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Zusammenfassung

Die SARS-CoV-2-Pandemie hat seit 2020 fiir weitreichende, weltweite Einschrdnkungen und
massiven Forschungseinsatz gesorgt. Durch die Entwicklung serologischer Diagnostikassays und
unter Verwendung der Analyseplattform MCR, die nie zuvor in der Humanserodiagnostik einge-
setzt worden war, hat diese Arbeit zu folgenden Entwicklungen in diesem Gebiet beigetragen.

Zunéchst wurde ein automatisierter, flussbasierter Chemilumineszenz-Mikroarray-Immuno-
assay (CL-MIA) fir den Nachweis von IgG-Antikorpern gegen verschiedene SARS-CoV-2-
Antigene - Rezeptorbindedoméne (RBD), Spike- und Nukleokapsid-Protein - entwickelt. Er
ermoglichte die Multiplex-Messung von Antikérpern innerhalb von acht Minuten und damit
deutlich schneller als von kommerziellen Plattformen bekannt. Fiir diesen Test auf aminomodi-
fizierten Glas-Microarray-Chips mit kovalent gebundenen rekombinanten Antigenen wurde eine
im Vergleich zu anderen Tests herausragende Sensitivitdt und Spezifitdt von 100 % ermittelt.

Der néchste Entwicklungsschritt war die Optimierung hin zu Point-of-Care-Anwendungen,
um etwa die Effizienz der neu entwickelten Impfstoffe kontrollieren zu kénnen. Hierzu wurden
Polycarbonat-Microarray-Chips mit einer carboxymodifizierten Oberfliche und kiirzerer Her-
stellungszeit eingesetzt. Weiterhin wurde der Injektionsprozess optimiert, sodass die Messzeit
um 50 % und das Probenvolumen um 90 % reduziert werden konnte. Dieser Assay erwies
sich als niitzlich bei der retrospektiven Erkennung von asymptomatischen, unbemerkten Infek-
tionen, aber auch fiir das Seromonitoring nach Impfungen. Zusatzlich wurde ein Assay zum
sequentiellen Nachweis von IgM- und IgG-Antikérpern entwickelt, der zur Untersuchung des
zeitlichen Verlaufs der Immunantwort einsetzbar war.

Im Verlauf der Pandemie wurde deutlich, dass neutralisierende Antikorper eine wichtige Rolle
fir die klinische Bewertung der Immunitéit gegen SARS-CoV-2 spielen werden. Diese Antikor-
per verhindern den Zelleintritt des Virus tiber den ACE2-Rezeptor, jedoch werden fiir ihre Bes-
timmung tiblicherweise aktive Viren verwendet, was Labore der Sicherheitsstufe 3 notwendig
macht. Deshalb wurde in dieser Dissertation ein kompetitiver Surrogat-Neutralisationsassay
entwickelt, der mit einer Messdauer von etwa fiinf Minuten deutlich schneller als andere Neu-
tralisationstests ist. Dieser ermoglicht die Messung der Interaktion zwischen RBD und ACE2
sowie die Hemmung derselben durch neutralisierende Antikérper. Im Vergleich mit alternativen
Neutralisationstests zeigte sich sehr gute Ubereinstimmung fiir den kompetitiven CL-MIA.

Damit tragt diese Dissertation zum hochaktuellen Thema der serologischen Schnelltests fiir
SARS-CoV-2 bei. Die entwickelten Assays zeichnen sich durch die Verwendung rekombinanter
Antigene auf optimierten Microarray-Chips mit dulerst geringer unspezifischer Bindung aus.
Die mikrofluidische Plattform MCR erméglicht automatisierte Testverfahren, die in Zukunft
breite Anwendung finden kénnen. Durch ihre flexible Anpassbarkeit bieten sich vielfdltige

Optionen zur raschen Entwicklung von Antikérperschnelltests fiir zahlreiche Erkrankungen.



Abstract

The SARS-CoV-2 pandemic has not only caused global restrictions but also massive research
effort since its outbreak in 2020. By developing serological diagnostic tools using the MCR
analytical platform that had never previously been used for diagnostic assessments in humans,
this work contributed to the following developments in this area.

First, an automated flow-based chemiluminescence microarray immunoassay (CL-MIA) was
developed for the detection of IgG antibodies against different SARS-CoV-2 antigens - receptor
binding domain (RBD), spike (S1) and nucleocapsid (N) protein. It enabled the multiplex
determination of antibodies within eight minutes. For this assay, performed on amino-modified
glass microarray chips with covalently bound recombinant antigens, a sensitivity and specificity
of 100% was achieved, keeping pace with the best commercial assays.

The next development step was an optimization towards point-of-care applications, e.g. to
control the efficiency of the newly developed vaccines. For this purpose, polycarbonate mi-
croarray chips with a carboxy-modified surface were used, which enabled significantly shorter
production times. Moreover, the injection process was optimized so that the measurement time
could be reduced by 50% and the sample volume by 90%. This assay proved to be effective for
retrospective detection of asymptomatic, unnoticed infections, but also for seromonitoring after
vaccinations. In addition, a novel assay for the sequential detection of IgM and IgG antibodies
was developed that could be used to study the time course of the immune response.

During the course of the pandemic, it became clear that neutralizing antibodies will play
an important role in the clinical evaluation of immunity to SARS-CoV-2. These antibodies
prevent the virus from entering the cell via the ACE2 receptor but for their determination
usually active virus is necessary, thus the requirement for biosafety level 3 laboratories. The use
of recombinant proteins allows the design of surrogate neutralization assays that do without
active virus. Therefore, a competitive surrogate neutralization assay was developed in this
dissertation, enabling results notably faster than commonly used neutralization assays with a
measurement time of about five minutes. This allowed measurement of the interaction between
RBD and ACE2 and inhibition of the same by neutralizing antibodies. Comparison of patient
cohort measurements with several alternative neutralization assays showed very good agreement
for the competitive CL-MIA.

Thus, this dissertation contributes to the highly topical issue of rapid serological tests for
SARS-CoV-2. The developed assays stand out by the use of native recombinant antigens on
optimized microarray chips enabling low unspecific binding. The microfluidic analysis platform
MCR allows for rapid and automated assay procedures that can find widespread application
for a variety of serological assays in the future. Their flexible adaptability offers countless

opportunities for rapid development of fast antibody tests for various diseases.
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1 Introduction

In human history, large outbreaks of infectious diseases have often had remarkable influence
on society, economy and development. A commonly known example of such global outbreaks,
referred to as pandemics, was the so-called "Black Death", a global outbreak of bubonic plague
in the 14" century, killing about one third of the population at that time. However, already
the bible mentions pandemic outbreaks and even older documents serve as registers for early
disease outbreaks like the Athenian Plague of 430 B.C. Despite advances in medicine and natural
sciences over several decades, another well-known pandemic killed more people within one year
than the Black Death within a century during the Spanish Flu outbreak in 1918. Since then,
the world has seen several other pandemics, some of them still ongoing like the HIV pandemic,
others mainly contained like Ebola.?

Nowadays, countries try their best to prepare for future disease outbreaks. The World Health
Organization (WHO) develops R&D Blueprints, defining possible diseases that might become
a worldwide threat and research activities that will come into action once an outbreak is rec-
ognized. These roadmaps are hoped to help combating future pandemics.? A similar approach
was used by the Johns Hopkins Center for Health Security together with the World Economic
Forum and the Bill and Melinda Gates Foundation by hosting "Event 201" in October 2019, a
tabletop exercise, where an outbreak of a novel coronavirus was simulated, focusing on chal-
lenges and necessary measures to contain the pandemic. While this simulation revealed some
gaps in pandemic preparedness and proposed possible solutions, the organizers would not have
imagined how real their scenario would become within a few months.?

Only two months after "Event 201", the first cases of a novel disease, caused by a previously
unknown coronavirus, SARS-CoV-2 (severe acute respiratory coronavirus 2), were found in
Wuhan, China.? The disease was later named COVID-19 (coronavirus disease 2019) by the
WHO and the outbreak was declared a pandemic in March 2020.% At that time, the Vice

President of the European Commission, Josep Borrell, stated that

"COVID-19 will reshape our world. We don’t know yet when the crisis will end.

But we can be sure that by the time it does, our world will look very different.”®

And while the pandemic is still going on three years later, a lot has changed. Unprecedented
research efforts have focused on SARS-CoV-2, allowing for the authorization of vaccines within

one year after the initial outbreak, and various medications as well as tests for COVID-19 were
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developed. One research focus was the evaluation of the immune response to infection with
SARS-CoV-2 or vaccination against it, giving indications on the protection individuals have
thanks to their immune system. This urgent research need has been a major focus of this thesis
by contributing with the development of rapid, automated antibody tests for SARS-CoV-2.

While many well-known companies as well as research groups have presented different types
of antibody tests over the last years, most of them are relatively unflexible and fixed to one
designated application. Most commonly, either enzyme-linked immunosorbent assays (ELISAs)
or lateral-flow assays (LFAs) are applied with their operating principles being outlined in de-
tail later in this thesis. ELISAs are preferably applied in high-throughput analysis using big
automated analysis devices suitable for the analysis of hundreds of samples per day. For this
application they are very useful, but if more than one parameter is to be determined simultane-
ously or results are required within few minutes, they are not suitable. Moreover, whenever an
ELISA is adapted for another analyte of interest, time-extensive optimization studies are nec-
essary to define appropriate concentrations of all reagents. LFAs on the contrary are suitable
for rapid analyses within about 15 min but they often face severe matrix problems when apply-
ing blood samples and read-out is done by eye, giving rise to human bias. Furthermore, they
sometimes fail to mimic the interaction of antibodies and viral proteins occurring in the body
by applying denatured viral proteins and just as ELISA assays they commonly only test for one
parameter at once. While many more antibody test types could and will be described, these
examples already give a good expression of what is needed in the field of serodiagnostics: people
long for a platform that gives reliable results within few minutes, not only for one parameter
but for as many different parameters of interest as possible. The COVID-19 pandemic showed
how rapidly a pandemic state can change and research as well as public health interests shift
with it. Therefore, flexible testing systems are required. New demands have to be implemented
within very short timeframes, optimally by expanding existing offers, not by replacing them.
To achieve such a flexible system, ready to be used for antibodies to different proteins as well as
different antibody classes, for the semi-quantitative serosurveillance or for the measurement of
other antibody features was the main goal of this thesis. This ambitious goal could be achieved
by combining a well-optimized analysis platform in its first application for human serodiagnos-
tics with high-quality antigens produced in eukaryotic cells to perfectly mimic the situation in
the human body. The application of microarray technology allowed for the determination of
various different parameters at once, while specialized surface treatment of microarray chips
enabled the analysis of human blood without troublesome matrix influence. Finally, detection
by chemiluminescence facilitated highly sensitive signal readout in quantitative manner.

But before the presentation of these results on the development of rapid, automated chemilu-
minescence microarray immunoassays (CL-MIAs) for the detection of antibodies to SARS-CoV-2

and possible application fields for these assays, the following chapters will give a comprehensive
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overview over the relevant background knowledge. First, SARS-CoV-2 will be introduced with
its main features, changes over the last years and its method of action in the human body.
Then, the fundamentals of immunology and antibody formation and the different possibilities
to detect antibodies, especially for SARS-CoV-2, will be outlined to provide the necessary back-

ground to understand and contextualize the results obtained in the course of this dissertation.



2 Theoretical Background

In the following, the theoretical basis of the thesis at hand will be elucidated by taking a
closer look on three main topics: the virus SARS-CoV-2, the reaction of the immune system to
infections and different types of serological assays used to evaluate the reaction of the immune

system with special focus on SARS-CoV-2.

2.1 SARS-CoV-2

2.1.1 Characteristics and Replication

SARS-CoV-2 first emerged in December 2019, and proved its pathogenicity over the following
months and years. Yet, it is not the first coronavirus to cause a large-scale outbreak: the
related viruses severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle Eastern
respiratory syndrome coronavirus (MERS-CoV) spread over many countries back in 2003 and
2012, respectively. All these viruses belong to the family of Coronaviridae, more precisely the
Betacoronavirus genus and the Sar-/Merbecovirus subgenera, and are enveloped, positive-sense

single-stranded RNA viruses.®

SARS-CoV-2 shares a high sequence identity with SARS-CoV (about 80%) and MERS-CoV
(about 50%), but even higher similarities were found to a number of bat-derived SARS-like
coronaviruses (about 88%), suggesting that bats were the original hosts of the novel virus
before it infected humans, making it a zoonotic virus.”

