoretic force [41, 52,
57, 106]. Therefore, to minimize these side effects and achieve a rapid but gentle immobilization a
voltage of 3.5 Vims was selected. (I) Based on previous research [75, 108—111] a range between
10 and 20 kHz was determined to be appropriate for immobilizing submicrometer objects like
nanospheres and enzymes. In order to increase the effectiveness of immobilization, the frequency
applied was analyzed in a systematic manner for this frequency range. Frequencies below 5 kHz
were found to cause bubble formation due to electrolysis [52, 57, 111]. While the viral material
initially gathered unevenly at the electrodes at 10 and 15 kHz, a more uniform distribution was

achieved at 20 kHz. As a result, all subsequent experiments were conducted at 20 kHz.

An upright fluorescence microscope was used to monitor the dielectric immobilization of the
X-31 virus material on the non-transparent nanoelectrode chip. The images were captured using
a 60x objective and a Cy5 filter, with an exposure time of 500 ms. The images were taken at 20 s
intervals over a total time span of 180 s. The only time point at which no AC-electric field was

applied was at t=0 s. The shutter was closed between image captures to minimize bleaching effects.
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The experiment manager of Ce// was used to time the opening of the shutter, illumination, image

acquisition, and closing of the shutter.

It was observed that no viral material accumulated on the electrodes of a non-activated array
(negative control), which demonstrates that the viral material was not trapped by adsorption to

the activated electrodes.

4.3.1.2  Definition of ROl size

For image evaluation, five different ROIs were studied, including three circular ROIs and two
ring-shaped ones. The circular ROIs had diameters ranging from 4 px (C4, d= 590 nm), to 8 px
(C8, d=1.18 um) and finally 16 px (C16, d = 2.36 pm). With pixel sizes of 147.5 nm x 147.5 nm,
the circular ROIs were covering areas from the size of the electrode to almost halfway to the
neighboring electrodes. The ring-shaped ROIs had an outer diameter of 8 px (R8) and 16 px (R16)
and an inner diameter of 4 and 8 px, respectively. These ROIs did not cover the surface of the
electrodes but formed a ring around the electrodes. All ROI sizes were aligned concentrically as
shown in Figure 4-4A. As a reference point, a rectangular ROI surrounding 7x12 electrodes at the
corner of an unused electrode array was defined to determine the background fluorescence. This
BG signal was determined for each time point. Mean and integrated intensity values of
30 electrodes from the outermost row (row 1) were plotted for all ROI sizes (Figure 4-4). The results
revealed an exponential correlation between the amount of immobilized viral material and the

investigated timespan with R? from 0.98 to 0.99:

-t
Y = Yo +Aeh @

The graphs exhibit a strictly monotonic increase, while the function approaches the limit value
yo asymptotically as £ — oo, signifying that y = yy functions as an infinity asymptote. The point
of intersections between the tangent of the curve at f)= 0 and the asymptote yy is #. At ¢, the
function’s value is about 63 % of the final value yy, or y(#;) =0.63ys. As ¢; becomes smaller, the

mean fluorescence intensity for the corresponding ROI increases faster and stronger.

The concentric alignment of all ROIs with the electrodes results in C4 closely surrounding the
nanoelectrode surface. AC electrokinetic forces are known to be strongest at the edge and surface

of the electrodes, resulting in direct attraction of the viral material to the nanoelectrodes. Hence,
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Figure 4-4 Correlation of mean (A) and integrated (B) fluorescence intensity for different ROIs with the
duration of the applied AC-field. An AC-field with f = 20 kHz and U = 3.5 Vrms was applied for 180 s. Five

ROIs were defined: three circular ROIs (solid lines) with a diameter of 4, 8 and 16 px (C4 - red, C8 - blue
and C16 - green) as well as two ring-shaped ROIs (dashed lines) with outer diameters of 8 and 16 px
(R8 — light blue and R16 - light green) and inner diameters of 4 and 8 px, respectively. All ROIs were
concentrically aligned (as shown in the upper left corner). The evaluation was performed on 30 electrodes
from the outermost row (row 1). All values are BG-corrected, 1 px = 147.5 nm x 147.5 nm. (A) Mean
fluorescence intensity (circles: data; lines: exponential curve fit with equation (4); C4: y0 = 50.6, A1 = - 49.9,
t1 =29.9, R2 = 0.98; C8:y0 =37.7, Al =-36.3, t1 = 34.1, R2 = 0.99; C16: y0 = 27.2, A1 = - 25.1, t1 = 52.2,
R2 =0.99; R8: y0 = 33.9, Al =-32.3, t1 = 36.7, R2 = 0.99; R16: y0 = 24.6, Al = - 22.2, t1 = 73.3, R2 = 0.99).
Error bars indicate standard deviation and are displayed only for the top and bottom curve. (B) Integrated
fluorescence intensity. Grey values of all pixels within one ROI were summed up (circles: data; lines:
exponential curve fit with equation (4); C4: y0 = 607.7, Al = - 599.4, t1 = 29.9, R2 = 0.98; C8: y0 = 1957.9,
Al =-1887.5, t1 = 34.1, R2 = 0.99; C16: y0 = 5651.7, Al = - 5211.0, t1 = 52.2, R2 = 0.99; R8: y0 = 1355.4,
A1=-1290.7, t1 = 36.7, R2 = 0.99; R16: y0 = 4036.5, Al = - 3637.6, t1 = 73.3, R2 = 0.99). AC: alternating
current; BG: background; ROI: region of interest. (modified from [11])

the slope is strongest and #; is smallest for C4. However, the limited optical resolution of
approximately 550 nm for the 60x objective combined with the Cy5-filter set does not provide
enough information to differentiate whether the viral material is drawn to the surface or the edge
of the electrodes. A detailed discussion on this topic will be provided in later sections of this
thesis (4.3.3). In this study, the data for C4 showed that a plateau was reached from 80 s, indicating
that a saturation closely at the nanoelectrodes had occurred. Four potential explanations for this
saturation are considered. (I) Firstly, it can be suggested that the viral material in the volume had
been depleted, but the sustained increase in intensity for C8 and C16 from 80 s and the increasing
intensity up to 180 s for the electrodes in rows 2-4 (as shown in chapter 4.3.1.3 and Figure 4-5)
prove otherwise. (II) Secondly, equation (1) demonstrates that the DEP force is dependent on the
gradient of the electric field-squared V/EF. Electric field plots of the cylindrical electrodes show,
that the gradient of the electric field is strongest at the electrode edge but decays quickly with

distance [106, 144]. Due to the relatively large distance of 80 pm between the electrode chip and
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counter electrode, the electric field is uniform for most of the volume above the nanoelectrodes,
with the electric field lines being parallel to each other and perpendicular to the chip surface.
Therefore, no dielectric force affects the viral material in this region. As a result, there is a height
limitation of approximately less than 1 pm above the electrodes at which viruses experience a
substantial dielectric force. (III) Thirdly, the amount of immobilized viral material is further limited
by the insulating nature of the sample. When immobilized to the electrodes the viral material
shields the electric field, with the degree of shielding increasing with layer thickness. (IV) Finally,

the mere presence of viral material hinders further accumulation.

As described before the strong viral collection close to the edge is demonstrated by the smallest
trvalue of 29.9 for C4. This value increases to 34.1 for C8, an ROI (d'= 1.18 um) covering the
electrode as well as the surrounding area up to a distance of 340 nm from the electrode edge. And
finally, #; = 52.2 for C16, an ROI (d = 2.36 pm) covering the electrode as well as the surrounding
area up to a distance of 930 nm from the electrode edge. From 80 to 140 s, the average intensity of
C4 is oscillating around 50 + 2. Between 140 and 180 s, the average intensity declines by 5.8,
possibly due to bleaching or self-quenching. C8 reaches a plateau at 120 s and then fluctuates
around an average intensity of 37 + 0.5. Following electrode saturation, the viral material
accumulates increasingly in the inter-electrode space. The greater the distance from the electrode
edge the smaller the influence of the dielectrophoretic force. Thus, a gradient is formed in the
density of the accumulated virus material, decreasing from the electrode edge towards the inter-
electrode space. Consequently, the asymptote is decreasing from 50.6 for C4 to 37.7 for C8 and

27.2 for C16.

The slope at # for C4, C8, and C16 is equivalent for both integrated and mean intensity, as
evidenced by comparing the #; values for each type of intensity. However, the integrated intensity
measurements have resulted in a reversed order of the graphs, where the highest values are

observed for C16 and the lowest values for C4 (Figure 4-4B).

In order to include viral material collected at the electrodes as well as the material spreading
from the edge to the inter-electrode space in subsequent analyses, a circular ROI measuring 16 px

in diameter was selected.
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4.3.1.3  Immobilization of viral material and side effects

The change in the amount of immobilized viral material over time was observed. Therefore,
an electric field was applied for 3 min and the fluorescence intensity was measured every 20 s.
Figure 4-5 illustrates the time-dependent intensities of 30 electrodes for each of the outer seven
rows. The collection of viral material starts immediately after the electric field was switched on.
An uneven distribution decreasing from the outer rows to the inner ones can be observed from an
early stage on (Figure 4-5B, C). This uneven distribution has also been observed for the dielectric

immobilization of BSA [109] and enzymes [71].
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Figure 4-5 Time-dependent accumulation of viral material to the electrodes. An electric field was applied for
3 min, at 20 kHz and 3.5 V . (A-C) Fluorescence images after 0 s, 20 s and 180 s of field application. (D)
Negative control. An unused neighboring array from the same chip. (A-D) 60x objective, Cy5 filter set,
exposure time: 500 ms, scale bar: 15 pm. (E-F) Background corrected, normalized fluorescence intensities of
30 electrodes from rows 1-7 each. (E) The temporal development for each row for the time span of 180 s. (F)

The fluorescence intensity after 180 s for each row. All fluorescence images have same contrast settings.

(modified from [11])

The gradient can be explained by a variety of causes. The first one is the distribution of the
electric field strength E as well as of the electric field gradient V|E|? over the entire electrode
array. In their paper, Laux ef al have immobilized BSA on an array of cylindrical
nanoelectrodes [109]. They revealed a good correlation between atomic force (AFM)

measurements, meaning the amount of immobilized BSA, and field simulations. For their field
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simulations, they computed, among others, the field distribution of 45 electrodes from the corner
of an array, thus showing a stronger E and V|E|? for the edge electrodes and especially for the
corner electrode. This stronger E and V|E|? span over the outer three rows until they reach a
steady value. So, even though the array is made up of thousands of electrodes, looking from above,
this array exhibits the characteristics of a single square-shaped electrode. Here, E and V|E|? are
strongest at the edge, as it was also demonstrated for a variety of electrodes like IDEs [35, 145],
castellated [35, 46], quadrupole [35, 46, 146] and circle-shaped ones [81]. The electric field
gradient V|E|? is a measure for the dielectrophoretic force Fpgp. It is therefore to be expected and
it is also shown in the sources mentioned that the amount of immobilized material correlates

with V|E|?.