Its large genome has an approximate length of 30 kb encoding 16 nonstructural proteins
forming the replicase complex, nine accessory proteins and four structural proteins within
14 open reading frames (ORFs). About two thirds of the genome consist of two ORFs, ORF1a
and ORF1b that code for the viral replicase complex, while the structural proteins are encoded
in the remaining third together with accessory proteins.®? These structural proteins are highly
relevant from an immunological point-of-view as they are most apparent to the human body
after an infection and are likely to induce a reaction of the human immune system. Three
of the structural proteins are presented on the surface of SARS-CoV-2, namely the spike (S),
envelope (E) and membrane (M) protein, while the nucleocapsid (N) protein is contained within
the virions as shown schematically in Figure 2.1. It can bind to packaging signal regions in the
viral RNA and lead to the formation of stable single genome condensates. These condensates

can interact with S, E and M proteins, leading to final virion packaging.'® As will become
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apparent in the results section of this thesis, the focus of serological tests lies on the S protein
and the N protein. An immune reaction to the latter is highly specific for a previous infection
with SARS-CoV-2 as will become clear throughout Section 2.1.3, while the determination of
the body’s reaction to the S protein is of significant importance due to its involvement in the
infection process.

The cell entry of SARS-CoV-2 is mediated by the

S protein. In active virions, the S protein is present

) —— i i . . ..
Spike (S) protein as a homotrimer with each monomer containing a S1
containing RBD

/Envelope (E)
protein

—Me;nprane (M) fusion. The receptor binding domain (RBD) within
protein

and a S2 subunit. The S2 domain anchors the pro-

tein to the membrane and later mediates membrane

, the S1 domain can bind to angiotensin-converting en-
Nucleocapsid (N)
protein zyme 2 (ACE2), a cell surface enzyme with relevance

in maintaining normal blood pressure that was al-

Figure 2.1: Schematic  structure  of 1054y the receptor for SARS-CoV as well as for the

SARS-CoV-2 with its struc-
© ‘{Vll 1S SUHe endemic alphacoronavirus HCoV-NL63 that causes

tural proteins.
mild upper respiratory tract infections like the re-
lated HCoV-229E, HCoV-OC43 and HCoV-HKU1.812

When a SARS-CoV-2 virion binds to an ACE2 receptor on the cell surface as shown in
Figure 2.2 a, the S protein is subsequently proteolytically cleaved at two cleavage sites, starting
with the separation of the protein into its S1 and S2 subunits and then further activating the
S2 subunit at the S2’ cleavage site.'® These so-called priming processes are usually mediated by
the serine protease TMPRSS2 (transmembrane protease serine subtype 2) at the cell surface,
but can generally also occur due to the proteinase furin (for S1/S2 cleavage) or by cathepsin
proteases, depending on the step in the SARS-CoV-2 reproduction cycle and the type of infected
cell.'* After the cleavage steps, a highly antigenic fusion peptide is exposed, leading to a

conformation change followed by membrane fusion and cell uptake of the virion.'®
Once a virion has entered a cell by clathrin-mediated endocytosis, uncoating and the release of
genomic RNA (gRNA) into the cytoplasm takes place (Figure 2.2 b). 16 This gRNA is recognized
as messenger RNA (mRNA) by ribosomes in the cell and translation of ORFla and ORF1b
takes place. The resulting replicase polyproteins are cleaved, resulting in the viral polymerase
(Figure 2.2 ¢) that can then engage in RNA synthesis within replication organelles formed from
cell membranes. They produce RNA templates for RNA replication as well as subgenomic
RNAs (sgRNAs) encoding structural and accessory proteins (Figure 2.2 d and e) that are then
further processed to sg-mRNAs used for translation of the structural proteins (Figure 2.2 f).
Once all necessary proteins as well as new gRNA has been produced, virion assembly starts by

coating of the RNA with N proteins, followed by budding of these nucleocapsid structures into
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the endoplasmatic reticulum-Golgi intermediate compartment (ERGIC, Figure 2.2 g), where
they acquire a lipid bilayer containing S, M and E proteins. These new virions can then leave the
host cell and continue to infect other cells (Figure 2.2 h and i).'” Therefore, if the host’s immune
system reacts rapidly to the presence of the spike antigen, possibly the infection of cells and
the spreading of the virus within the body can be prevented. This emphasizes the necessity for
rapid immunological tests to detect whether an individual possesses protection from infection

or possibly needs preventive support by vaccination as will be detailed in Section 2.1.3.
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Figure 2.2: Cell entry and replication cycle of SARS-CoV-2.11:18
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But this determination of protection is aggravated by an intrinsic feature of SARS-CoV-2.
Similar to many other viruses, it is able to adjust to its host by mutations, therefore evading
the immune system. Especially amino acid changes within the S protein are a very important
factor, influencing the invasion of cells, replication, transmission and antibody production.!®
First mutations within the S protein occurred already in early 2020, making a variant with
a D614G mutation predominant worldwide. In the following overview of main variants that
evolved since the beginning of the pandemic, only key mutations in the S protein will be stated

for clarity. In December 2020, the alpha variant (Pango lineage B.1.1.7), carrying an additional
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N501Y mutation in the S protein, came up and dominated the cases for approximately 6 months.
During that time, also the beta (B.1.351, additional E484K and K417N mutation) and gamma
(P.1, additional E484K and K417T mutation) variants came up but did not reach the same
abundance worldwide. Instead, in May 2021 the delta variant (B.1.617.2, D614G mutation as
well as L452R, T478K, P681R) was first found in India and rapidly spread, dominating the
cases until late 2021, when the omicron variant (B.1.1.529 with D614G, N501Y, E484A, T478K
and P681H) and its subvariants BA.1 - BA.5 appeared.?®?! The change of predominant variant
worldwide is also shown graphically in Figure 2.3, indicating the percentage of sequences from
selected variants within all available sequences per day. The figure shows how fast a change
in predominant variant can occur. Within few weeks a new mutation can spread over the
whole world, casting doubts on all previous research results as the new variant might behave
substantially different and previously gained immunity to another variant might have become

useless.

— wildtype
——B.1.1.7 (alpha)
——B.1.351 (beta)
——P.1(gamma)
—B.1.617.2 (delta)

———BA.1 (omicron)

Percentage of sequences

BA.2 (omicron)

BA.5 (omicron)

Figure 2.3: Percentages of selected variants within all available sequences worldwide from Jan-
uary 2020 to November 2022 (wildtype data contains the first known sequence as well
as very closely related early variants like B.1); Data obtained using CoV-Spectrum. 22

Therefore, it is of utmost importance to have diagnostic analytical tools available that can
be adjusted as rapidly as the virus changes. Not only is it necessary to produce antigens from
new upcoming variants shortly after their appearance in high quality but also does it have to
be possible to exchange antigens as soon as new ones are made available. The best tool to
enable serological surveillance with variants coming up would be an analytical test that is able
to include all new variants without having to replace old ones so that samples from any place
and any time point can be analyzed with the same test, showing responses to different variants.

While for the detection of an active infection, only sequencing of the viral genome found in a
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sample proved successful, there are serological test formats like microarray immunoassays that
can accomplish multiplex measurements of antibody responses to different mutants at once, as
will be shown later on in this work.

Over the course of the pandemic, many of the variants of SARS-CoV-2 were defined as
"variants of concern" (VOC) due to their high transmissibility (measured for example using
the basic reproductive number Ry that states the number of new cases generated from a single

23

case)*® or symptom severity, which will be discussed in more detail in the following section.

2.1.2 Pathogenesis

While many coronaviruses are known to infect humans, most of them only lead to mild
symptoms.” In contrast, SARS-CoV-2 infection can result in severe symptoms and death just
as it had been the case for the closely related SARS-CoV in 2003. SARS-CoV-2 infection leads
to the so-called coronavirus disease 2019 (COVID-19) that predominantly shows respiratory
symptoms, but also has some additional manifestations that can be explained with the tissue
tropism of SARS-CoV-2. As explained beforehand, ACE2 and TMPRSS2 as well as furin are
relevant for the cell entry of SARS-CoV-2. ACE2 and TMPRSS2 are co-expressed in high levels
in ciliated and secretory nasal cells, while additionally furin is present on certain bronchial cells.
Furthermore, differentiated enterocytes, present in the gastrointestinal tract, show high levels
of ACE2, explaining enteric infections.

The most pronounced transmission routes of SARS-CoV-2 as shown in Figure 2.4 are also
in accordance with the tissue tropism as the primary way of transmission is thought to be
the contact to small respiratory droplets (diameter > 5 yum) from infected persons. Another
possibility is the transmission by aerosols (diameter < 5 pm) or fecal-oral transmission.®

Generally, most patients experience flu-like symptoms with the most common symptoms
being fever, cough and dyspnea, in some cases progressing to acute respiratory distress syndrome
(ARDS) or pneumonia, possibly leading to death. Other symptoms can be headaches, nausea,
vomiting, diarrhea, pharyngitis or fatigue, among others.®2?* Higher age coincides with more
severe disease progress, as do several risk factors including cardiovascular disease, hypertension,
diabetes or cancer. On the contrary, children usually show milder symptoms.?® In severe cases
where patients develop ARDS, the cause of this life threatening complication often lies within
a patients immune system due to the manifestation of a cytokine storm. As the virus infects
cells, they secrete cytokines and release them as will be elucidated later. This leads to severe
inflammation processes and damages in the surrounding tissue. Apart from the lung, also other
organs like for example the kidneys can be damaged by the extreme immune reaction following
SARS-CoV-2 infection. 25

While the original wildtype coronavirus led to such severe or even critical symptoms in 19%
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of cases, with a 2.3% lethality, the numbers varied significantly for different variants. The
early variants alpha, beta and gamma already showed a slightly higher transmissibility (e.g.
for gamma, a Rg of 3.4 compared to 2.5 for the wildtype was reported), disease severity and
lethality (e.g. for alpha: 1.55 - 1.73 times more lethality). Another increase was reached
with the delta variant that was predominant for a long period of time and showed very high
transmissibility (Ry = 7, facilitated also by shorter median incubation periods of 4.5 days)
and increased lethality (2.37 times higher). In contrast to this development, the currently
predominant variant omicron leads to a less severe course of disease with 0.71 times lower
lethality. Still, the transmissibility further increased to a Ry of 10 with a median incubation
time of 3 days. This development can be explained from an evolutionary viewpoint as diseases
with a high lethality often limit their transmissibility by killing their hosts before transmission
can occur, while high transmissibility with low lethality can help a virus thrive.?

Another factor that influences the current disease outcomes in contrast to the situation in
the beginning of the pandemic is the availability of medication and vaccines for SARS-CoV-2

which will be outlined in the following.
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2.1.3 Treatment and Vaccination

When the pandemic began in early 2020, researchers worldwide put enormous research effort
into the development of vaccines and the search for possible antiviral drugs.

Meanwhile, several possible treatments are available for certain patient groups profiting from
them. Very early on during the pandemic, common antiviral drugs were tested for their efficacy
in patients with COVID-19.27 Over the years, further antivirals were developed with two main
mechanisms of action: 1) drugs that target viral proteins or RNA and 2) drugs targeting host
proteins or processes relevant for viral cell entry. Another approach is the use of convalescent
plasma or intravenous immunoglobulin obtained from convalescent patients or even the use of
monoclonal antibodies that can be very helpful as a treatment for high risk patients despite the
high cost and difficult production.!? Still, as is common for viral infection, no single drug was
found to specifically treat COVID-19 in all patients, but decisions on suitable medication have
to be made with respect to a patient’s health status so that drugs are often only applied in
high risk patients with certain comorbidities or in severely ill patients. For all other people, the
best measure against COVID-19 is considered vaccination, making it one of the most powerful
tools in putting an end to the pandemic.

In the field of vaccine development, there has also been made huge progress over the past
years. Until December 2021, already nine different vaccines had been approved by the WHO.
They mainly applied three different techniques: 1) mRNA vaccines (e.g. BNT162b2 from
Pfizer/BioNTech), 2) non-replicating viral vector vaccines (e.g. AZD1222 from Oxford/Astra
Zeneca) and 3) inactivated virus vaccines (e.g. CoronaVac from Sinovac).?® As a forth vaccine
principle, also protein based vaccines (e.g. NVX-CoV2373 from Novavax) have gained approval

in several countries.? The different principles are also represented in Figure 2.5.

Virus Vaccines
Po-
SARS-CoV-2 MRNA Viral vector Inactivated Protein

virus

Figure 2.5: Different principles for SARS-CoV-2 vaccines. 't

All these vaccines focus on inducing an immune response to parts of the SARS-CoV-2 S pro-
tein so that optimally the cell entry of the virus can be prevented by inhibition of the RBD-
ACE2 binding. Here again the availability of suitable immunological tests like antibody assays

10
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is crucial to test for vaccine efficacy. They are applied already early in vaccine trials to as-
sess whether the vaccine can induce an immune reaction and are later continuously used to
detect whether the available vaccines are still sufficient or whether adaptation of the vaccine
or booster vaccination is necessary to retain protection. Another principle to test for the ef-
fectivity of vaccines is monitoring of infections in vaccinated and unvaccinated study groups
but here no estimate of protection for a single person can be given until an infection occurs,
an event one wants to prevent by vaccination. Therefore, rapid serological tests are needed
to assess without high work or time expenditure whether a person is still protected or needs
another vaccine dose or maybe a different, more effective vaccine type. Optimally, such tests
can also distinguish immunity after vaccination from that after infection so that even unnoticed
breakthrough infections after vaccination can be detected, enabling a broad immune profile of
the population.

Already during the development of the first vaccines, it became clear in clinical trials that
they can reduce the risk of infection with over 90% protection for many vaccine candidates.3°
Over time, it became evident that breakthrough infections can still occur after vaccination,
especially with the upcoming SARS-CoV-2 variants, but that vaccination still provided signifi-
cant protection from severe symptoms and complications including ICU admission, intubation
or respiratory failure.®! With respect to the variants, it was found that notable protection re-
mains even from the initial vaccines especially for earlier variants like alpha, beta and even
delta, while reduced protection was indicated for the omicron variant, giving rise to the devel-

32731 The efficacy of these adjusted vaccines should be monitored

opment of adjusted vaccines.
in the future to make sure that they lead to the development of antibodies specific to the new
variants, while still being applicable for older circulating variants. Therefore, suitable multiplex
serological tests are necessary that can do these determinations for different variants simulta-
neously. A perfect example are microarray immunoassays like the ones this dissertation aimed
on developing, as will be explained in more detail in Chapter 2.3.1.6.

The following chapter will focus on the function of the immune system and the different
ways of providing immunity after vaccination to give a deeper understanding of the processes
occurring in the body after an infection or vaccination with focus on the production of antibodies

that are the main research interest for this dissertation.

2.2 Immunology

While the aim of this thesis was the development of antibody tests for SARS-CoV-2 that
overcome all the drawbacks presented by commonly used test techniques, one has to first gain a

deeper understanding of the fundamentals of human immunology to be able to fully grasp the
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importance of antibodies within the human immune reaction. Only then can also be understood
why the rapid and reliable determination of antibodies plays a decisive role in the coercion of

pandemics.

2.2.1 Fundamentals

Immunology is a field of research that found its beginnings in the late 18" century with
Edward Jenner. He discovered in 1796 that smallpox in humans could be prevented by infecting
them with cowpox - also called vaccinia - a related virus that was not fatal for humans. He
called this process vaccination and about 200 years later, smallpox was announced eradicated
by the WHO thanks to Edward Jenner’s discovery.

At the time of inventing vaccines, Jenner did not know anything about the causative agents
of diseases. Here, Robert Koch contributed substantially in the 19" century by realizing that
microorganisms cause diseases, a knowledge that lead to the development of further vaccines,
for example by Louis Pasteur against cholera and rabies.?> Other important contributors were
the Russian natural scientist Ilya Ilich Metchnikoff and the German physician Paul Ehrlich
who were awarded the Nobel Prize for Medicine in 1908.36

Both of them had focused on different aspects of immunology during their research. FEhrlich
proposed "bodies" in the blood of immunized individuals that were able to protect themselves
as well as also other individuals upon injection of so-called "anti-toxic serum". He therefore
provided the basis for what we today know as antibodies, while he was rather sceptical about
Metchnikoff’s results, which he considered as inconclusive to many investigators.®” Metchnikoff
had discovered that certain mobile cells could ingest and digest foreign material introduced into
an organism. He called them phagocytes and the process phagocytosis and recognized that it
was an important process in inflammation and elimination of pathogens.?®

The two subsystems that the immune system can be divided into and that were in part already
investigated by Metchnikoff and Ehrlich - albeit not under the same notation as today - are an
innate component, representing the rapid "first line of defense', and an adaptive component,
being more specific but not as fast as the innate response. Figure 2.6 shows the main elements
of the innate and the adaptive immune system and Table 2.1 gives a short comparison of the
main differences between these two components that will also be outlined in more detail in the

following sections.

2.2.2 Innate Immune System

The innate immune system (also called native immunity) consists of mechanisms that are

present even before infection occurs. Its major components are epithelial barriers that block
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Table 2.1: Comparison of innate and adaptive immunity.

Feature

Innate immunity

39,40

Adaptive immunity

Time of response

Immediately after entry and
recognition of a pathogen

Days to weeks after the en-
try of a pathogen

Specificity Not highly specific, recogni- Highly specific due to anti-
tion by pattern recognition gen specific B and T cell re-
receptors ceptors

Memory Limited, response is the Yes, responsiveness is en-

same with every exposure

hanced by repeated expo-

sure
B and T cells

Cellular component  Phagocytes, dendritic cells,
eosinophils, NK cells, mast
cells

Complement proteins

Antibodies

Humoral component

the entry of pathogens (like skin and mucosa), phagocytic cells (like for example macrophages),
natural killer cells (NK cells) and various plasma proteins including proteins of the complement
system.*! Other features of the innate immune system include fever, interferons and pattern-
recognition molecules.*?

These pattern recognition molecules help the innate immune system to distinguish pathogens
from host structures. A common kind of these molecules are Toll-like receptors (TLRs) that
are able to recognize pathogen structures and thus to activate immune cells. Many of them
recognize bacterial features like peptidoglycan or lipopolysaccharides, but for the detection of
viruses there are also TLRs recognizing double-stranded (ds) RNA.?® TLRs can induce the
production of for example cytokines helpful in fighting an infection. 443

For the mentioned production of cytokines and other actions, the cells that form part of the
innate immunity are needed as depicted in Figure 2.6. Many different cell types are included
with some of them sharing tasks. One group are phagocytes as discovered by Metchnikoff. These
specialized leukocytes (mainly macrophages, dendritic cells, eosinophils and neutrophils) can
uptake microbes and render them harmless. Macrophages and dendritic cells additionally have
an important role in antigen presentation to T cells, making them a link to the innate immune
system. Mast cells initiate inflammatory reactions by releasing e.g. histamine, enzymes and
cytokines. Another important cell type are natural killer (NK) cells that can induce apoptosis
of cells infected for example by viruses. Additionally, they also secret cytokines that lead to
macrophage activation. 4044
Cytokines generally are low molecular weight messengers that can alter the behavior of cells,

e.g. by promoting the growth of certain leucocytes (interleukins), activating them or acting as
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Figure 2.6: Components of the innate and the adaptive immune system. !

chemoattractants (chemokines). A special group of cytokines are called interferons. Upon viral
infection, especially interferon o and 3 are produced, leading to reduced replication within the
cell, also hindering virus proliferation.*>

Finally, the complement system as the last part of innate immunity presented herein is made
up from more than 30 proteins mainly found in plasma. Whenever the complement system
is activated, a sequential cascade of enzymatic reactions takes place (known as complement
activation pathways) and leads to a physiological response like chemoattraction of immune
cells or apoptosis. While initially after its discovery in the 1890s, complement was thought to
be important only in the innate immune system, later research in the 1970s found it to play
a role also in the adaptive immune system, showing how closely the two subsystems of the

immune system act together.46

2.2.3 Adaptive Immune System

The adaptive immune system mainly consists of T and B lymphocytes as cellular components
and antibodies as humoral components. Both T and B lymphocytes are relatively small with

diameters of 8 - 10 pm. They normally have large nuclei but only few mitochondria, ribosomes
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and lysozymes, but as soon as they are activated, they enlarge and increase their number of

organelles. 44

2.2.3.1 T Cells

B and T cells can be activated by specific antigens binding to antigen receptors presented
on the cell surface (B cell and T cell receptors, BCR and TCR, respectively). For T cell
activation, it is necessary that these antigens are presented on the surface of antigen-presenting
cells (APCs, for example dendritic cells or macrophages). In contrast to B cells, they do not
recognize intact antigens but only peptide fragments that can be found on so-called MHC (major
histocompatibility complex) proteins on the surface of APCs. The TCRs necessary for this
recognition are membrane bound and consist of two disulfide-bond linked polypeptide chains
with each having a constant and a variable domain, similar to antibodies as will be described
later. Each T cell expresses one type of TCR, obtained from site-specific recombination of
different TCR gene fragments during the development of T cells in the thymus. The detailed
mechanisms to obtain TCR diversity are similar to those used in B cells and will be explained
later. 47

When a T cell coincides with an APC presenting the correct antigen within the peripheral
lymphoid organs, binding of the TCR and the MHC with antigen takes place. To achieve
an activation of the T cell, additional co-stimulation (mediated for example by the surface
protein CD28 on T cells binding to CD80/CD86 proteins on APCs as shown in Figure 2.7) is
necessary.*® As a third activation signal, the secretion of cytokines from the APC is used.*’
Upon activation, T cells differentiate into active cells with pre-defined functions. T cells carrying
the CD4 receptor (CD47 cells) mainly become T helper cells that are able to 1) produce
cytokines necessary to attract other immune cells and 2) to stimulate B cells so that antibodies
are generated.** Alternatively, CD87 cells convert into cytotoxic T cells upon activation. These
are able to attack and destroy infected cells (e.g. in viral infections) by expressing ligands for
cell death receptors or liberating cytolytic granules, leading to apoptosis.®’®! Additionally,
memory T cells are of interest. They can be either CD41 or CD8' T cells after exposure to
the respective antigen and are long-lived cells that can give rapid protection upon re-exposure

to the antigen.??

2.2.3.2 B Cells

The second relevant cell type in adaptive immunity are B cells. As shown in Figure 2.8, they
are produced in the bone marrow and have their origin in hematopoietic stem cells differenti-
ating into common lymphoid progenitors (CLP) upon signalling from the surrounding stromal
cells. Therefore, B cells share their origin in CLPs with for example NK cells and T cells, but
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Figure 2.7: Antigen specific activation of T cells by different signals. !

in contrast to these cells, they further develop into pro-B cells, considered the first actual B cell
stage in the development process.®® While for the development of T cells, the progenitor cells
have to migrate to the thymus and differentiate into early thymic progenitors there, B cells re-
main in the bone marrow for another development step as the microenvironment of the stromal
cells in the bone marrow is crucial by delivering all stimuli and factors needed for the activation
of relevant transcription factors.** For a B cell to become functional, it has to express a B cell
receptor (BCR) that consists of a heavy (H) and a light (L) chain. Secreted B cell receptors are
known as antibodies and will be treated later on. Each B cell carries one specific receptor that
is formed during its development in the bone marrow. Its formation starts during the pro-B cell
stage by recombination-activating gene (RAG)-dependent rearrangement of gene segments for
the BCR. First, the antigen binding region of the H chain is formed by rearrangements and
recombination of three germ-line genes - V (variable), approx. 65 different segments, D (diver-
sity), approximately 30 different segments and J (joining) genes, approximately 5 segments -
followed by formation of L chains with antigen binding regions made up from V and J genes,
where again various different segments are available, leading to about 10'? different combina-
tions. 35545 These can then pair with the H chains to form immunoglobulin M (IgM) that is
presented on the surface as BCR and initiates the entrance of the immature B cell into the
spleen. % When the B cells get into contact with antigens that bind to their BCR, crosslinking of
BCRs occurs for some antigens (e.g. polysaccharides from bacteria that contain repetitive mo-
tifs) and leads to activation of the cell. For protein antigens that usually only contain the BCR
binding motif once, a second activating signal is needed. Therefore, B cells can internalize anti-
gens and present fragments of them via MHC proteins. These are recognized by T helper cells
that give a second confirmatory signal leading to proliferation of the B cell.3>3? Alternatively,

the B cells can enter germinal centers after T helper cell-dependent antigen contact.®® These
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germinal centers exhibit an microenvironment of lymphoid tissue suitable for cell proliferation,
somatic hypermutation and selection by antigenic affinity.** When somatic hypermutation oc-
curs, point mutations are introduced into the V regions of the H and L chains at very high
rates, leading to mutant BCRs. These B cells are screened for their antigen affinity and those
with higher affinity than the original BCR preferably mature further into antibody secreting
cells. This is an important difference to the diversification process in TCRs which is in main
parts very similar, e.g. it uses the same V(D)J recombinase including the RAG proteins, but no
somatic hypermutation occurs. Therefore, TCRs retain low antigen affinity, while BCRs elicit
very high affinities with Kp values in the order of 0.01 - 100 nM.*” Additionally, class switch
recombination can occur in B cells, leading to the production of different antibody isotypes

apart from IgM that is found on immature B cells. 3’
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Figure 2.8: Development stages of B cells. !