Another factor is the number of neighboring electrodes. The corner electrode has only two
adjacent electrodes, while the edge electrodes have three, and those from the second row have four
(Figure 4-6A). Consequently, the corner and edge electrodes face less competition for viral material

as compared to the inner electrodes.

Figure 4-6 Ratio of electrodes to neighboring electrodes (A) and flow direction at electrode array (B). (A) The
corner electrode has two direct neighbors (red arrows), the edge electrodes three (green arrows) and the
center electrodes have four direct neighbors (blue arrows). (B) Flow pattern and vortex formation at the edge
of the used nanoelectrode array. The fluid comes from the outside of the array, flows to the edge, across the
outer rows towards the arrays center and then back into the volume. This streaming prevents accumulation

of viral material at the array center (dashed lines).

The two reasons mentioned so far explain how the stronger accumulation at the array edge
comes about. Further explanations follow, giving even more reasons for this edge accumulation

and at the same time explain why the gradient goes beyond the outer 3 rows.
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Polarizable particles in suspension subjected to an AC electric field are exposed to a variety of
forces such as gravity, buoyancy, Brownian motion and DEP. Additionally, there are also two main
forces generated by the electric field acting on the surrounding fluid: (I) ACEO, and
(I) electrothermal fluid flow. Submicrometer particles are exposed to a more complex interplay of
these forces than larger biological objects like cells. Giving a brief insight: The dielectrophoretic
force, which scales with the particle radius, weakens as particle size decreases. Conversely,
Brownian motion intensifies as particle size diminishes. Figure 4-7A illustrates that a three-fold
increase in applied voltage can result in an one-order-of-magnitude increase in particle
displacement. Therefore, while a 100 nm particle is primarily governed by Brownian motion
at 5V, at 15V, DEP becomes the dominant force [57]. However, a stronger electric field induces
higher local heat, leading to the emergence of electrothermal fluid flow. In the presence of an
electric field, gravity and buoyancy play a minor role in particle motion. Thus, DEP competes
mostly with ACEO and electrothermal fluid flow. In AC fields fluid can stream in different
directions and at different velocities depending on several factors like frequency, voltage, fluid

conductivity and permittivity as well as the geometry and size of the electrodes.
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Figure 4-7 Overview of the different forces acting on a particle in an electric field. (A) Influence of gravity,
Brownian motion and dielectrophoresis on the displacement of a particle in 1 s. [57] (B) Frequency and
conductivity dependence of ACEO and DEP for a 100 nm particle. White is the area where DEP dominates,
grey the area where ACEO dominates. The dashed line marks the characteristic frequency of electrode
polarization. The red circle marks the position of the used influenza sample with a diameter of about 100 nm,
an applied frequency of 20 kHz and a conductivity of about 10 pS/cm. (C) Frequency and conductivity
dependence of electrothermal fluid flow and DEP for a 100 nm particle. White is the area where DEP

dominates, grey the area where electrothermal fluid flow dominates. (B and C modified from [41]).
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ACEQO flow is created due to the interaction between the tangential part of the electric field E;
and the ions of the electrical double layer at the electrode surface [45, 50, 147]. In their study,
Green et al. utilized particle image velocity (PIV) techniques to experimentally observe the fluid
flow generated by ACEO [50, 51]. Therefore, they used a pair of parallel plate electrodes on a glass
substrate, which were 2 mm long, 120 nm thick and 100 um with a gap of 25 um. They tracked the
motion of latex beads at a frequency range of 10% to 10°> Hz with a fluorescence microscope and a
digital camera in a plane normal to the electrode surface. With their setup they could observe that
without any fluid streaming, at low and high frequencies, the particles are drawn to the edge of
the electrode due to pDEP. When the frequency was adjusted to the mid-range, the fluid flow
intensified and carried the particles from the edge onto the surface. As a result, some of the
particles accumulated in bands on the electrode surface, which were located either close to the
edge or closer to the center of the electrode, depending on the frequency. Meanwhile, other
particles were carried along with the flow, creating a visible vortex-shaped fluid flow pattern. The
highest velocity was measured at the edge due to the strong electric field. Based on these
measurements Figure 4-7B shows the domination of DEP and ACEO depending on the frequency
and conductivity for an insulating 100 nm particle. The used combination of influenza viruses
having a diameter of about 100 nm, a medium conductivity of about 10 pS/cm and an applied
frequency of 20 kHz leads to a position at the border in Figure 4-7B where ACEO force and DEP
force are equal. However, this only holds for a homogeneous, isolating particle, whilst the virions
interior is more complex being composed of RNA, proteins and presumably cytoplasm.

Furthermore, the electrode structure is different.

When it comes to electrothermal fluid flow, an applied electric field generates a temperature
gradient in the fluid and thus a gradient in density, permittivity and conductivity is formed. Fluid
flow is created by buoyancy forces and the interactions of the electric field with the gradients in
conductivity and permittivity [45, 148, 149]. The source of the temperature gradient can be
internal, as joule heating, or external, as illumination. Both numerical modeling and experimental
observation using PIV indicate that the direction of the flow pattern can be influenced by the
frequency applied and the presence of an external heat source [148, 150]. In contrast to ACEO,
where the center of the vortex is positioned nearer to the edge of the electrodes, the center of the
vortex in electrothermal fluid flow is situated closer to the center of the electrode surface and
deeper within the volume. Figure 4-7C demonstrates that the influence of DEP and electrothermal

fluid flow on a 100 nm particle is determined by the applied frequency and conductivity [41]. The
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intensity of the electrothermal fluid flow is affected by the conductivity, with higher conductivity
resulting in a stronger electrothermal fluid flow. By increasing the applied potential, the grey area
shifts downwards, indicating that electrothermal fluid flow can become dominant even at lower

conductivities.

If we relate all this to the context of manipulating 100 nm virus particles using a nanoelectrode
array, we get to see the multi-layer complexity of this subject. The dynamics of the fluid flow is
dependent upon particle characteristics, such as size and dielectric properties, as well as on other
factors such as the applied frequency and voltage, conductivity, permittivity, and electrode design.
It is also important to note that previous findings in the literature are not directly applicable to the
nanoelectrode array used here due to differences in electrode geometry, experimental objects, and
operating parameters. As a result, the precise mechanisms underlying fluid flow and particle
manipulation still remain uncertain. However, it is evident that the spatial manipulation of viral
particles is not solely achieved through dielectrophoresis, but rather a combination of different AC

electrokinetic effects including electrothermal fluid flow.

Referring to the nanoelectrode array used in this thesis, AC electrokinetic effects generate a
fluid motion in a vortex shape at all four edges of an activated array. At each edge, the fluid streams
from outside the array towards its edge, then moves across the outer rows of electrodes towards
the center of the array, and finally flows upward and back into the volume (see Figure 4-6B). The
fluid streaming prevents the viral material from accumulating at the central part of the array and
creates a viscous drag force on the viral material. The drag force on a spherical particle is

determined by Stoke's law:

Farqg = 6mNrv (5)
where 7 is the viscosity of the fluid, ris the particle radius, and v is the particle velocity [151].
61NV is the friction factor of a sphere. Equation (1) demonstrates that the strength of the DEP
force is directly proportional to the volume of the particle. On the other hand, the drag force is
proportional to the particle radius (equation (5)). As the size of the particle decreases, the DEP
force decreases at a faster rate than the drag force. Thus, the drag force has a more significant
effect on the movement of viral particles than on commonly manipulated objects by DEP such as

mammalian cells or bacteria in the same electrode setup.
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Considering all factors, including (I) the higher V|E|? strength at the edge of the array when
seen as a single square-shaped electrode, (II) the count of neighboring electrodes, and (II) the AC
electrokinetic effects and the drag force operating on the virus particle, depending on the spatial
position either the DEP force or the drag force is dominant on a viral particle. The accumulation
of viral material towards the electrodes leads to the formation of a stack, which determines the
fluorescence intensity. The height of this stack is determined by the DEP force or V|E|?, as well
as the competing drag force. The temporal development of immobilization (Figure 4-5E)
demonstrates an exponential correlation (equation (4)) across all analyzed rows, with R? values
ranging from 0.94 to 0.99. The fluid flow carries the viral particles to the array edge. Here parts of
the viral material is drawn to the electrodes by pDEP. Row 1 experiences strong immobilization
due to the strong V|E|? gradient, the presence of few neighboring electrodes, and being the first
electrodes to receive fresh viral material. A plateau formation can been seen. The reasons for this
plateau formation is explained in detail in chapter 4.3.1.2. The time constant t; increases from 51.9
for the first row to 85.2, 108.9, and 187.1 for rows 2-4, respectively, due to the decrease of V|E|?
with increasing row number. A steady supply of viral material from the sample volume is indicated
by the continuous increase in fluorescence intensity up to 180 s for rows 2-4. A plateau formation
is also anticipated for these rows, with a time delay resulting from the dominance of row 1 and a
smaller maximum value than row1 caused by the smaller V|E|2. Starting from row 5, the interplay
between DEP force and drag force becomes more distinct. The data indicates the formation of a
plateau at an early stage, and the intensity at 180 s is less than 30 % of the intensity observed in
row 1. At this point, the DEP force continues to immobilize viral material, but due to a
weaker V|E|? and the existing drag force, there is a stronger height limit. There exists a good
correlation between the modeled values of V|E|? plus the height profiles of immobilized BSA

from [109] and the endpoint fluorescence intensities for all 7 rows displayed in Figure 4-5F.

The benefit of the current fluid flow lies in its continuous delivery of a greater amount of viral
material from the volume. So not only viral particles in spatial proximity or particles coming into
spatial proximity by diffusion are being immobilized. ACEO and electrothermal fluid flow are even

used intentionally to pump [58, 152] or mix samples [59, 153].

For a better understanding which effect is the dominant cause of the fluid streaming at the
nanoelectrode array one could have a closer look at the shape and velocity of the vortices. As

previously noted, the electric double layer is responsible for fluid streaming induced by ACEO,
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resulting in vortices located near the electrode edge. In contrast, the center of the vortices resulting
from electrothermal fluid flow are located further into the volume above the electrode. Increasing
the conductivity would slow down the streaming velocity if caused by ACEO, while the velocity

would increase if caused by electrothermal fluid flow. [50, 51, 57, 148]

To minimize those streaming effects and to aim for a more even distribution different
strategies are possible. (I) ACEO is zero at small and high frequencies. So, one could look for a
frequency window where ACEO is small, pDEP is still possible and electrothermal fluid flow is not
emphasized. (II) Appling a pulsed AC electric field. Achieving the appropriate ratio between the
pulse and break periods might result in immobilization through positive dielectrophoresis (pDEP)
and impede temperature increase during cool-down phases. (IIT) An external heating source that
allows the electrothermal flow to be controlled. In literature the use of an external heat-source was
applied usually to raise the temperature, resulting in increased electrothermal fluid flow and
improved sample mixing, a common challenge in microfluidics [154, 155]. However, simulations
have shown that reducing the temperature gradient through external heating leads to a decrease
in the velocity of the electrothermal fluid flow [149]. Excessive reduction of temperature should

also be avoided as it results in altered flow patterns.
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4.3.2 Temporary versus permanent immobilization

Typically, pDEP-induced accumulation is a reversible phenomenon, wherein the objects are
removed by diffusion or fluid flow when the electric field is turned off. The current study examined
the impact of diffusion, shear forces, and rinsing on the stability of immobilization. Image
acquisition was performed using a 60x objective (NA = 0.7) and a Cy?5 filter set with an exposure
time of 500 ms. Following 180 s of viral material accumulation at 20 kHz and 3.5 V,,,.,, the electric
field was turned off, and the fluorescence signal was measured after dwell times
of 0, 1, 3, 5, and 10 min to assess the impact of diffusion. Shear forces were induced by carefully
lifting the ITO-cover glass with tweezers and returning it to the chip, thus the sample’s meniscus

runs twice across the immobilized viral material. Lastly, the chip was rinsed with ultrapure water.