During the whole process of B cell development and maturation, various checkpoints have
to be passed. During early development, negative selection makes sure that B cells acting in
an autoreactive manner are rendered harmless (e.g. by receptor editing, apoptosis or anergy),
avoiding the later production of autoantibodies. On the other hand, positive selection enables
the survival of only those B cells that recognize their respective antigen.®” Further selection
steps occur in later developmental stages as described before, so that only few B cells ultimately

reach the state of long-lived plasma cells or memory B cells.

17



Theoretical Background Immunology

Memory B cells are long lived cells that were once stimulated by their respective antigen
and had undergone proliferation, possibly class switch and selection in a germinal center. They
divide very slowly and present a BCR on their surface without secreting antibodies but upon
another contact with the antigen they proliferate and differentiate into plasma cells, allowing for
a much faster response than would be possible from naive B cells. Memory B cells can circulate
for many years and therefore give a robust protection. Plasma cells on the other hand only
present low amounts of their BCR on the surface. Additionally, they can neither act as antigen
presenting cells anymore, nor are they able to undergo a class switch. Their main function is

the continuous secretion of antibodies which will be treated in the following section.?3*®

2.2.3.3 Antibodies

Antibodies form part of the humoral immune response which is the response mediated by
secreted macromolecules. They are secreted by B cells (plasma cells) and are effector molecules
in contrast to the membrane bound BCRs which also are immunoglobulins but function as
sensors for antigens.? Secreted antibodies can act by different mechanisms: 1) neutralization
of pathogens, e.g. by preventing their entry into human cells, 2) agglutination of two or more
pathogens with the same antigen to form an aggregate that can more easily be eliminated, 3)
activation of the complement system, 4) opsonization (tagging) of pathogens to label them for
the recognition by macrophages or neutrophils.

Antibodies consist of four polypeptide chains
as shown in Figure 2.9, two identical heavy
chains and two identical light chains like BCRs.

f2Variab|e The light chain consists of two domains and the

N’ domains  heavy one of four to five domains. The N termi-

N terminus

nal domains of the chains are variable and are

relevant for antigen binding. In this area, so-

Heavy
chain

Light for the respective antigens. This variability is
hai . .
eam ' ' possible due to three complementary determin-

— Disulfide
— bridges ing regions (CDRs) in the N terminal domains

Constant matic hypermutation leads to optimized affinity
domains

C terminus of light and heavy chain which consist of pro-

Figure 2.9: Schematic structure of an anti- truding loops formed from 9 - 11 amino acids
body. ! between anti-parallel p sheets. This gives rise

to very diverse 3D structures, allowing for the

recognition of a big variety of antigens. The remaining domains towards the C terminus are

constant and are able to e.g. interact with complement proteins. The four chains of an antibody
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are linked by disulfide bonds complemented by non-covalent interactions for further stabiliza-
tion. Due to their symmetrical Y-shaped structure, antibodies contain two identical antigen
binding sites that can interact with antigens like virusal proteins.3?

The affinity of an antibody as measure of its ability to bind to an antigen strongly can be
calculated as association constant of the antigen-antibody complex as shown in Equations 2.1
and 2.2 with A being free antigen, B being free antibody and AB the antigen-antibody complex
at equilibrium. K, is the association constant that is used as a measure of affinity. It is given
in M', while the reciprocal dissociation constant Kq (in M) also often is used for expressing

binding strength of an antibody.®’

A+B=AB (2.1)
kq
I k., [AB]

TR ke A 22

Affinity maturation by somatic hypermutation leads to an increased affinity with a greater
rate constant k, and association constant K,, respectively. Antibodies which elicit higher
affinity can form a stronger bond to their antigen, giving them more protective force than ones
with lower affinity. To evaluate affinities, different methods are available like surface plasmon
resonance or isothermal titration calorimetry (ITC). The latter often is referred to as gold
standard as it can be used to measure affinities of antibodies and ligands in solution without
any immobilization or chemical modification. It thus is a label free method that utilizes the
slow titration of antibody and antigen by measuring the heat formed or absorbed during the
process of antibody-antigen complex formation. Thereby, the enthalpy AH of the complex
formation reaction can be measured and used to determine binding affinity K, according to
Equation 2.3 (with AG as the change in Gibbs free energy, AS the change in entropy, R as gas

constant and T as absolute temperature). %

AG = —RT In K, = AH — TAS (2.3)

Another important measure is the avidity, which can be referred to as the total binding
strength consisting of affinity and valency.® This valency of an antibody depends on its
class. Generally, five different classes of antibodies (immunoglobulins) are known. Each B cell
only produces one of these classes, a switch to a different antibody class can be achieved by
class switch recombination in germinal centers. Differences between the classes apart from
the valency are found within the constant part of the heavy chains of the antibody. IgM
is the first immunoglobulin that is expressed during the development of B cells, therefore

it is the primary response to pathogens. Its main function is the opsonization of antigen.
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During the secondary response to a pathogen at a later timepoint of disease, mainly IgG is
formed as shown in Figure 2.10. IgG antibodies have a molecular mass of approx. 150 kDa
and are capable of efficiently neutralizing toxins and viruses as well as opsonizing antigens.

Figure 2.11 (a) shows the 3D structure of an
A Pathogen load IgG molecule with two heavy and light chains

& as well as a carbohydrate component bound
[e[€]

i to a conserved N glycosylation site within the

heavy chains.®? Another class of antibodies,
IgD, is also produced relatively early when
B cells leave the bone marrow but its function
remains unclear. The fourth antibody class,

IgA, is relevant due to its protection of the

» mucosal surfaces from toxins, viruses and bac-

Time since infection . L. . .
teria by neutralizing them or preventing their

Figure 2.10: Timescale of IgM and IgG develop-

: ) binding to the surface. The last known class
ment after infection.

is IgE, which plays a role in hypersensitivity

and allergy as well as the immune reaction to
parasites.®® While IgD, IgE and IgG are found as monomers, IgA is usually present in dimers
and IgM occurs as pentamers with the monomers being held together by a J chain, allowing
them to bind to antigens with a total of ten antigen binding sites.

Generally, IgM elicits lower affinity than IgG due to its early formation and early fading in
contrast to IgG that can undergo affinity maturation over time, but IgM has a high avidity
due to the high number of possible interaction sites (high valency). A representation of an IgM
molecule is provided in Figure 2.11 (b). The different classes are found in different concentra-
tions in the serum with IgG being the most abundant followed by IgA, while IgE and especially
IgD (as it is normally not secreted) can only be found in low concentration. IgG also has the
longest half-life of the antibody classes with 23 days while in comparison the half-life of IgM is
only 5 days.?’

When comparing secreted antibodies and membrane bound BCRs, the main difference is a
hydrophobic a helical transmembrane domain and a short cytosolic domain at the C terminal
end of the heavy chain. Upon activation of a B cell by antigen contact and differentiation into
a plasma cell, expression of the heavy chain is upregulated and alternative mRNA processing
occurs, leading to the loss of the membrane anchor. Therefore, the BCR cannot be linked to
the cell membrane anymore and is secreted as an antibody.?® These antibodies then recognize
their respective antigen and can carry out their previously described functions.

With this chapter, the importance of the immune system and all its components working

hand in hand should have become apparent. At the same time, the importance of antibodies
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Figure 2.11: (a) 3D representation of an IgG antibody obtained using X-ray diffraction;3 (b)
3D representation of an IgM antibody obtained with synchrotron X-ray solution
scattering and molecular graphics modelling;%* heavy chains are shown in blue
and green, light chains in orange and red, J chain in IgM shown in black; images
generated with Jmol. %>

was stressed: they are highly specific, form and fade dynamically and therefore can be used to
assess time courses of infections or efficiency of vaccines. But to make this possible, reliable
serological tests are required, allowing for the deeper analysis of antibodies specific to a disease.
Therefore, the next chapter will focus on different test principles and bioanalytical platforms

that have been developed and investigated by research groups around the world.

2.3 Serological Assays and Analysis Platforms

2.3.1 Serological Assays

Serological assays can be applied for the detection of antibodies in blood samples. They can
be helpful in a variety of settings as they can provide important information at different stages
of an infection. Early after disease onset, they can help to monitor a patient’s immune reaction
to an infection by testing for the early formed IgM antibodies, while serological assays for the
determination of IgG are helpful after the acute stage of infection, where the pathogen is not
detectable anymore. They are used to detect previous infection that had gone unnoticed by the
patient, but they are also valuable for safety testing of blood products to prevent the transfusion
of blood infected with e.g. hepatitis C or other chronic infections leading to antibody formation.

Additionally, they are helpful in epidemiological studies or for the determination of vaccine-
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induced immunity and its decay over time. Apart from the detection of IgM and IgG antibodies
separately, another interesting target for serological assays are neutralizing antibodies that can
prevent the infection of cells and disease progression. %

During the development of a serological assay, different considerations have to be made.
The assay should aim on reaching very high sensitivity, which can be calculated as shown in
Equation 2.4, meaning that it gives the fraction of samples that were classified as containing
antibodies within all samples known to contain antibodies. A low sensitivity of a serological

test means that positive samples are relatively likely to be falsely classified as negative.

Number of true positive results

x 100 (2.4)

Sensitivity =
Y= Number of all positive samples

At the same time, another aim should be to achieve high specificity, calculated according to
Equation 2.5 as the fraction of samples correctly classified as negative within all samples known

to not contain antibodies. 67

Number of true negative results

Speci ficity = x 100 (2.5)

Number of all negative samples

Additionally, it has to be considered whether the evaluation of a serological test will be done
quantitatively or qualitatively, i.e. that it only gives a binary statement on the presence or
absence of antibodies or also a numerical classification of the amount of antibodies relative to
a standard. To be able to distinguish negative from positive samples, a classifier has to be
defined as the borderline between positive and negative. For this purpose, receiver operating
characteristic (ROC) curve analysis is a suitable tool. To obtain a ROC curve, an appropriately
large, known sample set is tested with the test of choice, giving a response for each of the
samples. Subsequently, arbitrary thresholds are set at different values throughout the whole
signal range and for each threshold, the true positive rate (sensitivity) and false positive rate
(1 — specificity) are calculated and plotted against each other. The resulting plot can then be
used to determine the optimal cut-off value.

Figure 2.12 shows exemplary ROC curves of varying quality: while curves close to the dashed
black line (x =y, representing a random classification) belong to tests with very bad selectivity
for positive and negative samples, the optimal ROC curve would run along the axes as shown
in green. If such a rectangular curve shape is seen, the optimal cut-off value belongs to the
point (0,1) in the left upper corner, where 100% sensitivity and specificity can be achieved. If
deviations from the optimal curve are found, the cut-off value is defined depending on needs
and interests as to optimize either sensitivity or specificity.

Another relevant consideration is the amount of automation, the number of measurements

per time interval, the duration of a single measurement and the necessary laboratory equip-
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ment. This gives rise to various different test formats ranging between highly automated high-

throughput tests and very easy-to-use point-of-care

1.0 tests as well as to different bioanalytical platforms

suitable for the execution of these tests. The follow-

0.8 ing sections will outline some examples for serolog-
% ical test formats and bioanalytical platforms used
< 0.6 for SARS-CoV-2 as well as other pathogens.
'§ For the main goal of this thesis, which was to en-
G:JOA- able the rapid, sensitive and specific analysis of an-
=

tibodies to SARS-CoV-2 using a highly automated

test with low work expenditure that can easily be

o
N

adapted to rapid changes of requirements during

0.0 0.2 04 06 08 1.0 the pandemic, first a suitable test format together
False positive rate

with an appropriate analysis platform had to be
Figure 2.12: Exemplary ROC curves. selected. The following sections will also show the

rationale for this decision that was made even be-
fore the assay development which will then be elucidated in Chapter 4.