In order to determine the percentage of material loss, the mean BG of an unused neighboring
array was measured for each individual image, including images of diffusion, shear force, and
rinsing. The corresponding BG was then subtracted from each image to correct for background
noise. Within these BG-corrected images, 153 nanoelectrodes were enclosed in an ROIL The
brightness values of all pixels within this ROI were then added together to obtain the integrated
intensity. The percentage change in the sum of the integrated intensity in the different images was
calculated relative to the initial time point of diffusion (t = 0 min). These steps and their results are

presented in Figure 4-8.

At a time of t = 0 min, which is defined as the starting point for all subsequent states, the
electrical field is switched off. Material, immobilized by pDEP, starts to stack up while the electric
field is applied and forms multiple layers on top of the electrodes following the findings of
Laux ef al [109]. For dwell times of 3, 5, and 10 min a decrease of the fluorescence signal was
observed showing that the top layers of immobilized material start to diffuse back into the volume
up to a signal loss of 24 % for a dwell time of 10 min. However, at a dwell time of 1 min, there was
even a 2.8 % increase in signal. Several possible explanations for this increase include: (I) fluid
streaming may not cease simultaneously with the switch-off of the electric field, resulting in the
transport of new viral material into the evaluated ROI area, leading to an increase in fluorescence
signal. (II) Some fluorescence dyes form dimers and cause a self-quenching effect at high
concentrations. Here, the spatial distance between the dye molecules is too small, resulting in a
decrease in fluorescence signal. This effect was used to develop DNA probes labeled with the same

dye at both ends [156, 157]. In the case of immobilized viral material, the molecules may be tightly
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packed, causing the same quenching effect. With the electric field switched off this packing should
relax increasing the mutual distance between the fluorophores und thus decreasing the self-
quenching effect. (III) Additionally, the high concentration of fluorophore molecules can lead to

self-absorption of emitted photons.

Moving the ITO cover slip over the electrode arrays and the immobilized viral material as
described creates shear forces that cause an additional loss of approximately 36 % of the material.
Further, rinsing the chip with ultrapure water causes an additional loss of approximately
17 % resulting in a total loss about 77%. The remaining viral material permanently sticks to the

tungsten electrodes.
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Figure 4-8 Temporary versus permanent immobilization. Fluorescence images at different time points:
immediately after turning off the electric field (A), after a 10-minute diffusion dwell time (B), after applying
shear forces by lifting and returning the ITO cover slip (C), and after rinsing with ultrapure water (D). The
images were taken using a 60x objective and a Cy5 filter with an exposure time of 500 ms. Scale bar: 15 pm.
(E) The relative loss of viral material was calculated in comparison to the initial time point of diffusion

(t = 0 min). All fluorescence images have same contrast settings. d: dwell time; ITO: indium tin oxide. [11]

Only a limited number of studies in the literature have reported on the permanent
immobilization by DEP in general and especially in the submicrometer range. In their study,
Yamamoto ef al were the first to show that the electric field strength can be controlled to achieve
either temporary or permanent immobilization of BSA [107]. Here, pillar-structured

nanoelectrodes with a diameter of 50 nm made from a diamond-like carbon and coated with
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aluminum were used. Depending on the arrangement of these nanopillars, a field strength of
either 3 or 5 MV/m was required to permanently immobilize BSA. The field simulations conducted
by Knigge share high similarities with the cylindrical electrodes utilized in the present thesis. These
electrodes, with a diameter of 435 nm, a potential difference of 1V, and a spacer of 99 pm, were
found to have a maximum field strength of around 0.2 MV/m [144]. This translates to 0.7 MV/m
for the present study. Demonstrating that the use of nanoelectrode arrays led to the permanent

immobilization at much lower field strengths compared to the findings reported by Yamamoto.

However, equation (1) indicates that the CM-factor ranges between -0.5 to +1, thus the
predominant factors influencing Fppp are the particle’s diameter and the gradient of the electric
field. Considering the literature, electric field gradients between 10'? and 10** V*/m? were applied
to immobilize proteins by DEP [158, 159]. Nevertheless, with very few exceptions [107], only
temporary immobilization was reported. With an electric field gradient of about 107 V*/m? for
the field simulations by Knigge [144], the electrodes used in this thesis are within the mentioned
gradient range and still lead to permanent immobilization of the viral material. In addition to the
permanent immobilization of virus material, previous research utilizing the same electrode design
has successfully achieved permanent immobilization of biomolecules, such as BSA [109] and
enzymes [71, 108], as well as polystyrene nanobeads [110]. This demonstrates that the electric
field gradient is not the only factor deciding about permanent immobilization when it comes to
tungsten cylinder electrodes. Knigge ef al have demonstrated that the degree of permanent
immobilization of nanobeads is size-dependent [110, 144]. Polystyrene nanobeads in the size range
of 100 nm to 2 um were immobilized with the same chip design as used in the present thesis. While
particles from 500 nm to 2 pm could be removed, the immobilization of the smaller ones with a

diameter of 100 nm and 200 nm was irreversible.

The cause of the permanent immobilization remains unclear. It is possible that the attraction
of viral material disrupts the hydration layer on the electrode surface and on the virus surface,
leading to hydrophobic interactions and van der Waals forces between the viral surface proteins
and the electrodes. Further investigations are necessary to gain a better understanding of the
protein-surface interactions. Altering the surface proteins or the surrounding medium is expected
to influence the strength of van der Waals forces. Therefore, comparative experiments involving
modified viral surface proteins through protein digestion or crosslinking, as well as changes in the

pH value, ionic concentration, or ionic composition of the medium may be appropriate. An
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alternative approach could be to modify the electrode’s surface by either using a different type of
metal - although Ag, Au and Pt are not CMOS compatible - or covering the electrode’s surface

with an insulating layer.

To the best of our knowledge, there are no published studies reporting the permanent
immobilization of viral particles using DEP. A disadvantage of the permanent immobilization of
viral particles is that the chip can only be used once, making it a single-use device. In order to
maintain experimental cleanliness, a new chip must be used for each experiment. However, the
benefits of this approach outweigh the limitations since the functionalized chip can be used without
the need for an electrical field, without the bulky electrical setup, or without a flow-through

system.
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4.3.3  Spatial distribution of viral material on the electrodes

The resolution of a microscope is limited by various factors such as the wavelength of light,
the numerical aperture (NA), diffraction, the refractive index of the medium between the objective
and sample, the sample thickness, imperfections in lenses, and misalignment. Due to the limited
optical resolution of approximately 550 nm for the 60x objective (NA = 0.7) and the Cy5 filter-set,
it is challenging to differentiate whether the viral material is attracted towards the surface or edge
of the nanoelectrodes. To overcome this limitation, images were deconvolved to improve their
resolution and quality. Therefore, the effects of a known convolution process are reversed or
removed, which can occur when an image is taken by an optical system. This is accomplished by
mathematically modeling the point spread function (PSF) of the microscope. The PSF describes
how light gets spread and deflected as it passes through the optical system of the microscope. By
deconvolving the image with the PSF, the blurred features in the image can be restored to their

original sharpness, improve the contrast and the signal-to-noise ratio. [160, 161]

The deconvolution of fluorescence images has various applications, including detection of
single RNA molecules [162], colocalization analysis [163] and structural investigation of the yeast
actin cytoskeleton [164]. The output of the deconvolution relies on factors such as parameter
settings, the specific image being analyzed, and the used algorithm. In their study, Sage et al.
compared various deconvolution algorithms available in the DeconvolutionLabZ2 plugin for
ImageJ [165]. The naive inverse filtering (NIF) algorithm produced significant artifacts, while the
Tikhonov regularization (TR) and regularized inverse filtering (RIF) algorithms led to ringing
artifacts. Iterative algorithms, such as Landweber (LW), Richardson-Lucy (RL), and Tikhonov-

Miller (TM), demonstrated the best results [165].

For a better spatial resolution, the optical system’s PSF used was determined (NA = 0.9;
wavelength: 664 nm; pixel spacing: 86 nm), and the fluorescence image was deconvolved using the
Richardson-Lucy algorithm. While in the original image, the electrodes have a blurred and cloudy
appearance (Figure 4-9A), they show a clear shape after the deconvolution (Figure 4-9B).
Furthermore, the distribution of viral material differed for each electrode, with some showing
distinct accumulation at the electrode's edge, resulting in a ring-shaped or almost ring-shaped
fluorescence signal. While for other electrodes, the accumulation of viral material was observed to
be arbitrary or indistinguishable between surface and edge accumulation. Consequently, each

electrode has a unique accumulation pattern and can be considered as a single event.
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The summation projection from Figure 4-9C was generated by identifying and isolating each
of the 119 electrodes, and then adding up their individual gray values. While each electrode has
an individual distribution of viral material, the merging of those events results in an overall ring-
shaped distribution at the edge of the electrode. In chapter 4.3.1.3 it is explained that viral particles
are subjected to various forces and side effects. These include electrothermal fluid flow and ACEO,
which create a fluid streaming pattern that moves from the outer rows to the inner ones and back
in the volume (Figure 4-6B). This flow pattern results in the transportation of new viral material
to the electrodes and affects the spatial distribution of immobilized viral material. The summation
projection from Figure 4-9D is based on 64 electrodes that were exposed to a fluid stream that
came from beneath the electrodes, as indicated by the blue box in Figure 4-9B. This flow resulted
in an enhanced accumulation of viral material at the bottom half of these electrodes, which is
enhanced in the summation projection. The red area, located in the lower right corner of the array,
is exposed to fluid flow from beneath as well as from the right. This flow pattern caused a
pronounced accumulation of the viral material on the bottom right side of the summation
projection in Figure 4-9E. These results underscore the importance of taking global fluid flow
effects into account when analyzing the spatial distribution of immobilized material on

nanoelectrode arrays.
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Figure 4-9 Deconvolution and spatial distribution of the accumulated viral material. (A) Original fluorescence image of the bottom right corner of a nanoelectrode array. Taken
with a 100x objective (NA = 0.9), a Cy5-filter and an exposure time of 5 s. (B) Deconvolved image using the PSF and the Richard-Lucy algorithm (N = 100). The deconvolution
process improved the resolution of the original image, resulting in sharp fluorescence signals for each electrode. (C) Summation projection of all 119 nanoelectrodes from the
green ROIs. (D) Summation projection of the individual electrodes from the blue ROI. (E) Summation projection of the individual electrodes from the red ROI. (F) Normalized
mean fluorescence intensity as a function of distance for (C). The x-axis starts at the electrode center. The red line marks the electrode edge. Scale bar from (B) = 10 pm, scale bar
from (C): 500 nm. RO, region of interest. (modified from [11])
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To determine the spatial distribution of immobilized viral material, the normalized mean
fluorescence intensity of concentric aligned rings covering the area from the center of the electrode
to a distance of approximately 400 nm from the electrode edge was plotted (Figure 3.7F). The red
line indicates the position of the electrode edge. The plot displays a graph that starts from the
electrode center with an intensity of about 0.5, increases and finds its peak at about 50 nm outside
the electrode edge. The fluorescence intensity decreases as distance increases, reaching zero at
around 450 nm from the edge. This ring-shaped accumulation is consistent with both theory and
field simulations that show that field strength and field gradient are strongest at the electrode edge.
When it comes to the cylindrical shaped electrodes used in this thesis, detailed field simulations
can be found in [106, 144]. These simulations confirm that the electrode edge has the highest field
gradient, resulting in a stronger DEP force and accumulation. Upon closer inspection, a radial
outward shift of the electric field gradient can be seen in the simulations, which is caused by the
electric field bending at the electrode edge. Consequently, the viral material accumulates in a peak
that is shifted diagonally 50 nm away from the edge, rather than directly above it at a 90-degree

angle.

Figure 4-10 ACEO fluid flow on top of the electrode surface. Applying an AC electric field E (dashed lines)
gives rise to the polarization of the electrodes. Charges accumulate at the surface of the electrode (not
shown). The tangential part E; interacts with those charges and the resulting force F, is expected to lead to
the formation of a fluid motion towards the electrode’s center (red arrows). Here, one half of the AC period

is shown.

While the intensity decreases with increasing distance from the electrode, the intensity at the

electrode center remains constant at 50%. ACEO has been considered as one of the side effects to
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explain the fluid flow in the region above an entire activated array (chapter 4.3.1.3). However, it
can also be used to clarify the attraction of viral material to the electrode surface, where the electric
field gradient is much smaller than at the electrode edge. When an AC electric field E is applied
to the electrodes, ions accumulate at the surface between electrode and the medium. The electric
field then exerts a force on these ions, which causes them to be dragged by the tangential
component of the electric field £} This drag creates a suction and a fluid flow, which leads to the
force . In an AC field, the potential sign changes periodically, which causes induced ions and
the direction of the tangential force to change accordingly. However, the direction of the force
vector and the fluid flow direction remain the same [166, 167]. For tungsten cylinder electrodes,
the tangential component of the electric field points circular from the edge to the center of the
electrodes, and it becomes zero at the electrode center. Thus viral material is dragged from the
edge to the surface of the electrode. A schematic illustration of the ACEO fluid flow is shown in
Figure 4-10. This illustration is analog to the mechanism of ACEO at IDEs presented by Morgan
and Green in [41]. This phenomenon was employed to focus bacteria, yeast cells, spores, latex
beads and DNA in a controlled manner at the center of electrode surfaces [46, 54, 55]. This implies
that immobilization of viral material occurs through the combined effects of various electrokinetic

phenomena.
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4.3.4 Conclusion

Under the given electrode setup and under the given conditions, it was demonstrated that it is
possible to immobilize objects in the size range of approximately 100 nm, here specifically
influenza virus particles. Parts of the immobilized influenza material adhere permanently to the
electrodes, although the reason for this permanent immobilization remains uncertain.
Nevertheless, an explanatory approach was presented, as well as proposals for further
investigations. Even though this permanent immobilization turns every chip into a single-use
device, functionalized chips can be used independently from the electrical setup. In general, this
permanent sticking simplifies handling for most of the applications presented in this thesis. In
particular, it can serve, for example, as a fixation method for structural analysis by super-resolution

microscopy, which is still a challenge today [168, 169].

A variety of forces act on a suspension of 100 nm particle in a non-uniform AC electric field.
Following the current literature it is still an open question which force is the dominant one. Thus,
these forces are grouped together as AC electrokinetic effects comprising DEP, ACEO and
electrothermal fluid flow. ACEO and electrothermal fluid flow create a vortex-shaped fluid motion,
resulting in a drag force on the virus particles that competes with the DEP force. This leads to a
gradient of the immobilized viral material decreasing from the outer rows to the inner ones. The
advantages and disadvantages of the gradient formation were presented, as well as suggestions for

its minimization.

Last but not least, the examination of the spatial distribution at the level of individual
electrodes shows, that the majority of the immobilized viral material was drawn to the electrode
edge with a radially outward shift due to the bending of the electric field. Parts of the immobilized

viral material is located at the surface of the electrodes, presumably due to the transport by ACEO.

The platform presented in this study enables the rapid functionalization of electrode surfaces
with minimal sample consumption. The electrodes are arranged in a regular pattern, which allows
for automated evaluation and statistical analysis. A broad range of applications related, but not
limited, to 100 nm objects exists. Some potential applications of this platform include: (I) Firstly,
the four electrode arrays can be functionalized individually, enabling multiparameter
measurements. One array can serve as an internal control and an upscaling to more than four

nanoelectrode arrays is possible as well. Thus, the characterization of various influenza subtypes
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or different viruses like the corona virus is possible. (II) Secondly, single virus particle analysis is
feasible, as demonstrated by Knigge ef al in their research on the singling of polystyrene
nanobeads [110, 144]. The optimal size ratio between particle diameter and electrode diameter for
successful singling was found to be about 2:1, meaning the particle diameter should be about
double the diameter of the cylindrically shaped electrode. Therefore, single virus particles could be
analyzed using an electrode diameter of approximately 50 nm. This can benefit the study of single-
virus membrane fusion studies with, for example, membrane vesicles, as the infection mechanisms
of enveloped viruses are still up for debate [170-172]. (IIT) The fusion analysis from the previous
point can be expanded to the fusion of viruses with their host cell. Host cells could be singled out
on the electrodes and the interaction between cell and viruses can be tracked. (IV) Surface-
enhanced Raman spectroscopy (SERS) is a method that amplifies Raman signals from biosamples
by several orders of magnitude [173]. This technique involves increasing the scattering efficiency
of samples by adsorbing them onto metal colloidal nanoparticles or rough metal surfaces. The
SERS spectroscopy has been widely used for analyzing various biosamples, including viruses like
influenza and corona [174, 175]. In this regard, ACEK forces can be employed to immobilize gold
or silver nanoparticles onto the nanoelectrodes to create a suitable SERS substrate [176]. Thus,
single particle analysis by SERS is plausible. (V) Through the optimization of experimental
parameters, it may be possible to achieve an improved separation of DEP and ACEO. This would
enable the same electrode to be functionalized successively by two different object species. For
instance, DEP could be utilized to accumulate object type A at the rim, while ACEO could be
utilized to accumulate object type B on the surface. (VI) As an immunoassay, e.g. to detect
antibodies in sera. This last one, a potential application as an on-chip immunoassay, will be

presented and discussed in the following chapters.
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4.4 On-chip immunoassay

In the following sections, the initial stages of a prospective implementation of the presented
platform as an on-chip immunoassay are presented. Here, the focus is on two distinct
approaches: (I) utilizing ACEK effects to immobilize influenza viruses as the bio-receptor, with the
anti-H3 antibody serving as the analyte, and (I) the same system rotated by 180 degrees.
Preliminary experiments, like the chip passivation, are described and sources of error are

identified. In the end achievements, but especially aspects that were unsuccessful, are discussed.

4.4.1 Approach 1 - Influenza virus as the bio-receptor

4.4.1.1  ldentification of sources of error — indirect ELISA and FLISA

In the first attempts of an on-chip immunoassay nanoelectrode chips were functionalized with
DY-634 stained viruses as described in chapter 3.12.1. After several failures to measure any binding
of an antibody to the immobilized X-31 on chip (data not shown) a step was taken back. The
electrode chips, their preparation and the electrical setup form a complex system with a lot of
potential sources of error. To simplify troubleshooting the focus was set to measure only the

antigen-antibody interaction by indirect ELISA.

To this end, wells of a 96 well plate were coated with 5 pg/ml of the particular antigen and
incubated with a monoclonal anti-H3 primary antibody (1 pg/ml) and an anti-mouse secondary
antibody, respectively. To estimate non-specific binding by the primary and secondary antibody
the antigen X-31 was omitted, referred to as BG. To exclude non-specific binding between antigen
and secondary antibody the primary antibody was omitted, termed NC. The reference sample was
a freshly prepared, untreated, unstained X-31 sample diluted in PBS. The specificity of the anti-

H3 antibody was demonstrated by using an HINT strain instead of X-31 (H3N2) as the antigen.
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Figure 4-11 Identification of sources of error by indirect ELISA. Different potential sources of error that might
prevent the interaction between the anti-H3 antibody and X-31 were considered. Reference: a freshly
prepared, untreated, unstained X-31 sample diluted in PBS. Label: an X-31 sample labeled with DY-634
which covalently binds to proteins by an active NHS ester. Vortexed: the samples was vortexed for 2 min to
achieve a more even particle size distribution. Freezing + thawing: the sample was frozen and thawed once
or multiple times (4x). Diluted buffer: storage of the viral sample in a 1:260 diluted buffer to facilitate the
ACEK manipulation. HIN1: X-31 was substituted by a HIN1 virus to demonstrate the specificity of the
anti-H3 antibody.

Various potential sources of error were taken into account. (I) The protein label: For the
microscopic observation of the ACEK manipulation of X-31 the virus sample was covalently
labeled with DY-634 by an active NHS ester. This label was necessary to directly observe the spatial
distribution of the viral material. As shown in Figure 4-11 the fluorescent dye prohibits the anti-H3
antibody from binding to its epitope located at the hemagglutinin. The dye might bind to the
epitope or sterically hinders the antibody from binding. (II) Sample vortexing. The virus sample
forms aggregates. For a more homogeneous size distribution, when it comes to the ACEK
manipulation, the virus samples were vortexed. The ELISA experiments showed that the
antigen-antibody interaction is prevented from a vortex period of 2 min at the latest. (IIl) Freezing
and thawing. The virus samples are valuable. To protect them from spoilage they were frozen in
aliquots. ELISA experiments show, that freeze and thawing cycles (up to 4x) have only a minimal
impact. (IV) Storage in diluted buffer. To facilitate the ACEK manipulation and immobilize the
virus material onto the electrodes, it was necessary to store the samples in a low-conductivity

solution. Here, the buffer of the virus sample was diluted by diluting the X-31 sample 1:260 in
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ultrapure water. Thus the X-31 sample had a concentration of 5 pg/ml and a conductivity of
about 60 pS/cm. ELISA results indicate a signal strength of approximately 50% compared to the
reference, suggesting that storage in the diluted buffer destabilizes the virus samples.
Consequently, this affects the interaction between anti-H3 and X-31. Still, this has to be put into
perspective. While for the ELISA measurement this X-31 sample was stored in diluted buffer
overnight, this is not the case for the viral sample for the on-chip immunoassay experiments. Here,

the storage was in a timeframe of maximum 30 min.