2.3.1.1 Hemagglutination (Inhibition) Assays

A very early example for serological tests are hemagglutination inhibition assays that had
been developed in the 1940’s for the detection of IgM as well as IgG antibodies to influenza.®®
The assay principle is based on the process of agglutination, where certain receptors found on
the surface of red blood cells bind to the hemagglutinin glycoprotein present on the surface of
influenza virions. This creates a lattice of red blood cells and virus particles that keeps the
blood cells in suspension, giving the test solution a light red colour. On the contrary, when
no agglutination occurs, the blood cells sink to the bottom of the used test tube or microtiter
plate well, forming a red circle with sharp edges. To test for the presence of antibodies, the
virus of interest is incubated with serum containing antibodies. Subsequently, the treated virus
is added to a suspension of red blood cells, whereas the more agglutination can occur the less
antibodies were present in the serum sample. While initially the test principle was only used
for influenza and other viruses like mumps,% measles™ or rubella™ that intrinsically have
the ability to force blood cell agglutination by their surface proteins, its application was also
made feasible for other viruses like SARS-CoV-2.77 In an exemplary serological test pub-
lished by Ertesvag et al., anti-erythrocyte nanobodies are coupled with the RBD domain from
SARS-CoV-2. These nanobodies can therefore bind to red blood cells which can subsequently
be cross-linked by the binding of SARS-CoV-2 RBD-specific antibodies, leading to visible ag-
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glutination. ™ Hemagglutination tests as well as hemagglutination inhibition tests are relatively
cost efficient and easy to perform, which has paved their way as gold standard in the detection
of vaccine-elicited immune protection against influenza, but they also have several drawbacks
like a limited range of pathogens susceptible to the test type without severe adaptations, diffi-
culties in interpreting low levels of agglutination or its inhibition, the influence of non-specific

agglutination or inhibiting agents and generally a relatively low sensitivity and specificity. 5%

2.3.1.2 Complement Fixation Tests

An alternative are complement fixation tests that are mainly used for the determination of
IgG antibodies. They make use of the complement proteins that are able to bind to antigen-
antibody complexes and additionally are able to lyse certain labeled erythrocytes. For doing a
complement fixation test with a serum sample, first the patient’s complement proteins in the
sample are destroyed by heat treatment. The serum is then mixed with the viral antigen of
interest to allow for binding of antibodies to this antigen, forming antigen-antibody complexes.
Subsequently, exogenous complement (e.g. from guinea pig serum) is added and binds to these
complexes, thus being "fixed" to them. When now so-called indicator erythrocytes are added,
unfixed complement will lead to hemolysis. On the contrary, no lysis of the erythrocytes will
occur, if the complement was fixed by antigen-antibody complexes.®® Complement fixation has
been used already in the early 20*" century by Wassermann for the serological detection of an
infection with Treponema pallidum, causative agent of syphilis, a test that had been widely used
and optimized over the following decades.”™ 7" Additionally, it was also used for the detection
of other infections by means of antibodies to the respective pathogen, e.g. for typhus fever by
detecting antibodies against Rickettsia prowazeki™ or Q fever caused by Coziella burnetii.™
It furthermore found application in monitoring of the immune response after vaccination of
cattle against Bacillus anthracis,® and, more recently, complement fixating activity of patient
sera after SARS-CoV-2 infection was also investigated.8! Nevertheless, complement fixation is
very labor intensive and can hardly be automated. Therefore, it has mainly been replaced by

immunoassays.

2.3.1.3 Enzyme-linked Immunosorbent Assays and Related Methods

Immunoassays can be defined as bioanalytical methods in which the interaction of an antigen
and an antibody is used for the determination of an analyte, hence making them generally
applicable for serological testing. %2 First examples of immunoassays date back to the 1960s when
radioimmunoassays were first described.®® Here, radioactively labeled analyte is competing for
binding sites with the analyte in a sample and radioactivity is measured to determine the

antigen amount in the sample. Although the principle proved very successful for the detection
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of small amounts of an analyte, a high technical expenditure and the need for an isotope
laboratory resulting in high costs for analyses led to the development of other assay methods
like for example the enzyme-linked immunosorbent assay (ELISA).

The ELISA principle has been developed by two different working groups independently in
1971.3485 In contrast to the previously applied radioimmunoassays, ELISA is based on the label-
ing of antigen with an enzyme instead of a radioactive isotope. This made the production easier,
more affordable and allowed for prolonged storage of the prepared conjugates. Peter Perlmann,
one of the developers of the ELISA technique, conjugated alkaline phosphatase to rabbit IgG
and let it incubate with an IgG containing sample on a cellulose immunosorbent treated with
anti-rabbit IgG serum. After washing, a colorimetric substrate of alkaline phosphatase was
added, giving a measurable color reaction with absorbance dependent on the amount of labeled
antigen that had bound to the surface in competition with the IgG in the sample.®® In current
ELISAs, mostly horseradish peroxidase (HRP) is used as enzyme label, also leading to a color
reaction upon addition of a substrate for the enzyme, e.g. 3,3,5,5-tetramethylbenzidine (TMB).
HRP has the advantage of being significantly smaller than alkaline phosphatase (40,000 Da
compared to 86,000 Da), leading to less sterical hindrance. Additionally, it is less expensive
than other options. As an alternative to colorimetric readout by measuring OD, also fluores-
cence or (chemi)luminescence can be applied. The former needs a light source for excitation,
followed by measurable light emission and leads to similar detection limits of the analyte as
colorimetric detection, while the latter does not require an external light source and can give
up to ten times lower detection limits. %6

Other necessary elements to perform an ELISA are a suitable solid phase allowing for the
adsorbance of biomolecules (mostly polystyrene 96-well plates are used), washing buffers for
cleaning between different assay steps and blocking agents for the prevention of unspecific
binding to the solid phase. As blocking reagents for example casein, bovine serum albumin
(BSA) or fish gelatin are used, binding permanently to the solid phase.®

Among ELISAs, different principles can be distinguished. In a direct ELISA, a purified sam-
ple is added to the solid support and the analyte of interest binds to the surface. After blocking
and washing, an enzyme-labeled primary antibody recognizing the analyte is introduced, fol-
lowed by detection with one of the previously described techniques. The assay is highly specific
but requires purified samples and not all primary antibodies are readily available with enzyme
labels. To overcome this, indirect ELISAs can be used, where the primary antibody is unlabeled
and is bound by a secondary antibody (e.g. species-specific). This principle is the method of
choice when detecting antibodies in serum samples, as will be explained in more detail in the
following. Another ELISA principle that overcomes the need for purified samples to be immo-
bilized on the microtiter plate are sandwich antibodies. Here, the analyte of interest is captured

between an immobilized and a dissolved antibody. This principle has gained widespread suc-
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cess in antigen tests to determine an active infection with e.g. SARS-CoV-2. As a last general
principle, competitive ELISAs can be named. Here, the analyte of interest is immobilized and
the primary antibody is incubated with a sample containing the analyte. Hence, part of the
primary antibodies are already occupied and cannot bind to the immobilized analyte, leading
to lower detectable signals with increasing analyte in the unknown sample. This assay principle
has the drawback of a relatively long assay duration but gives a high specificity and is often
used in quantitative assays. %

Target molecules of ELISA can either be various antigens including proteins or also small
molecules, but as well antibodies, as it is the case for serological ELISAs. Depending on the
target molecule, the immobilized biomolecule as well as the biomolecules used for detection have
to be adapted: in an indirect serological ELISA| the respective antigen is immobilized, primary
antibodies from a blood sample bind to it and are detected using a suitable secondary antibody
with enzyme label (e.g. anti-human IgG or anti-human IgM) as depicted in Figure 2.13 (a).57%8
Alternatively, sandwich-like assay procedures are possible, where the specific antibody is sand-
wiched between an immobilized antigen and a dissolved, enzyme-labeled protein, requiring the
interaction of both antigen binding sites of the antibody (Figure 2.13 (b)).8® This principle is
more specific as cross-reactivity of secondary antibodies can be avoided, but also expensive and
laborious due to the need of conjugation of antigen and detection enzyme.

Classical ELISA is a very widely used technique in clinical serological diagnostics. It allows
for relatively sensitive and specific detection of analytes and can be done as a high-throughput
method, especially when using automated ELISA platforms. Nevertheless, some drawbacks
have to be considered: ELISA generally is tedious and laborious, it takes relatively long with
assay durations of several hours and contains many manual pipetting steps that have to be

carried out with high precision to avoid errors. Additionally, usually only one analyte can be
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Figure 2.13: (a) Indirect ELISA for detection of antibodies; (b) Sandwich-like ELISA for detec-
tion of antibodies.
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determined per well of the microtiter plate, implying limited multiplexing options. Furthermore,
specialized laboratory equipment is needed, making it hard to carry out ELISAs in a field
setting. 8

A measure to improve the sensitivity of an ELISA is the use of a different detection principle.
As mentioned beforehand, apart from colorimetric assays, also assays applying chemilumines-
cence (CL) for signal generation can be found. They are often referred to as chemiluminescence
immunoassays (CLIA).? CL can for example be generated using HRP by just exchanging the
respective substrates from TMB to luminol and hydrogen peroxide as shown in Figure 2.14.
Upon contact to hydrogen peroxide, HRP catalyzes the formation of hydroxyl radicals (OH)
and superoxide anion radicals (Oy7). Subsequent reaction of the chemiluminescence substrate
luminol with these radicals leads to the formation of a luminol radical and in a second step
luminol endoperoxide. This unstable compound eliminates nitrogen, resulting in a 3-aminoph-
thalate triplet dianion in excited state that converts into the singlet dianion by intersystem
crossing (ISC). This excited state-dianion can relax to its ground state while emitting visible
light (A = 425 nm) that can be recorded e.g. by means of a CCD camera.”! Due to the relatively
high quantum efficiency of 0.001 to 0.1, very low detection limits down to 10*® - 102! mol can
be reached with CL.%2 Other than the detection method, CLIAs work analogous to ELISAs
with better sensitivities but also the need for equipment suitable for the detection of CL.
Another related assay principle for serological assays are electro-chemiluminescence immunoas-
says (ECLIAs) that apply ruthenium-based tracers able to emit light of a defined wavelength

following a redox reaction upon application of a voltage instead of enzyme labels.?3
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Figure 2.14: Chemical principle behind the HRP-catalyzed CL reaction of luminol and hydrogen
peroxide.

2.3.1.4 Immunofluorescence Assays

The immunofluorescence assay (IFA) is a microscopical method for the detection of antibod-
ies. It uses uninfected control cells as well as cells infected with the pathogen of interest that

are fixed to wells on glass microscope slides. Subsequently, a serum sample containing antibod-
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ies is added and the antibodies can bind to their specific antigens presented on the surface of
the infected cells. To detect bound antibodies, a fluorescent dye-conjugated anti-species anti-
body (e.g. anti-IgM or anti-IgG) is added and labels all positions where antibodies from serum
have bound. Their presence is verified using a fluorescence microscope.®® This assay principle
has been applied in numerous diseases, for example in the detection of HIV infections via the
presence of antibodies? or for serological investigations in visceral leishmaniasis®® but also for
SARS-CoV-2 antibody detection. %

The IFA is a relatively inexpensive technique as long as a fluorescence microscope is available.
It can also be helpful to characterize the exact position of antibodies binding to antigens on
a cell. But it also has some drawbacks, as its interpretation is subjective, fluorescence often
is subject to background problems and non-specificity issues and it does not give quantitative
results - these can alternatively easily be obtained using ELISA techniques. An additional
problem has to be considered with all assays using active virus to generate infected cells as
the according biosafety level for the respective pathogen has to be reached by the testing

laboratory.?”

2.3.1.5 Lateral Flow Assays

The previously described immunoassay principles are suitable in laboratory settings, as they
require specialized equipment, extensive working steps (e.g. pipetting or culturing of cells) or
specially trained staff. They may give reliable results but as a drawback, obtaining these results
takes relatively long time.

But nowadays, near-patient biochemical testing that is also known as point-of-care (POC)
testing gains more and more importance. It refers to tests that can be done by healthcare
professionals within close proximity to a patient. Results are gained within short timeframes,
on the one hand due to rapid test formats, on the other hand because of the reduced need for
transport and sample preparation. It potentially even allows for diagnostic measures at phar-
macies or other decentralized institutions, enabling easier access to healthcare and diagnostic
tests. 100

An exemplary assay principle that is well-suited for POC antibody testing as no expensive
specialized laboratory equipment is required, are lateral flow assays (LFAs) as depicted in
Figure 2.15. These are membrane-strip based immunoassays in which the sample is transported
without any external influence by capillary force. The sample is applied to an adsorbent sample
pad containing buffer ions and surfactants stabilizing the analytes in the sample. It then moves
on over the conjugation pad where it takes up the specific detection biomolecules - e.g. for
serological SARS-CoV-2 LFAs the respective SARS-CoV-2 protein of interest conjugated to gold

nanoparticles or latex microspheres. Additionally, the conjugation pad usually contains positive
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control antibodies to check for correct assay procedure. The analyte bound to the detection
molecules then migrates on to the detection zone made from a nitrocellulose membrane where
a control and analyte line with capture molecules is positioned (e.g. anti-human IgG on the
analyte line for serological assays). Here, the nanoparticles bound to analyte are captured and

101 Generally, also the

102,103

give a visible line that can be read out by eye or using a suitable reader.
detection of different analytes in one assay is possible by preparing multiple analyte lines.
Additionally, a quantitative readout can be generated by preparing several subsequent lines of
the same antibody with the number of lines visible after sample addition being proportional
to the amount of analyte or by reading out the intensity of the test line and calibrating with a

suitable standard. 104195

» Antigen conjugated gold nanoparticle

A I\ Y » I Antigen specific IgG
Y R J¢ : Anti-human 1gG
A" Rabbit-lgG conjugated gold nanoparticle

Conjugation pad  gGline Controlline  Absorption pad Y Anti-rabbitlgG

Figure 2.15: Principle of lateral flow assays.