While with ELISA the detection is based on an enzymatic reaction, the on-chip immunoassay
is a fluorescent detection system. As a consequence the ELISA measurement for the reference
sample was repeated as an FLISA with the same primary and secondary antibody that will be used
for the on-chip immunoassay. At first the aptitude of PBS for FLISA was demonstrated by the
linear dependence between the fluorescence signal and the secondary antibody concentration in
PBS (Figure 4-12A). Second of all, the concentration of the secondary antibody was determined by
choosing a dilution (1:400) from the linear part of the sigmoidal curve from Figure 4-12B. Last but
not least, based on these findings, the antibody-antigen interaction between anti-H3 and X-31 was

also demonstrated by the FLISA (Figure 4-12C).
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Figure 4-12 Indirect FLISA. (A) Checking the suitability of the buffer for FLISA. A serial dilution of the
secondary antibody was prepared in PBS and its fluorescence intensity was measured in a plate reader.
(B) Determination of the dilution of the secondary antibody. A dilution (1:400) was chosen from the linear

part of the sigmoidal curve. (C) Demonstration of the antibody-antigen interaction of anti-H3 and X-31
by FLISA.

Summarizing this and drawing conclusions from it means that for the following on-chip

experiments (for approach 1) the viral sample should be kept non-labeled. While it might be
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feasible to achieve stained surface proteins while maintaining an antibody-antigen interaction, this
was not pursued further. Instead the sample was immobilized by ACEK effects without visual
control and the visualization was done afterwards with a fluorescently labeled antibody, analog to
an indirect FLISA. The vortexing was reduced to a minimum, meaning that the sample was just
vortexed for few seconds, for example when a dilution was made. Last but not least, the storage in

diluted buffer was kept as short as possible which usually meant a maximum of 30 min.

4.4.1.2  Electrode chip passivation

Before using specific antibodies to detect the immobilized influenza virus material, all potential
nonspecific binding sites on the electrode chip have to be blocked to prevent nonspecific antibody
binding. If blocking is omitted, the antibodies may bind to sites that are not related to the specific
antibody—antigen interaction. This can lead to incorrect results or a high background signal.
Testing of different blocking solutions is needed to obtain the best possible results for a given

combination of specific antibodies and other detection reagents.

Here, five different blocking solutions were tested: 3% BSA, 2% MP, 1% PEG600, 1% PEG20k
and a 5 pg/ml antibody-solution. For the last one an antibody was chosen that does not bind to the
X-31 virus, nor to the primary, nor to the secondary antibody, and that cannot be bound by the
secondary antibody. Furthermore, in order not to compromise the stability of the X-31 virus no

detergents like Tween or Triton-X were used.

As described in chapter 3.12.2 chips were incubated with the individual blocking solutions and
subsequently exposed to a secondary antibody (Alexa 488 conjugated) that was diluted in the same
blocking solution. The fluorescence intensity of nonspecific sticking antibodies was measured by
fluorescence microscopy with a 60x objective (NA = 0.7), a WIBA filter, a 490 nm LED (at 100%
setting) as illumination source and an exposure time of 2 s. The intensity of a SiO, area of about
1.75 um? was measured. The intensity at the same position of a chip that was only incubated with
PBS was defined as the BG. The same intensity measurements were done with 49 electrodes from
the same chips. The negative control was defined by a chip that had not been incubated by any
blocking solution. Here, “passivation” was done with PBS, followed by the incubation with the
secondary antibody diluted in PBS as well. Finally, the BG-corrected values were plotted as in

Figure 4-13A.
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Figure 4-13 Chip passivation to prevent nonspecific binding of the secondary antibody. (A) Different blocking
solutions were tested: 3% BSA, 2% MP, 1% PEG600, 1% PEG20k and a 5 pg/ml antibody-solution. The NC
was a non-passivated chip. All values are BG-corrected. (B) and (C) are fluorescence images of the NC and
a chip passivated with 3% BSA, respectively. 60x objective (NA = 0.7), WIBA filter, 490 nm LED, exposure
time: 2 s, all fluorescence images have same contrast settings. NC: negative control; MP: milk powder;
Ab: antibody. Scale bar: 20 pm.

All blocking solutions used to passivate the SiO, surface or the electrodes were successful in
decreasing the fluorescence signal by avoiding nonspecific interactions between the surface and
the secondary antibody. For example, the BG signal was reduced by 75% with a 1% PEG passivation
in comparison to the non-passivated SiO, (NC). Best results were achieved with 3% BSA and
2% MP, which reduced the BG by about 98% compared to the NC. While the BSA solution is made
up of one protein with a molecular weight of about 66 kDa, milk powder consists of multiple
proteins with varying composition and quality across batches. Therefore, 3% BSA was used for

passivation in on-chip experiments where chips were functionalized with X-31.
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4.4.1.3  On-chip experiments
Next, a potential on-chip immunoassay was tested with the X-31 as the bio-receptor and
anti-H3 as the analyte. The set-up on-chip was analogous to that of ELISA or FLISA, since a

fluorescence-labeled antibody was used here.

Based on the ELISA results (chapter 4.4.1.1) the X-31 sample was kept unlabeled, was not
vortexed or if so, then just as short as possible, e.g. to mix a dilution. Dilutions of X-31 were freshly
made in ultrapure water and used for not more than an hour. X-31 was immobilized at 20 kHz and
3.5 Vms- Based on the passivation studies (4.4.1.2) the chip was passivated with 3% BSA, and
blocking as well as dilution of primary and secondary antibody were performed with 3% BSA as

well. Further details are described in 3.12.3.

Figure 4-14 On-chip immunoassay — approach 1. (A) Bright field image of the upper left corner of an electrode
array. Scale bar: 10 pm. (B) The antigen-antibody interaction between immobilized X-31 and anti-H3 is still
working. Detection is based on an Alexa488 fluorescently labeled secondary antibody. Deconvolved
fluorescence image: NA = 1.40, wavelength: 490 nm, image pixel spacing: 66 nm. (C) The sum of A and B.
(D) Negative controls. 1 - Instead of immobilizing X-31 by ACEK the chip was just incubated with the virus
sample. 2 — Anti-H3 antibody was omitted. (E) Summation projection of 119 single electrodes from B. Scale
bar: 500 nm. Fluorescence images: 100x objective (NA = 1.40); WIBA filter set; exposure time: 2 s; LED:
490 nm.
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Inspecting the results from the on-chip studies (Figure 4-14) shows that the blind
immobilization of the X-31 was successful and an antigen-antibody interaction was still
achievable. As before, there is a gradient of the immobilized X-31. Here, from about row 7 a clear
drop in the amount of immobilized material appears. The most noticeable difference from previous
X-31 immobilization studies (chapter 4.3) lies in the uneven fluorescence distribution (Figure
4-14B). Even with the variation from row to row, the fluorescence signal had so far been distributed
around the edge of the electrode. Here, the distribution is rather cloudy and uneven. As a result of
minimizing the impact of vortexing more virus aggregates are present. As known from the
equation (1) the dielectrophoretic force is proportional to the particle size. As a consequence,
preferentially these big aggregates are immobilized causing this cloudy and uneven distribution of
X-31. These aggregates accumulate at the electrodes not as a ring but rather fill the entire electrode
surface (Figure 4-14E). The strong background from this summation projection originates from
the viral material in the interelectrode space. Here, viral material is not just randomly located but
can usually be associated to a specific electrode, possibly because the entire aggregate was drawn
to this electrode and it extends into the interelectrode space or additional aggregates have

accumulated at the primary ones.

The negative controls (NC) proved evidence that the observed signal is not a result of
nonspecific binding between the reaction components and the chip surface, but rather due to the
binding of anti-H3 to X-31. For one of the NCs the chip was incubated with X-31 without applying
an electric field (Figure 4-14D.1). In the other negative control, X-31 was immobilized by ACEK
effects on the chip, but it was not incubated with the anti-H3 antibody. The remaining steps were
kept as descripted in chapter 3.12.3. The specificity of the anti-H3 to X-31 was demonstrated by
either substituting anti-H3 with anti-H1 or X-31 with HIN1. Both attempts yielded results similar

to the negative controls (Data not shown).

Altogether, the feasibility of an on-chip immunoassay with X-31 as the bio-receptor was
demonstrated. The negative controls prove that the binding signal can be traced back to the

interaction between the anti-H3 antibody and the on-chip immobilized X-31 material.
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4.4.2  Approach 2 - Influenza as the analyte

4.42.1  Spatial distribution of antibodies on the electrodes — STED

There was the opportunity to work on a STED microscope for some weeks. STED is a
fluorescence microscopy technique that exceeds the diffraction limit of light. The method involves
two lasers: one to excite fluorescent dyes and a second one known as the depletion laser. The last
one has a donut-shaped beam that surrounds the excitation laser spot. When the depletion laser
overlaps with the excitation laser, the excitation spot’s outer region becomes dark, leaving only a
small region in the center where the dyes remain excited. The remaining excited region can be

reduced to well below the diffraction limit of light, resulting in high-resolution images. [177, 178]

Nanoelectrode chips were prepared with immobilized antibodies (15 kHz, 5.3 Vi 5, 10 min) as
described in chapter 3.11. Due to the small working distance of 0.13 mm of the 100x objective, no
spacer was glued onto the chip. To prolong observation time, a glycerol droplet was used instead
of water to suspend the specimen between the electrode chip and the cover slip. Antibodies from
abberior were used, which were labeled with the fluorescent dye STAR RED (also known as
KK114) due to its high brightness and photostability under excitation and depletion. This dye has

been previously demonstrated to achieve a spatial resolution as low as 25 nm [179].
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Figure 4-15 Microscopic images of immobilized antibodies. All images were taken from the same lower left
corner of a nanoelectrode array. Antibodies from abberior labeled with STAR RED were used. (A) Bright
field image. 100x objective (NA = 1.40). Scale bar: 5 um. (B) Confocal microscopy image. 100x objective
(NA = 1.45), pinhole: 64 um, excitation laser: 640 nm (10%), line accumulation: 1. (C) STED image. Depletion
laser: 775 nm (20%), line accumulation: 1.

Due to the STED microscopy high resolution images of the immobilized antibodies with a
resolution of about 100 nm were acquired directly without the need to deconvolve the images.

Figure 4-15 displays the lower left corner of a nanoelectrode array. Looking at the entire array, a
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gradient similar to that of the X-31 from chapter 4.3.1 occurs. The same applies to the spatial
distribution on the individual electrode level. Here, too, the immobilization clearly is focused at
the electrode edge. Due to fluid flow coming from beneath as well as from the left there is a
pronounced accumulation of the viral material on the bottom left side of the electrodes. The

permanent sticking to the electrodes facilitates chip handling for the upcoming experiments.