The most critical component of a LFA is the applied membrane. Here, mostly nitrocellulose is
used with pore sizes ranging from 0.05 pm to 12 pm. Different pore sizes and their distribution
crucially influences the capillary flow time needed for the sample liquid to fill the membrane
strip. Another influence factor is the applied detection method. Most LFAs apply gold or
latex nanoparticles as mentioned. They make qualitative interpretation by eye easily feasible
but have limitations for quantitative readout. Other options are fluorescent, paramagnetic or
enzyme labels allowing for a better quantitative evaluation but no longer for manual readout.

In conclusion, LFAs have several advantages against other assay types. They are rapid and
easy to perform, as they do not require pipetting or washing steps but only the addition of
sample is necessary. Tests are also easy to store and for many sample types, measurements
are possible without any sample pre-treatments. Therefore, they are widely applied in many
areas and also in the field of SARS-CoV-2 serology, where hundreds of different LFAs have
been reported, many of them also being commercially available. 6719 There are even examples
for competitive LFAs allowing for the detection of neutralizing SARS-CoV-2 antibodies. %
Nevertheless, LFAs also have several drawbacks limiting their application. They normally
are not as sensitive as e.g. ELISAs as no enhancement of the response by enzyme reaction is
achieved. Depending on the sample matrix, problems like pore blocking might occur and false

positive results can result in some matrices. 19
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2.3.1.6 Microarray Immunoassays

Most assay types described so far are widely applied for serological investigations for many
different diseases as they allow for the detection of different antibody classes. But most of
them lack the possibility of multianalyte detection within a single measurement. Therefore,
another available principle for serological tests are microarray immunoassays. They consist of
small reactive reagent spots (containing e.g. proteins, but also DNA, aptamers, cells or other
recognition elements) immobilized on a solid support either by non-covalent interactions like
van der Waals forces or hydrogen bonds or by covalently linking them to the support. Hundreds
of spots can be placed onto small supports, allowing for spatially resolved analysis of various
analytes in a single measurement. Microarrays have been widely applied for the analysis of mi-
croorganisms, small molecules like drugs or toxins or proteins including antibodies. ! Recently,
several examples of microarrays for detection of antibodies to SARS-CoV-2 can be found. 12113
An exemplary microarray immunoassay for SARS-CoV-2, applying immobilized antigens and
reagent flows to enable short assay times, is shown in Figure 2.16. The general procedure on
the molecular level is comparable with the ELISA principle but in contrast the reactions are
miniaturized and located on reagent spots not whole microtiter plate wells. Many microarray
immunoassays apply chemiluminescence for signal generation as it gives rise to very sensitive
assays, but also fluorescence is widely used. Within the microarray immunoassays, one can dis-
tinguish statically incubated assays from flow-based assays where all assay steps are carried out
in continuous or discontinuous flow, leading to reduced interaction time, significantly reducing
total measurement times. Additionally, in flow-based microarray immunoassays the sample is
lead towards the antigens on the microarray very closely by the sample stream, enabling short
diffusion distances between analyte and antigen, again also giving rise to very short analysis

times. A drawback is that most flow-based systems do not allow for high throughput.!!!
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Figure 2.16: Flow-based microarray immunoassay for the detection of specific antibodies.

A crucial factor in microarrays is the selection of a suitable solid support. Relevant factors
are the presence of functional groups needed for the immobilization of the capture molecules
and the equal distribution of these groups over the surface. Additionally, the surface should
optimally not be prone to unspecific binding as to avoid false positive results. In contrast
to the desired, highly specific antigen-antibody interaction that is to be measured in a sero-

logical assay, also undesired unspecific interactions can occur that are referred to as unspe-
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cific binding. In contrast to specific interactions they usually have lower affinity but might
be more abundant, therefore blocking interaction sites for specific binding. Reasons for un-
specific interactions with the surface can be manifold and can often only be reduced by in-
troducing blocking reagents. These themselves introduce another risk of unspecific binding
to them instead of the surface, showing that in the best case a surface would be optimized
with respect to unspecific binding so that no blocking is necessary. This has proven es-
pecially difficult in serological assays for human diagnostics, as human serum is a very de-
manding matrix that is prone to unspecific binding due to its high protein content.!4% In
case of protein immobilization, the surface also has to be capable of stabilizing the protein
and preventing it from denaturation. The main used support material is derivatized glass.
An example of derivatization are poly-L-lysine coated
glass surfaces, allowing for the non-covalent immobi-
lization of capture molecules and often used in DNA
microarrays. Other options include aldehyde-, amine-
or epoxy-modified glass surfaces allowing for covalent
immobilization. 6117 Other possible microarray mate-
rials are silicon, ''® polystyrene!!® or polycarbonate. %
Reagents can be deposited on the surface by contact
printing or by contact-free printing methods like piezo

dispensing. 11116 An exemplary microscope image of a

reagent spot on a glass microarray chip is shown in Fig-

Figure 2.17: Microscope image of a ure 2.17, giving an impression of the small spot size.
contact-printed  protein
spot; scale bar indicates
200 pm.

Microarrays have various advantages over other assay
principles as they enable the parallel analysis of up to
hundreds of analytes in a single measurement. As was
explained beforehand, this is of particular interest for SARS-CoV-2 antibody assays as the
virus changes rapidly and serological assays should have the possibility of extension to new
variants. Moreover, they should give multidimensional information by not only considering a
single antigen but different antigens from the virus. This advantage of microarrays might also
be helpful when serological assays are used to detect infections that had not been noticed by
the patient or in which no pathogen detection had taken place during the active infection: a
microarray can not only carry antigens from one pathogen but several pathogens simultaneously,
making it possible to assign the causative pathogen for an infection in the aftermath. Especially
with native antigens produced in eukaryotic cell lines being readily available for a multitude
of pathogens, the road for innovative microarray immunoassays is well-paved. What is needed
now are microarray immunoassays that can easily and rapidly be adjusted to the requirements

of the pandemic situation by changing the used antigens as well as adjusting the assay to new
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general analysis targets.

One example for such general targets would be the POC application of antibody assays.
For this purpose, often LFAs are used due to the rapid availability of results. There are
currently barely alternatives available when it comes to rapid measurements without needing
specialized laboratory equipment and trained personnel but still, LFAs have severe drawbacks
with respect to matrix influence as well as quantitative interpretation of results. Here again,
microarray immunoassays are optimal substitutes that make way for new serological POC
assays. Especially flow-based microarrays are suited as they allow for very short assay times
and can be highly automated by using microarray platforms as will be detailed later. For
SARS-CoV-2, antibody measurements at the point of care, e.g. hospital or medical practice are
of interest as the rapid assessment of a patients immune status can then be used for important
medical decisions like administration of booster vaccines without requiring long waiting times
to obtain results from centralized diagnostic laboratories.

These influence factors show the necessity for multiparameter POC serological assays for
SARS-CoV-2, an aim that can best be reached by developing innovative microarray immunoas-
says on a suitable analysis platform. Such analysis platforms for microarray immunoassays
as well as other assay techniques will be discussed in Section 2.3.2. But before concentrating
on assay platforms, the following section will focus on one more assay principle that is highly
relevant in serological testing as it gives an estimate of protection from infection by antibodies,

which is often the main information people want to gain from an antibody test.

2.3.1.7 Neutralization Tests

Neutralization tests are highly relevant in serological testing. In comparison to the determi-
nation of total IgM or IgG, they only detect those antibodies that can efficiently prevent the
infection of cells by neutralization of the virus.

Early representatives of neutralization tests usually relied on the cultivation of cells and
their infection with the virus of interest. When cells are infected by a virus, they will be de-
stroyed over time and the virus can progress by infecting neighboring cells. These areas of
viral infection and cell destruction are referred to as plaques and can often be recognized by
eye or using a microscope, e.g. as clear or turbid spots, sometimes visually even comparable to
bacterial colonies, depending on the mechanisms of action of a virus. The formation of these
plaques had been used for the detection of viruses already in the 1950s, when Henderson et al.
reported a method for the determination of arthropod-borne virus plaques by overlaying cell
monolayers with agar to make the plaques well visible upon their formation.!?! The technique
was later adapted for various viruses, e.g. by Russell et al. who reported tests not only for

the identification of dengue virus, but also the application of the so-called plaque reduction
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neutralization test (PRNT) for the determination of neutralizing antibodies.!?2:'2 Therefore,
different dilutions of a serum containing neutralizing antibodies are incubated with the virus
of interest so that antibodies can neutralize the virions and render them unable to infect cells.
Then, the virus suspension is added to a suitable cell monolayer, for some assay procedures
overlaid with solutions containing agar or methyl cellulose and fetal bovine serum, and subse-
quently incubated so that plaque formation can occur. After a suitable incubation time, the
resulting plaques are counted and compared to the number of plaques in a serum-free assay.
The antibody titer is determined as the highest serum dilution without evidence for viral in-
fection or with a defined percentage of plaque reduction.!?4125 If plaques are not well visible
by eye or microscope, the use of immunocytochemistry for the detection of infected cells is
possible, where virus on infected cells is labeled with a suitable antibody and then detected by
e.g. a colorimetric reaction.'?* Alternatively, also the use of imaging cytometry has been proven
useful for the detection of virus infected cells rather than plaques in shorter assay times. 26

The PRNT is still the gold standard for detection of neutralizing antibodies due to its high
specificity and reliability. For example, comparison studies of SARS-CoV-2 PRNTs with other
antibody assays determining total antibody count showed notable differences in detected titers
with results from PRNT being more predictive for the protective force of the antibodies. 125127
Still, PRNTs also have several drawbacks. Due to the need for prolonged incubation of cells to
enable plaque formation they are very time-consuming. Additionally, they are relatively labo-
rious and require specialized laboratories (e.g. biosafety level 3 for viruses like SARS-CoV-2),
as active virus is used for the tests. Another drawback is that results depend heavily on the
assay conditions, e.g. the used cell line, viral strains, further reagents and results between
laboratories may differ, making standardized protocols necessary. 128129

To overcome the necessity for biosafety level 3 (BSL 3) facilities, there are neutralization
tests available for different diseases that are based on pseudovirus expressing the respective
viral antigen of interest on their surface instead of the active virus. Various different types of
pseudoviruses have been developed and applied for this purpose like for example hemagglutinin-
pseudotype retroviruses based on influenza virus'*? or SARS-CoV-2 pseudovirus neutralization

31 or lentivirus. 132

tests using vesicular stomatitis virus!

But these tests are still laborious and time-consuming due to the need for cell culture, so
that surrogate assays were developed as an alternative. Early, non-cell-based alternatives were
so-called blocking ELISAs. Therefore, usually monoclonal antibodies were expressed that were
able to efficiently neutralize the virus of interest. Microtiter plates were coated with either
inactivated virus or solely a specific recombinant antigen from the virus and serum samples
were incubated to give neutralizing antibodies the chance to bind to the respective antigen.
Detection was then done using labeled monoclonal neutralizing antibodies and measuring the

inhibition of signal by binding sites occupied with neutralizing antibodies from a serum sam-
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ple. Examples of such blocking ELISAs in literature include assays for human diagnostics,

133

e.g. for rabies neutralizing antibodies, °° as well as for veterinarian purposes, for example for

neutralizing antibodies after foot-and-mouth disease vaccination !3*

or neutralizing antibodies
to porcine circovirus after vaccination.!®® While they are notably faster than PRNTs, these
blocking ELISAs still bear the risk that antibodies might be able to bind to the respective
antigen with higher affinity than the used monoclonal detection antibody but this blocking of
the binding site might still not be strong enough to prevent binding of the virus to a cell and
infecting it.

Therefore, another cell-free neutralization assay type has been developed shortly after the
beginning of the COVID-19 pandemic: surrogate neutralization assays measuring the actual
inhibition of binding between SARS-CoV-2 RBD and human ACE2 protein by neutralizing
antibodies. Such assays were reported in classical ELISA format in microtiter plates with
either ACE2 or RBD bound to the microtiter plate and the counterpart used as detection
reagent with a suitable enzyme label as shown in Figure 2.18.

Another approach aims on not only making assay results available within few hours as in
ELISA tests but within few minutes, for example by the application of LFAs for neutralizing
antibodies, giving results within 10 minutes.!'% But as explained beforehand, LFAs still present
certain disadvantages, making other techniques necessary for rapid neutralization tests. Here
again, microarray immunoassays are the perfectly suited tool for the application of surrogate
neutralization assays that can be used in POC settings within very short analysis times while
being easily adjustable and even paving the way for quantitative interpretation of obtained
results. But still, suitable analysis platforms are necessary for any assay type to find widespread

application in research or in a commercial context. Therefore, the next chapter will give an
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Figure 2.18: Different formats for competitive ELISAs for detection of neutralizing SARS-CoV-
2 antibodies: (a) Immobilized ACE2; (b) Immobilized RBD.
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overview over different analysis platforms used for serological assays, especially with respect to
SARS-CoV-2.

2.3.2 Bioanalytical Platforms for SARS-CoV-2 Serology

During the pandemic, enormous development effort was put into the development of SARS-
CoV-2 antibody assays either on existing or even on new, specially designed analysis platforms.
Some of them will be introduced in the following. It is important to point out that most of the
presented serological SARS-CoV-2 platforms were developed in parallel to the results obtained
in this dissertation as the laboratory work for the dissertation started shortly after the begin
of the pandemic when nearly no antibody tests were yet available. Therefore, this work had to
compete with huge international research efforts for novel serodiagnostic tests. To stress the
obtained results, it was decided to present some of the immunoassays and platforms developed
in parallel by international, well-known research groups. Subsequently, the detailed objectives
of this work will be outlined to define the research gap that this dissertation aimed on filling
and information on the chemical basis for the applied techniques will be given, followed by the
presentation of the obtained results that can be benchmarked against the alternative systems

described in the current chapter.

2.3.2.1 ELISA Platforms and Related Systems

Especially in the field of ELISAs and all related immunoassay techniques, a variety of bioan-
alytical platforms for the detection of SARS-CoV-2 antibodies can be found. Many of them are
also widely applied by virological laboratories for high-throughput screenings of patients not
only for SARS-CoV-2 but also for many other diseases, as these commercial platforms normally
have reagent kits available for different diseases.

Two widespread used ELISAs with CE marking and FDA-EUA-approval for SARS-CoV-2
antibodies were developed by EUROIMMUN AG in early 2020 to be used for the detection of
IgA and IgG antibodies. One of them uses recombinantly produced S1 protein in native form
and was reported to have 94.4% sensitivity and 99.6% specificity by the manufacturer, while
the other one uses a recombinantly manufactured N protein where potentially cross-reactive
regions were removed, resulting in 94.6% sensitivity and 99.8% specificity. ¢ These assays can
be conducted manually, but for high-throughput measurements normally an analysis platform
like the EUROLabWorkstation is used, enabling the analysis of up to 15 microtiter plates in
one run in a fully automated manner, allowing for more than 200 results per hour. 37 Especially
the S1 ELISA was extensively tested by research groups, confirming the good performance with
values for sensitivity between 75% - 97.5% and specificity between 90.0% - 100%. 138140
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While the EUROIMMUN assays are well suited for a diagnostic laboratory, they still have
some drawbacks. Apart from the general disadvantages of ELISAs like the relatively long
analysis time, they normally only detect antibodies to one antigen at a time. To improve this
and enable results for various antigens within single measurements, research groups focused on
developing multiplex ELISA systems for SARS-CoV-2 antibodies. Byrum et al. reported the
open multiplex-ELISA platform multiSero consisting of an ELISA array of printed recombinant
antigens (N, S1 and RBD, while generally up to 48 different antigens could be immobilized), a
portable Nautilus plate reader (possible to build for less than $1500) and a modular, python-
based evaluation software as shown in Figure 2.19.!4! The analysis platform was shown to
enable a good sensitivity of 95% with a specificity of 99%.

This platform therefore combines the microarray principle with well-known ELISA technol-
ogy, allowing for significantly more results in the same time compared to conventional ELISA.
Still, the platform bears the disadvantage of long incubation times on the ELISA plate, giving
rise to an assay time of about 4 h, making faster biosensors desirable.** Other research groups
also reported similar results using the commercial CoViDiag platform by Innobiochips that
even allows for the detection of antibodies to five antigens (S1, N, RBD, S2 and the N terminal
S1 domain) in an ELISA format.!4?

Spike (S) protein Imaging with Nautilus
containing RBD plate reader
Nucleocapsid (N) —>
protein )
gt [EIZIE|S IS 12]2NE) Data evaluation with
serum sample, Pysero software
performance of
ELISA
Antigen array with RBD, S lllumination

and N in microtiterplate

Figure 2.19: Principle and workflow of the multiSero analysis platform.!:14!

An approach to overcome some of the limitations of ELISA including high costs and porta-
bility problems especially for automated systems was the development of a microfluidic on-chip
ELISA by Gonzilez-Gonzilez et al.'*3 They used commercially available microfluidic chips and
an in-house built automated microfluidic analysis platform that enabled automated antigen
coating, blocking, sample transport and detection. To make the assay more affordable, they
evaluated the use of a smartphone camera instead of a microplate reader for detection with
favorable results. '3 The on-chip ELISA showed good accordance with a classical ELISA and

allowed for a cheaper and more portable analysis setup, but still the measurement time could
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not be significantly reduced, making most ELISA assays only applicable in fields were results
are not required within few minutes.

A novel approach to bring the ELISA technique into POC diagnostics was taken by the
company GENSPEED Biotech GmbH, which developed a so-called p-ELISA that is conducted
on a mobile analysis platform.!#* It determines not only antibodies to one antigen but allows
for multiplex analysis of three different antigens (RBD, N and S protein). In the future, the test
might still be further extendable as enough space for a maximum of eight different antigens is
available. In contrast to conventional ELISAs, it can give results within 20 minutes. This short
analysis time is made possible by a test chip with a microfluidic channel. A sample is applied
to the channel and travels along it due to capillary flow. Within the channel, the three antigens
are immobilized and antibodies can bind to them. After the addition of detection antibodies,
enzyme labels and chemiluminescence substrates, a photodiode array is used to read out the
photons generated by the enzyme reaction.*** The assay was shown to have very high sensitivity
of 100% as well as high specificity of 93%.'*> A drawback in the possible applications of the
test principle is that it can only be applied for the analysis of IgG antibodies.

2.3.2.2 Microparticle-based Platforms

Another possibility that is widely used in research but also in commercial tests is the appli-
cation of micro- or nanoparticles in bioanalytical platforms. This principle bears the advantage
of freely moving particles instead of statically immobilized particles. Therefore, particle-based
assays enable a better binding of antibodies due to improved accessibility. Additionally, by
using magnetic particles often the background influence can be reduced as only the antigen
coated beads are evaluated and less unspecific binding occurs on the bead surface compared to
the big surface of microtiter plate wells.

An exemplary commercial microparticle-based platform that uses chemiluminescence for de-
tection (CLIA) is offered by YHLO Biotech Co. with the iFlash system. It can be processed
fully automated, gives quantitative results with respect to a WHO standard and the biggest
available analyzer allows for up to 1200 results per hour with the first result being available after
30 minutes. The test uses magnetic nanoparticles coated with the respective antigen (S or N
protein). Detection of either IgG or IgM is then done with NSP-DMAE-NHS acridinium ester
labeled secondary antibodies that can emit light by chemiluminescence after triggering. !4 An
additional opportunity is the detection of neutralizing antibodies by immobilization of RBD on
the magnetic beads and detection with acridinium ester labeled ACE2, for which a sensitivity of
> 90% and a specificity of > 98% was stated. 4" Both assay principles are shown in Figure 2.20.
Comparison studies for the IgM/IgG assay found sensitivities of 35% (IgM) - 77% (IgG) and
specificities of 94% (IgM) - 100% (IgG).3%146 For the surrogate neutralization test, good accor-
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dance was found with other surrogate assays while comparison with a PRNT showed slightly
less accordance, proving that surrogate tests might not be able to perfectly mimic processes
occurring in cells upon infection. 148149

Another example for a commercial microparticle platform used for the analysis of SARS-CoV-2
antibodies - mainly by research groups and not primarily in routine diagnostics - is the Luminex
platform that applies xXMAP technology. A big advantage of this assay platform is its ability
to generate multiplex assays by using spectrally distinct populations of carboxylated param-
agnetic beads. Antigens of interest can be covalently immobilized on these beads followed by
incubation with a blood sample. Apart from serum samples, also the use of dried blood spots
is possible in Luminex assays. The binding of IgG or IgA antibodies can then be detected
using fluorescing, R-phycoerythrin-labeled anti-human IgG or IgA antibodies, respectively. %"
While the incubation steps can be done in microtiter plates, a suitable platform has to be used
for the assay readout. The analysis is then done by a flow-cytometry-based principle using
two lasers of which one characterizes the bead type by its spectral properties while the second
one excites the fluorescent label on the detection antibodies, allowing for the quantification of

bound analyte. For different Luminex assays for SARS-CoV-2, sensitivities of 75.3% - 88.7%
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Figure 2.20: YHLO tests for the determination of anti-SARS-CoV-2 IgG, IgM and neutralizing
antibodies. 11:146,147
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and specificities of 99% - 100% were reached.®*15! Generally, Luminex assays are advantageous
as they allow for the simultaneous detection of different analytes, enabling the obtainment of
more results per time than for classical singleplex formats. Still, relatively long assay times

have to be considered as well as the specialized instrumentation necessary for the readout.

2.3.2.3 Electrochemical Sensors

All previously described bioanalytical platforms still present with relatively high assay times
and often also high costs are a drawback. Additionally, as mentioned previously it would be
desirable to have miniaturized systems that can be applied in POC settings without any special-
ized laboratory equipment. An example for an assay platform targeting some of these aspects
is the SPEEDS platform (Serological testing Platform for rapid ElectrochEmichal Detection of
SARS-CoV-2) developed by Peng et al.'® Tt enables the analysis of serum IgG or IgM against
the SARS-CoV-2 RBD within 13 minutes, can be stored for prolonged periods of time and
can be batch-fabricated at low cost. The SPEEDS platform consists of an electrochemical
immunosensor with three screen-printed electrodes on a PET film that can be connected with
a commercial potentiostat for signal readout that then transfers the measurement result to a
smartphone as represented in Figure 2.21 (a). In the preparation of the immunosensor, RBD
is immobilized on the working electrode via streptavidin-biotin binding. Antibodies from a
sample are then captured on the RBD and subsequently labeled with an alkaline-phosphatase-
labeled detection antibody specific for the respective antibody class, IgM or IgG. For detection,
p-aminophenyl phosphate is added and degraded to benzoquinone in a reaction catalyzed by
alkaline phosphatase as shown in Figure 2.21 (b). The resulting chronoamperometric current
is proportional to the amount of bound antibody and can be measured with the potentiostat.
The sensor system was calibrated with monoclonal anti-SARS-CoV-2 IgG and IgM, resulting in
measurement ranges from 10 ng mL™ - 60 pg mL! and 1.6 ng mL™ - 50 pg mL!, respectively,
which is in the expected range for serum antibody content and additionally is a very wide
measurement range. Measurements of patient samples were very promising, although only a
relatively low number of 30 samples was tested. This makes the SPEEDS assay a good option
in POC settings, where fast results for single samples are required. %2

Another electrochemical sensor was developed by Yakoh et al. by using a label-free paper-
based bioanalytical platform called COVID-19 ePAD.!3 This approach overcomes the need
for labeled antibodies or other detection reagents that are necessary in most serological as-
says. Label-free assays are desirable to avoid costs, unspecific binding and preparation time
as well as to reduce measurement duration. As in the SPEEDS platform, three electrodes
(working electrode, counter electrode and reference electrode) are printed onto a substrate by

screen printing. As substrate, a paper strip with defined hydrophilic reaction zones is used
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Figure 2.21: (a) Components and assay principle of the SPEEDS platform; (b) Alkaline phos-
phatase catalyzed electron generation. 1152

p-quinonimine [1,4]-benzoquinone

that can subsequently be folded to give stacked layers of electrodes and reaction space. The
SARS-CoV-2 RBD is covalently immobilized on the bottom layer of the sensor, followed by
blocking. In the measurement, a serum sample is added to the bottom layer and incubated.
After a washing step, the ePAD is folded and the redox indicator [Fe(CN)g*/*] is added on
top. The electrochemical response is detected by squarewave voltammetry, a technique giving
rise to very low background currents and therefore very low detection limits. Binding of an-
tibodies to the immobilized RBD leads to the formation of rigid antigen-antibody complexes
on the electrode and therefore to disruption of the redox conversion in the redox indicator as
it forbids the charge transfer of the redox probe. This can be recorded as a decreased current
response in comparison to a reference measurement without antibodies. The test is supposed
to give qualitative results within 30 minutes and was evaluated with 17 patient sera, where a
better detection limit compared to a LFA could be found and all but one sample were classi-

fied correctly.!®® The COVID-19 ePAD is relatively cheap to produce and is one of few label
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free systems available. Nevertheless, further evaluation with additional sera has to be done to

evaluate the test performance.