4422  R18 - staining, purification, ELISA

As demonstrated in chapter 4.4.1.1 labeling of the X-31 surface proteins is one of the causes
that prevents the anti-H3 antibodies to recognize their epitope. Consequently, the viral material
had not been labeled for the on-chip studies from chapter 4.4.1. Instead, the on-chip antibody-
antigen interaction was monitored via a fluorescently labeled secondary antibody. When it comes
to the second approach of the on-chip immunoassay the antibodies should now serve as a
bio-receptor and bind and detect viruses from the sample. Binding should be measured directly.
Again, the antibodies were not stained for this, but the viruses had to be. Therefore, octadecyl
rhodamine B (R18), a lipophilic dye that non-covalently stains the viral membrane, was chosen.
Its long, lipophilic alkyl tail comprising 18 C-atoms integrates into the membrane while the
fluorophore remains at the virus surface. If R18 is present at high concentrations its fluorescence
gets quenched. A property that is, among others, used for kinetics of membrane fusion between
viruses and their host cells [180, 181]. Therefore, R18 concentration had to be chosen carefully to

optimize fluorescence output.

In order to remove the unbound dye several purification methods were applied to a virus-free
1 uM R18 solution in PBS: (I) ultrafiltration spin columns, (Il) centrifugation and (III) gel filtration.
(I) When it comes to the ultrafiltration ideally the free dye should pass the filter and collect as the
filtrate, while the concentrate should be dye-free. As illustrated in Figure 4-16A that did not work.
The R18 remained in the concentrate. Due to its hydrophobic character the dye seems to form
micelles with a diameter too large for the filter. Under the given conditions this is not a suitable
technique. (II) The second approach was to remove the free dye by centrifugation. Ideally, the viral
sample should collect as a pellet and the free dye remains in the supernatant due to the different
densities of both. Here, the centrifugation of the virus-free R18 solution for 50 min at 16.000 g
resulted in the migration of the dye into the pellet, while the supernatant became dye-free (Figure

4-16B). Thus, under these settings a separation is not possible. (II) Last but not least, a separation
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by gel filtration was successfully carried out. As depicted in Figure 4-16C the free dye was removed

by gel filtration, thus the fluorescent objects in Figure 4-16C.2 are R18-stained virus particles.

In the end, with optimal conditions all methods have the potential of being successful. An
ultrafiltration filter with a bigger MWCO or different centrifugation settings (centrifugal force and
time) might have led to a successful purification. This was not pursued further due to the effective

purification by gel filtration.

Ultrafiltration Centrifugation Gellhltration
X X v

Figure 4-16 Removal of unbound R18 dye. Three different purification methods were tested to remove the
free R18 dye. (A) Ultrafiltration: R18 remained in the concentrate (A.1) and did not collect in the
filtrate (A.2). (B) Centrifugation: under the given settings R18 unfortunately collected as a pellet (B.1) and
did not remain in the supernatant (B.2). (C) Gel filtration: the R18 dye was successfully retained, resulting
in an R18-free filtrate (C.1). C.2 shows the filtrate of an R18-dyed X-31 sample. Cy3 filter, 40x objective,

exposure time: 500 ms, all fluorescence images with the same contrast settings, scale bar: 50 um.

The impact of the R18 staining on the interaction between anti-H3 and X-31 was examined
by ELISA. Therefore, wells were coated with a freshly stained X-31 sample as well as with a sample
stained a week before. As a reference served a freshly prepared, untreated, unstained X-31 sample
diluted in PBS. The staining led to an absorption reduction of the ELISA signal of about 40% as
compared the reference value. A week old stained sample further reduced the interaction leading
to a loss of about 75% as compared to the reference. In summary, the antibody still recognizes its
epitope after the R18 staining, but for on-chip experiments the staining should be done

immediately before the experiment.
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Figure 4-17 Influence of R18 on the antibody-antigen interaction - ELISA. The influence of the R18 staining
on the interaction between anti-H3 and X-31 was examined by ELISA. Therefore, a freshly stained sample
(X-31 + R18 fresh) and a one week old stained sample (X-31 + R18 old) were analyzed and compared to the
reference (X-31).

4.42.3  Electrode chip passivation

The chip passivation has already been described and analyzed in chapter 4.4.1.2. There, it was
necessary to prevent the non-specific binding of antibodies to the electrode chip. This series of
experiments had to be repeated to determine the best blocking solution which prevents the non-

specific binding of R18 labeled X-31 to the chip surface.

Again, chips were passivated with different blocking solutions: 3% BSA, 2% MP, 1% PEG600,
1% PEG20k. Subsequently, those chips were exposed to an R18 labeled X-31 solution that was
diluted in the same blocking solution. Fluorescence intensity of nonspecific sticking X-31 was
measured by fluorescence microscopy with a 60x objective (NA = 0.7), a Cy3 filter, a 550 nm LED
as illumination source at 100% intensity and an exposure time of 2 s. The fluorescence intensity of
a 1.75 um? SiO, area and of 49 electrodes were measured as described in chapter 4.4.1.2.

BG-corrected values are plotted in Figure 4-18A.
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Figure 4-18 Chip passivation to prevent nonspecific binding of R18 labeled influenza virus material.
(A) Different blocking solutions were tested: 3% BSA, 2% MP, 1% PEG600 and 1% PEG20k. The NC was a
non-passivated chip. All values are BG-corrected. (B) and (C) are fluorescence images of the NC and a chip
passivated with 2% MP, respectively. 60x objective (NA = 0.7), Cy3 filter, 550 nm LED, exposure time: 2 s,
all fluorescence images have same contrast settings. NC:negative control; MP: milk powder.

Scale bar: 20 pm.

Again, all blocking solutions decrease the BG signal by preventing, at least parts of, the R18
labeled X-31 from sticking to the surface. When comparing the fluorescence images of the NC
from Figure 4-13B and Figure 4-18B, it is evident that the secondary antibody produces a more
uniform BG signal than the non-vortexed R18 labeled X-31. The latter aggregates in different sizes,
which explains the high standard deviations compared to Figure 4-13A. With a reduction of
approximately 77%, even the 3% BSA passivated chip still shows a significant BG signal. Since the
non-specific sticking of R18 labeled X-31 appears in spots, such a non-specific sticking of R18
labeled X-31 can be misinterpreted as a positive signal. Therefore, it is even more important to
keep the BG as low as possible. As a result, 2% MP was chosen as the blocking solution for the on-

chip immunoassay experiments with X-31 as the analyte.
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4.42.4  On-chip experiments
As before, a potential on-chip immunoassay was tested. This time the arrangement of X-31
and anti-H3 was inverted: Anti-H3 was permanently immobilized onto the nanoelectrodes serving

as the bio-receptor while X-31 was used as the analyte.

The preliminary experiments showed that the antibody permanently sticks to the electrode
edge, similar to the immobilization of X-31. To measure the interaction between anti-H3 and X-31
the viral sample was stained with R18. Based on ELISA results the staining of X-31 was always
done immediately before the on-chip experiment. A fresh dilution of anti-H3 was prepared in
ultrapure water just before each experiment. The antibodies were immobilized at 15 kHz and a
voltage of 5.3, 3.5 or 1.8 Vs for 10 min on separate chips. Based on the passivation studies (4.4.2.3)
the chip was passivated with 2% MP, and blocking as well as dilution of X-31 were performed with
2% MP as well. Finally, the functionalized chips were incubated with X-31 (details written

in 3.12.4).
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Figure 4-19 On-chip immunoassay — approach 2. (A) Bright field image of the upper left corner of an
electrode array. (B) The same area after non-labeled anti-H3 was immobilized at 15 kHz and 5.3 V,,,; for
10 min and incubation with R18 labeled X-31 was done. The image is representative also for the chips that
were functionalized at 3.5 and 1.8 V.. (C) NC: Instead of immobilizing anti-H3 by ACEK the chip was just
incubated with the antibody sample. (D) The same area after incubation with a secondary antibody to prove
the presence of immobilized anti-H3. Fluorescence images (B, C): 100x objective (NA = 1.40); Cy3 filter;
exposure time: 5 s; LED: 550 nm. Fluorescence image (D): 100x objective (NA = 1.40); WIBA filter; exposure
time: 5 s; LED: 490 nm. Image A and B have the same contrast settings. Scale bar: 10 pm.

The functionalization of individual chips by either 5.3, 3.5 or 1.8 V., was done to lead to a
decreasing temperature development as well as decreasing forces by ACEK effects to might reach
more gentle settings for antibody immobilization. If the temperature is too high or the ACEK forces
are too strong this might cause antibodies to denature. Unfortunately, for all three voltages no

binding of anti-H3 to X-31 was measurable. Here, Figure 4-19B shows the upper left corner of a
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functionalized (5.3 V) electrode array after X-31 incubation. It is representative for all three
voltages. The existence of immobilized anti-H3 was proven by incubating all chips with a

secondary antibody binding to anti-H3 (Figure 4-19D).

Altogether, the feasibility of an on-chip immunoassay with anti-H3 as the bio-receptor and
X-31 as the analyte could not been demonstrated. Several causes are possible for this. Reasons for
the missing antigen-antibody interaction might arise from the denaturation of the antibody due to
too strong heat development at the electrodes, too strong ACEK forces acting on the antibodies or
the contact with the metal surface. Furthermore, antibodies might have been wrongly orientated

with their paratope facing the electrodes. A detailed discussion will be given in 4.4.3.
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4.4.3 Discussion

In the course of the work most sources of uncertainty could be eliminated which allowed to
successfully bind the anti-H3 antibody to immobilized X-31 influenza virions. As a consequence
of minimized vortexing, most virus particles were not immobilized as singles but in aggregates. A
successful result for approach 2 could not be achieved despite testing various electrode voltages.
Binding could be measured in the ELISA that was missing on the chip. Reasons for this are

manifold.

There is a relatively small number of studies investigating the effect of electric fields on the
protein structure [113-117]. Basically, two interaction mechanisms are discussed: forces created
by electric field stress (I) and frictional forces causing proteins to unfold (II). (I) Budi et al studied
the conformation change of insulin Chain-B by molecular dynamic simulations with either an
oscillating electric field at 2.45 GHz or static fields, both ranging from 10’ V/m to 10° V/m [116].
They came to realize that both variations had an influence on the protein conformation. However,
as compared to the static case the oscillating fields were more disruptive causing severe disruption
of the secondary structures at 5*10° V/m and above [116]. Another study based on molecular
dynamic simulations was performed by della Valle ef al to calculate the effects of electric fields
of 10%-7*10® V/m on the conformation of the enzyme superoxide dismutase (SOD-1). They
demonstrated, with increasing field strength, first an influence on the active site, to partially
denatured proteins, to a complete unfolded state at the strongest electric field strength [114].
Furthermore, Zhao and Yang performed an experimental determination by circular dichroism
analysis and micro-Raman spectroscopy [115]. They subjected lysozyme in solution to a pulsed
electric field of 3.5*10° V/m. They observed a conformational change in the secondary structure
as well as in the disulfide bonds leading to destabilization of the protein and a decrease in activity.
However, pulse duration was 2.5 ps, which corresponds to a frequency of 400 kHz, which is much
higher than our sinusoidal-field frequency of 15 kHz [115]. (II) Further studies focus on the
structural change due to frictional forces. In their study, Bekard and Dunstan demonstrated that
BSA and Lysozyme were unfolded when exposed to an oscillating electric field with field strengths
from 78 V/m to 500 V/m with a frequency of 10 or 500 Hz [117]. However, they explain that even
forces, created by the strongest electric field of 500 V/m, are five orders of magnitude too small to
break the inter-chain bonding forces, here especially the H-bonding in a-helices and p-sheets. This

means, based on their studies, field strengths of about 5%107 V/m are needed to break the H-bonds.
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They argue, that denaturation originates in the frictional energy dissipation [117]. With a
calculated field strength of 1.1*10° V/m for the antibody immobilization at the cylindrical
nanoelectrodes at 5.3 V... the present study is well below this threshold. Thus, the movement to
the electrodes, as well as the fluid streaming above the electrodes creates friction that might induce

an unfolding of the antibodies.

There is only one publication investigating the conformational change of antibodies in electric
fields [113]. Antibodies were immobilized on an electrode surface by coupling it to an interlayer
made of His-tagged protein A, thus creating a uniform orientation with the paratope facing the
sample’s volume. They demonstrated a change in conformation by electrostatically pushing and
pulling the antibody’s recognition site towards or from the electrode surface. This modulated the
antibody’s affinity. Thus, a positive potential of 100 mV pushed the recognition site towards the
solution volume, increasing the capture efficiency. While a negative potential of -100 mV pulled
the recognition site towards the electrodes. The arising steric hindrance decreased the capture
efficiency. An irreversible structural change leading to the inactivation of antibodies due to an

electric field has not been reported.

However, due to the lack of comparability of the presented studies with the present thesis,
including different frequencies, different measurement setups, different proteins, the literature can
only be used as a guidance. The electric field might have an influence on the antibodies either by

frictional forces or by electric field stress, but the extent remains unclear.

The activity of different enzymes after ACEK immobilization was studied by Priifer et al [71,
108]. Horseradish peroxidase [108], glucose oxidase [71] or choline oxidase (unpublished) were
immobilized on titanium nitride rings with a diameter of 500 nm, a width of 20 nm at 10 kHz
and 7 V. Activity measurements of the immobilized enzymes resulted in large differences.
While the horseradish peroxidase showed an activity of up to 45% this was dropped to 1.3% for the
glucose oxidase and no activity was detectable for the choline oxidase. Demonstrating that even
with the same electrode setup and electric field settings different proteins are affected differently.
They argue that the causes might be due to conformational changes of the enzymes due to the

electric field, the interactions with the electrodes or different amounts of immobilized enzymes.

In their study Otto ef al claimed to have reached the successful immobilization of anti-RPE

(R-phycoerythrin) antibodies while keeping its functionality [106]. Therefore, they used electrodes
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of similar type as the ones used in the present thesis: tungsten nanoelectrodes, cylindrical shaped
with a diameter of 900 nm. The non-labeled anti-RPE was immobilized at 100 kHz, 18 V
for 20 min. A subsequent incubation with R-phycoerythrin (RPE) lead to a localized fluorescence
at the electrodes, which was argued to be the proof of the preserved activity of the immobilized
antibodies. In a control with just an RPE incubation without antibodies and without an electric
field no fluorescence change at the electrodes was measured, showing that RPE does not bind non-
specifically to the electrodes. However, it was not demonstrated that the interaction between RPE
and anti-RPE after the immobilization was really specific. The immobilized anti-RPE might have
lost its conformation and thus its binding activity. Hence, it might be possible that the fluorescence
signal was due to non-specific binding of RPE to the coated electrodes, and not the result of a
specific antigen-antibody interaction. Thus, the interpretation by Otto efal should be

reconsidered.

Furthermore, applying an electric field causes heat generation at the electrodes. If the
temperature is too high it can cause an unfolding of the antibodies. The temperature development
during an applied electric field was studied by Otto et al. [106]. To this end, they filled the sample
chamber of a nanoelectrode chip with a 1 mM solution of rhodamine B, a temperature sensitive
dye. A rise in temperature resulted in a loss of fluorescence intensity. They applied electric fields
of 100 kHz and 500 kHz and voltages between 14 and 21 V.., for up to 15 min. They measured
a 3.5-fold decrease of fluorescence intensity from 500 kHz to 100 kHz and a 1.8-fold decrease
from 21 Vs to 14 V¢ (at 100 kHz). Thus, the lower the frequency and the applied voltage, the
smaller the temperature rise. For a frequency of 100 kHz and an applied voltage of 14 V. a
temperature increase of 10°C was measured. In this thesis a 6.5-fold lower frequency and at
least 2.5-fold lower voltage was applied for the immobilization of antibodies. Therefore, an even

lower temperature rise at the electrodes is expected, too small to cause denaturation.

One more reason for the non-measurable antibody-antigen interaction might be the
orientation of the immobilized antibodies. A uniform orientation of the antibody with their
paratope facing into the volume, thus being accessible for the antigen, can lead to an enhanced
capture efficiency compared to immunoassays with randomly orientated antibodies like ELISA.
Such an orientation without an electric field can be achieved, for example, by surface modification
and site-specific antibody modification [182] or charged surfaces [183]. It was demonstrated that

antibodies can be orientated in electric fields with their longitudinal axis parallel to the electric
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field [6, 184, 185]. Transferring this to the cylindrical nanoelectrodes, the antibodies should be
oriented perpendicular to the electrode surface. However, it remains unclear whether the active
site of the antibodies faces into the volume (“tail-on”) or to the electrode surface (“head-on”). The

non-existing binding signal might be a hint for the unwanted orientation towards the surface.

Additional aspects to be considered, that might have a negative influence on the antibody
stability, include interactions with the tungsten electrode and storage in water during ACEK

immobilization. Above that, publications dealing with the influence of electric fields on proteins

usually consider the strength |E | of the electric field, but not its gradient. Since the latter is very
high at the electrode edge this might have a hitherto unknown impact on the antibody structure.
Furthermore, the affinity between X-31 and anti-H3 might be insufficient, resulting in X-31
binding to the antibodies but being rinsed away in the subsequent washing step, before
fluorescence measurement of the chip. Moreover, the load density of antibodies at the electrodes
might be too high, leading to steric hindrance among the antibodies. Nonetheless, the existing
gradient of immobilized antibody concentration should allow for an optimal density, theoretically
enabling antibody-antigen interactions starting from an inner row. However, this observation has

not been made thus far.

Due to its different structure and size the presented forces and effects have a different impact
on the viral material. As a consequence of the spherical symmetry and of the overall coverage with
hemagglutinin there can be no misorientation in the electric field. Regardless of the virus particles’
orientation at the electrodes, parts of the surface proteins will always face into the volume,
allowing accessibility for the anti-H3 antibody. Unlike the case of antibodies, temperature changes
occurring at the electrode or the interactions at metallic contact are not so critical. Although viral
surface proteins in contact with the electrodes might be denaturized, the spherical shape of the
virus particle itself creates a separation between the electrodes and other surface proteins,
protecting these from denaturation, be it by temperature, surface interaction or the electric field

itself.

When it comes to the ACEK immobilization of antibodies some of these negative influences
could be reduced by decreasing the applied voltage from 5.3 to 3.5 to 1.8 V... By reducing the
voltage heat production is reduced as well as the strength of the fluid motion above the electrodes,
forces acting on the antibodies are lessened. However, even with the lowest voltage of 1.8 V .

the immobilization is still not gentle enough or a different cause has to be considered. Thus, the
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immobilization of antibodies to the nanoelectrodes by ACEK effects still requires optimization in

terms of stability and activity.
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5 Summary and outlook

In the present thesis, ACEK forces, like DEP and ACEO, have been demonstrated as a simple
and fast method to immobilize influenza viruses or anti-influenza antibodies. It is a promising
alternative to the established challenging and complex methods for the surface modification of
biosensors. The submicron size of the virus particles and antibodies poses a significant challenge

compared to the already established manipulation of cells.

At first a closer look has been taken at the temporal development of the immobilization of the
influenza viruses being about 100 nm in size. Attraction of the viral material when applying the
AC electric field (20 kHz, 3.5 V,,,,) happens within seconds. It has been demonstrated that the
temporal development of the accumulation at the nanoelectrodes shows an exponential
correlation, a saturation curve, corresponding to equation (4). The emerging saturation does not
have its origin in the sample depletion but in the maximum capacity of material that can
accumulate on an electrode. This capacity is determined, among others, by the degree of the
electric field gradient. Furthermore, the point in time at which the saturation occurs and the degree
of it are location-dependent. This results in an inhomogeneous distribution of the immobilized
material. A gradient exists with decreasing concentration from the outer row towards the inner
ones. The complex interplay of different forces that lead to this gradient have been illustrated in
detail. On the one hand, the reduced competition with neighboring electrodes and the overall
stronger electric field gradient at the edge of the electrode array explain the stronger accumulation
at the outermost row. On the other hand, polarizable particle in an AC electric field are exposed
to a variety of forces, not just DEP, the force that draws the viruses to the electrode edges. Thus,
ACEO and electrothermal fluid flow create a vortex shaped fluid motion above the electrode array.
This motion creates a viscous drag on the viral material. Consequently, the electrodes are provided
with more material from the sample volume, while the drag force competes with the DEP force.
The behavior of fluid flow depends on factors such as the applied voltage, frequency, conductivity,
permittivity, and electrode design. Therefore, a pure DEP immobilization cannot be assumed, but
an interplay of different forces. Forces whose influence increases as the object size decreases. The
benefit of this fluid motion has been illustrated as well as different ways to get to the bottom of

the cause of these side effects or ways to reduce them.

One of the outstanding features of the presented experimental setup is the permanent

immobilization without the requiring any prior chemical modification of the surface or the
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bio-receptor. Although the DEP-induced accumulation usually is reversible, this study has
successfully demonstrated the permanent immobilization of viral materials onto the
nanoelectrodes. Consequently, it becomes possible to subsequently handling the functionalized
chips without the electrical setup. Further experiments have been introduced that will be necessary
in order to better understand the interactions between the electrode surface and the immobilized

sample.

Fluorescence microscopy and image processing by deconvolution have been combined to
overcome parts of the limitation of the optical resolution. Thus, the individual distribution of the
permanent immobilized viral material on each electrode could be elucidated. The sum of this
individual distribution reveals a major accumulation of viral material at the electrode edge, the site
with the strongest electric field gradient V|E|2. Parts of the viral material are carried to the

electrode surface by ACEO.

Thus, the use of ACEK forces is a simple and fast method to permanently functionalize the
surface of electrodes with submicrometer sized objects. A large number of possible applications
have been illustrated. Experimentally, the suitability of the immobilization technique has been
tested for a potential affinity-based biosensor with either influenza as the bio-receptor or the

analyte.

For these on-chip immunoassays a series of preliminary tests have been carried out. Through
indirect ELISA and indirect FLISA a few sources of disturbance for the interaction between the
influenza virus and the anti-H3 antibody could be identified and minimized or eliminated. E.g., the
labeling of viral proteins by a succinimidyl-ester of DY-634 prevents the antigen-antibody
interaction. Optimization of the protocol could have resulted in successful staining while retaining
the binding ability, but was not pursued further. Instead, the staining was omitted completely
(approach 1) or replaced by membrane staining with R18 (approach 2). Furthermore, based on the
ELISA results, the vortexing of the viral material and the storage in ultrapure water, either of the
influenza virus sample or the antibody, has been kept as short as possible as it destroys or

diminishes the antigen-antibody bond.

Different blocking solutions have been tested to minimize the non-specific binding to the
surface of the chip. To prevent the primary and secondary antibody from randomly sticking best
results have been achieved with 3% BSA. To prevent the non-specific binding of the R18-labeled

influenza virus the best choice was 2% MP.
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When it comes to the on-chip immunoassay experiments the feasibility with influenza (X-31)
as the bio-receptor has been demonstrated (approach 1). Non-labeled X-31 has been immobilized
by ACEK effects. The subsequent incubation with the anti-H3 antibody and, for visualization,
secondary antibody was successful. A binding-interaction on-chip was measureable. The uneven
signal distribution is based on the uneven immobilization of the X-31 and the minimized vortexing.
The negative controls demonstrate that the signal is not due to unspecific adsorption but due to

specific interaction between X-31 and anti-H3.

For approach 2 the arrangement has been changed. Here, the anti-H3 antibody served as the
bio-receptor. Beforehand, the spatial distribution of the antibodies immobilized by ACEK on the
nanoelectrodes was observed using a STED microscope. Thanks to the high resolution of the STED
of around 100 nm, no deconvolution was necessary for the evaluation. The distribution was similar
to that of the immobilized viruses: the majority of the permanently immobilized antibodies are
located at the electrode edge, a gradient with decreasing concentration runs from the outer to the
inner ones. Unfortunately, no binding of the X-31 virus to the immobilized anti-H3 antibody has
been detected. A decrease of the immobilization voltage from 5.3 to 1.8 V., and thus applying
more gentle settings, did not change the result. A secondary antibody subsequently proved the

existence of immobilized anti-H3 antibody at the nanoelectrodes.

Reasons for the missing activity of the immobilized antibodies can be manifold. There is not
much literature about the influence of the electric field onto the conformation and activity of
proteins [113-117]. Here a differentiation can be made between conformational change due to the
electric field stress or due to internal frictional forces. A large part of the results is based on
molecular dynamics simulations [114, 116] and not experimental studies [113, 115, 117]. The
knowledge about the influence of the electric field onto the conformation and activity of antibodies
is even scarcer [106, 113]. There is one study demonstrating the conformational change of
immobilized antibodies in an electric field while keeping its activity [113]. However, the voltages
applied to those immobilized antibodies were very small (100 mV) and the antibodies were not
immobilized by ACEK forces but bound to a protein A-modified surface. On the other hand,
Otto et al. have immobilized anti-RPE antibodies under harsher conditions (100 kHz, 18 V.
for 20 min) than the anti-H3 antibodies immobilized (15 kHz, 1.8 to 5.3 V,,, for 10 min) in the
present thesis [106]. Still, a localized fluorescence at the electrodes was measured, which was

argued to be the proof of the preserved activity of these antibodies. Due to missing controls that
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verify the specificity of this binding these results should be taken with care. Thus a conformational
change of the anti H3-antibodies from the present study due to the electric field and thus losing its
activity is plausible. To avoid this loss of activity, settings should be optimized for gentler
immobilization, settings that mitigate the electric field stress or the frictional forces, such as lower
voltage and different frequencies. Another option is not to immobilize the antibodies directly by
ACEK to the nanoelectrodes, but rather use an intermediate layer. The substance, of which the
intermediate layer is made, must be robust against the influence of the electric field as it is created
by the AC electrokinetic immobilization. Such a substance could be protein A or G as it binds the
Fc region of antibodies. Thus, the antibodies would not be exposed to the electric field, there would
be no direct contact to the metallic surface, they could remain in buffer and would be getting
aligned with the active side protruding into the sample volume. On the other hand, the stability of
protein A and G towards the influence due to an electric field has not been determined yet and the

creation of such an intermediate layer would mean an additional step in the chip preparation.

Furthermore, it was shown earlier that molecules are getting aligned in the electric field [6].
If there is an unfavorable orientation of the immobilized antibodies, this can diminish or cancel
the activity. By means of antibody modification, e.g. coupling with another protein, the induced
dipole could be changed in such a way that a preferred alignment in the electric field is reached.
Other illustrated aspects to be considered are the interaction with the tungsten surface, the storage
in water and the electric field gradient. An unfolding due to an excessive temperature increase at
the electrodes can be excluded based on the literature that illustrates a maximum temperature
increase of 10 K [56, 106]. Due to their size and spherical symmetry, some of these influences have

less or no impact on the virus material or the viral surface proteins.

From the AC electrokinetic point of view the analyte samples used in the present thesis present
ideal conditions as they comprise just the analyte in ultrapure water. Patient’s sample are complex
as they usually are blood or saliva samples. Thus, a sample preparation might be needed. Here,
again ACEK forces can come into play. Thus, Cai ef al have demonstrated the isolation of different
pathogens from whole human blood samples by DEP [186]. Therefore, the blood sample was
diluted to a conductivity of about 150 pS/cm and was added to IDEs integrated into a microfluidic
system. By applying an electric field of 20 V,,, at 200 MHz the pathogens were attracted to the
IDEs by pDEP and the blood cells were repelled by nDEP and flushed to the outlet. When it comes

to the influenza diagnostics blood or saliva samples are analyzed as well. So such a sample
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preparation might be possible with the presented nanoelectrode setup when combined with
microfluidics. A suitable range of frequencies and voltages must be determined beforehand so that
the analyte (virus or antibodies) can be separated from the rest of the sample, is getting into close

proximity to the bio-receptor and is immobilized on the electrodes only temporary.

Furthermore, in common immunoassays the receptor interacts with the analyte in its spatial
proximity. A supply of more analyte material is based on diffusion and Brownian motion. This
slows down the process because long incubation times are needed, hampering a rapid detection.
Appling an AC electric field during analyte incubation breaks the diffusion limitation (either by
dielectrophoretic attraction or by fluid flow) and reduces the assay time and can increase the

sensitivity [34, 187].

So far, only qualitative statements are possible. In future development steps, the feasibility of
a quantitative measurement should be examined. In this context, the system should be

characterized in terms of its detection limit, sensitivity and specificity.

It is possible to further simplify the presented setup and to achieve a faster detection. The
optical readout by fluorescence microscopy is complex, expensive and slow. This can be optimized
by changing to an electrical readout. The change in the impedance of the system is a measure of
the binding interaction between bio-receptor and analyte. This change can be measured directly
via the change in impedance or indirectly via the change in the resonant frequency [188, 189]. The
change to an electrical read-out eliminates the labeling (I) and some of the incubation steps (II).
(I) For an optical readout the analyte must be stained either directly or indirectly. Both cases were
represented in approaches 1 and 2 of this work. While the antibodies were made visible using a
secondary antibody (approach 1), the viruses were stained directly with R18 (approach 2). (II) As
the immobilization of viruses or antibodies is done within seconds to few minutes the subsequent
incubations steps lasted up to 1 h each. An electrical readout allows for a label-free detection e.g.
based on the presented impedance measurement. Thus, less preparation steps and incubation steps
are needed. Direct measurement of the antigen-antibody interaction is possible and response times

of only 30 s have been demonstrated [34].

The number of arrays can be scaled up as well as the number of different analytes (pathogens
or antibodies) that can be measured with such a chip. Together with a microfluidic system and an

electrical read-out, this nanoelectrode chip can be combined into a lab-on-a-chip (LOC) system
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that works quickly, inexpensively and in a space-saving manner. Such a system would be portable
and compatible with point-of-care (POC) diagnostics to reach places that are difficult to reach or
places with poor laboratory/medical facilities. These POCs would be convenient to perform and

would not require especially skilled personnel.

Allin all, the simple and fast modification of the surface of nanoelectrodes with submicrometer
sized objects like X-31 or anti-H3 antibodies has been demonstrated exploiting ACEK effects. No
sophisticated and time-consuming procedures are needed, as is usual for common surface
modification methods like SAM. For the presented modification method, the bio-receptor does not
have to be chemically modified either. The permanent immobilization allows for a subsequent
handling of the nanoelectrode-chip without the electrical setup. Due to the directed attraction to
the electrodes, as well as the fluid motion that carries more material from the volume to the vicinity
of the electrodes, working with small volumes and at low concentrations is feasible. This is what
makes this method also attractive for rare and expensive samples, regarding the receptor as well
as the analyte. While the detection of antibodies by the immobilized viral material was successful,
the detection of viruses was not. The latter is probably due to the lost activity of the immobilized
antibodies or its wrong orientation. Further studies on the maintenance of activity and orientation
must follow. Once functionalized, the chips are easy to handle and - combined with microfluidics
and an electrical read-out - have the potential for a rapid, portable and inexpensive POC device
that is the starting point for various applications in the diagnostics and therapy of influenza as

well as of various other pathogens.
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Appendix

A — Self-written macro for summation projection

1 if (isOpen("ROI Manager")) {

2 selectWindow("ROI Manager");

3 run("Close");

4

5 file = File.openDialog("Select the text file to read");
6 allText = File.openAsString(file);

7 text = split(allText, "\n");

8 hdr = split(text[0]);

9

10 iX =0;

11 iy = 1;

12

13 d = getNumber("Durchmesser der Elektroden (Pixel): ", d);
14 w = getNumber("Breite der ROIs ", w);

15 h = getNumber("Hoehe der ROIs ", h);

16

17 for (i = 1; 1 < (text.length); i++){

18 line = split(text[i]);

19 makePoint(parselnt(line[iX]), parselnt(line[iY]));
20 run("Specify...", "width=&w height=&h iX=&iX iY=&iY");
21 roiManager("Add");

22 }

23

24 Dialog.create("Move Selections");

25 dx = w/2-d/2;

26 dy = h/2-d/2;

27 Dialog.addNumber("X Displacement:", dx);

28 Dialog.addNumber("Y Displacement:", dy);

29 n = roiManager("count");

30 if (n==0)

31 exit("The ROI Manager is empty");

32 for (i=0; i<n; i++) {

33 roiManager("select", 1);

34 getSelectionBounds(x, y, w, h);

35 setSelectionLocation(x-dx, y-dy);

36 roiManager("update”)

37 }

38

39 dir = getDirectory("Speicherort der Bilderserie");
40

41 for (i=0; i<n; i++) {

42 roiManager("select", 1);

43 run("Copy");

44 run("Internal Clipboard");

45 saveAs("Tiff", dir + i+1);

46 close();

47 }
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