2.3.2.4 Surface Plasmon Resonance Sensors

A technique that had previously been mentioned as useful for the measurement of antibody
affinities but that can also be applied for the detection of antibodies is surface plasmon resonance
(SPR). It is an optical principle that stands out due to its ability to detect minimum changes in
refractive index upon binding of biomolecules. SPR sensors usually contain coin metals, mostly
gold, and a monochromatic p-polarized light source. This light source is used to excite plasmons
at the interface between metal and biomolecules like SARS-CoV-2 proteins immobilized on a
polymer layer. Depending on the binding of antibodies to the proteins on the gold surface,
the resonance wavelength of the plasmons shifts and therefore the refractive index changes.
Basso et al. presented a SPR sensor for the detection of antibodies to N and S protein of
SARS-CoV-2.1%* The respective protein was immobilized on a gold surface via self-assembled
monolayers of alkanethiols, a serum sample was added and response units were measured after
removing unbound proteins with phosphate buffered saline (PBS). The respective changes in
refractive index are represented in Figure 2.22. With this principle, a change in refractive index
was found for positive samples, while in negative samples the response before and after serum
addition and washing was the same. The SPR assay can be done within under 10 minutes and
SPR chips can be used for up to 10 subsequent measurements by regeneration with glycine
HCI solution at pH 3.'%* Therefore, the SPR sensor is a time efficient and sensitive, label-free

method for the detection of SARS-CoV-2 antibodies when the necessary equipment is available.
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Figure 2.22: Changes in refractive index after antigen immobilisation, serum addition and wash-
ing of SPR. sensor surface. 1154

To stress the possible applications of SPR sensors even more, Djaileb et al. presented a SPR
assay on a portable instrument that gave quantitative results for antibodies to the N protein

within 15 minutes. This sensing platform could be used for rapid, on-site measurements in
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POC settings. ! Nevertheless, SPR sensors are only suitable for evaluating one single antigen

within a measurement, which represents a drawback of the method.

2.3.2.5 Microarray Platforms

While many of the previously described bioanalytical platforms had several advantages over
other techniques, they often only allow for the detection of antibodies to a single protein
within one measurement. Especially with the upcoming variants of SARS-CoV-2, there is an
increased need for multiplex assays. Additionally, they can also be useful for the distinction
of antibodies from infection and vaccination, as vaccination can only induce antibodies to
one antigen in contrast to infection. An optimal technique for multiplex measurements are
microarrays as described in the previous chapter, where different general assay principles were
explained. They only require low amounts of antigen for the production of small spots and
allow for the spatially resolved evaluation of the results. While they are often applied simply
for the detection of antibodies, they can give even more information. For the conduction of
microarrays, several analytical platforms have been reported in literature.

An example is a bioanalytical microarray platform for SARS-CoV-2 epitope mapping reported
by Musico et al.'®® They used linear epitopes from SARS-CoV-2 proteins on a silicon-based
microarray platform that allows for the oriented immobilization of peptides and reported the
screening of patient samples for epitopes with extended antibody binding and suspected higher
immunogenicity. In preparation of the microarrays, silicon slides are coated with the polymer
MCP6 and subsequently spotted with the peptides using a non-contact spotter. Subsequently,
serum samples are incubated, followed by incubation of a fluorescence-labeled secondary an-
tibody for the detection of IgG or IgM antibodies with subsequent excitation and readout of
fluorescence intensity. With this principle, notable variations in the immune reaction of differ-
ent patients were found, but still immunodominant regions on SARS-CoV-2 proteins could be
identified that might be helpful in the development of other serological tests.!%¢ Other research
groups also reported microarrays for epitope mapping, e.g. by immobilizing 1968 spots on glass
microscope slides®” or by applying non-porous nitrocellulose films for the microarray produc-
tion. 158 This principle of epitope mapping is promising to detect the main immunogenic regions
on a protein of interest, but one still has to consider that the three-dimensional structure of
peptides might significantly differ from that within the whole protein so that the informative
value of epitope analysis in microarrays might be limited. Additionally, most of the respective
mircoarrays exhibit relatively long assay durations of several hours.

Nevertheless, microarrays are very useful when whole proteins are immobilized. Hedde et
al. presented a microarray analysis platform that can be applied widely due to its low price

of $200 and the option of easily 3D printing it.!'? The platform is optimized for the use in
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areas with weak infrastructure and it can generate results from few drops of blood from a
finger prick within 2 - 4 hours. This so-called CoVAM test®® on the TinyArray imager!'? uses
67 antigens from ten different respiratory viruses as to not only evaluate the immune response
to SARS-CoV-2 but also to other possibly relevant pathogens. The TinyArray imager consists
of a camera module with different pass filters suitable for the recording of fluorescence from
an microarray. Fluorescence excitation is done with LEDs and microarray chips consist of a
nitrocellulose-coated microarray surface on which antigens are deposited. Anti-IgG and -IgA
antibodies conjugated to quantum dot fluorophores are used for detection. This microarray
platform proved to be well applicable for the determination of SARS-CoV-2 antibodies with a
sensitivity of 92.9% and a specificity of 97.7%.1%9 It can easily be adapted to further pathogens
and might be well applicable in low-budget settings, but the relatively long assay duration
might still be limiting its application.
Another promising microarray platform is the Microarray Chip Reader system that was used
in the course of this dissertation. The newest device generation is represented in Figure 2.23.
It is a fully automated microarray platform that can
" — 2 be programmed in a modular manner due to its op-
B = 1B " 2 . timized tubing system. It can be applied for vari-
ki ous formats of microarray immunoassays but is spe-

cialized for the application in flow-based chemilumi-

nescence microarray immunoassays (CL-MIAs). The

centerpiece of this platform is the flow cell unit with
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Figure 2.23: Newest device generation
of the bioanalytical plat-

form MCR, the MCR-R.  array).'% First applications focused on environmen-

immunosensor called PASA (parallel affinity sensor

tal contaminants like trinitrotoluene or atrazine, while
during the later development stages a variety of different analytes were considered while con-
tinuously expanding the analysis platform. A second generation was presented in 2004, the

161

Immunomat used for the detection of antibiotics in milk. ™" This platform showed a higher de-

gree of automation than the previous generation and was also used for the immunoassay-based

detection of bacteria. 62

Further improvements were necessary to broaden the application spec-
trum, therefore a novel, three-layer chip design was developed to enable high flow rates as
required for rapid microarray immunoassays. These optimized chips were applied in the third
generation analysis device MCR 3 that was also used during the dissertation at hand. Its design

was suitable to be used as automated, portable stand-alone equipment with sufficient reagent
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storage to conduct a measurement day by only inserting microarray chips and samples. ''* This

163 164 or small molecules,'% but also

platform was used for the detection of bacteria, ®° viruses
antibodies in pig sera.% During the course of this dissertation, the first ever application of the
MCR 3 for human serodiagnostics was tested, followed by application of the subsequent device
generation MCR-R shown in Figure 2.23. The next section will outline the detailed objectives

during this development process and the chemical background of the used microarray chips.
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3 Objectives of This Work

At the beginning of this dissertation in early 2020, very little was known about SARS-CoV-2,
how it would evolve over the following years and how the human immune system would react to
an infection or if immunization by vaccination was possible at all. But it was apparent already
back then that powerful analytical platforms would be necessary to learn more about the virus
and its impact. A main focus were different methods for direct detection of an infection, but on
the long run it appeared even more important to research the reaction of the human body to
SARS-CoV-2. For this purpose, antibody tests were considered highly relevant as they could
give information on previous infections, the current state of protection and generally are a good
indicator of the immune status for a pathogen.

Research groups as well as the diagnostic industry all over the world rapidly focused on
developing suitable antibody tests for different purposes: some of the early developed tests were
focused on the application in routine laboratories with several hundreds of conducted tests per
day while others tried to enter the POC market by developing so-called rapid antibody tests
that could be conducted in short time without needing a diagnostic laboratory. What the vast
majority of these tests had in common was that they were relatively unflexible. Especially those
tests developed for research purposes in smaller research groups without decades of experience
in antibody test development were unwieldy when it came to adapting them to the rapid changes
during the dynamic pandemic situation. Changes required time-extensive optimization studies,
recombinant antigens were not available from the commercial producers as fast as necessary
due to the high demand.

With this insight, the research gap and objective of this dissertation were to focus on the de-
velopment of flexible, rapid SARS-CoV-2 multiparameter antibody tests that could be adjusted
to whatever needs the pandemic might bring with it. The Institute of Water Chemistry (IWC)
had been developing and optimizing an analysis platform over the past 20 years, resulting in a
well-applicable platform for research purposes, the MCR. But so far the MCR devices had only
been applied in research fields where alternative, "gold standard" methods had already been
available and could be used as a benchmark for new assays. Additionally, the platform had
been applied in environmental and water chemistry but not for human serological diagnostics
which is known to be a technically very challenging field. Therefore, the pandemic was the
perfect opportunity to put assay development on the MCR to a new level by requiring rapid

promising results to be able to keep up with other research groups that had significantly more
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experience, manpower and resources for the assay development available.

Hence, the availability of a MCR 3 device was one of the cornerstones necessary for this work.
Furthermore, native, recombinant antigens from eukaryotic cell lines were available from ISAR
Bioscience GmbH, a cooperating local company, making the research results independent of the
commonly occurring supply difficulties for SARS-CoV-2 antigens from international suppliers.
This also brought the advantage of being able to use high-quality antigens that were similar to
how the respective proteins occurred in the human body, while some other researchers as well
as commercial producers had to rely on less suitable cell lines for protein expression.

It was decided to focus on flow-based CL-MIAs as the general knowledge on their development
was present at the IWC and as they were perfectly suited for the aim of the work. This
technique allowed for multiplex assays that can easily be expanded with further immobilized
proteins that might become relevant as soon as the virus would start to mutate. Additionally,
even in the beginning antibodies to several different proteins of SARS-CoV-2 were of interest,
making assays necessary that could detect them simultaneously. With this multiplex principle,
not only more reliable results could be obtained but also different research questions could be
approached. The flow-based principle enabled short analysis times which would be the biggest
advantage over most of the concurring systems that would usually take several hours until first
results were available.

On the basis of these foundations and with the big advantages of the microarray principle on
the MCR in sight, first steps could be made towards the development of novel, flexible antibody
assays. While the results will be described in the next chapter, some basic principles for the
microarray chip production that had already been investigated in the previous years and that
have to be understood to fully comprehend the development process and presented assays, will
be detailed here.

For the detection of SARS-CoV-2 antibodies on the MCR platform, different microarray
chip materials were investigated in the course of this dissertation, including modified glass,
polycarbonate (PC) plates and PC foils. The first two had previously been used for different
applications,''"12% but this dissertation aimed on further expanding the range of microarray
chip materials by using thinner PC foils as will be elucidated in the results section. The chemical
details behind the used modified surfaces will shortly be explained in the following to give an
impression of the molecular basis behind the microarray chips.

To prepare glass chips, commercial microscopy slides are used, treated with acid to obtain hy-
droxy groups on the surface and subsequently silanized with (3-glycidyloxypropyl)trimethoxy-
silane (GOPTS) to obtain reactive epoxy functionalities on the surface as can be seen in Fig-
ure 3.1. These can then react with the polyetheramine Jeffamine® ED 2003 at elevated tem-
perature, resulting in a polymer-monolayer on the surface that exhibits terminal amine groups

available for the covalent immobilization of antigens. The polymer-layer is helpful to avoid
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unspecific binding by shielding the surface from the assay reagents. Additionally, it allows for
higher antigen density by acting as mobile brushes helping to avoid sterical hindrance between

immobilized antigens.
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Figure 3.1: Reaction scheme for the surface modification of microscopy glass slides with
Jeffamine® ED 2003.

Figure 3.2 shows different options for the immobilization of proteins: for diepoxy PEG im-
mobilization (Figure 3.2 (A)), an epoxide functionality is coupled to the chip surface together
with a PEG spacer. The reactive epoxide groups then readily react with amine groups on
added proteins, giving beta-hydroxy amines. Alternatively, DSC activation can be used (Fig-
ure 3.2 (B)). Here, the amine groups are activated using active ester coupling strategy. They
form carbamates with N, N’-disuccinimidyl carbonate (DSC), resulting in urea derivatives af-
ter reaction with amine groups from the respective proteins to be immobilized. As a third
option, EDC/s-NHS activation is applicable (Figure 3.2 (C)). In this immobilization strategy,
not the chip surface but carboxy groups on the antigen are activated by forming an active es-
ter with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) followed by substitution with
N-hydroxysulfosucciniminide (s-NHS) to form an even better leaving group. After a nucle-
ophilic attack from the amine group on the surface of a microarray chip, an amide bond is
obtained between chip surface and immobilized protein.

The production of glass microarray chips is time-consuming and requires significant amounts
of harmful chemicals like acids and organic solvents. Therefore, a faster and more environ-
mentally friendly alternative was developed by using polymer-coated PC microarray chips. To
obtain them, Jeffamine® ED 2003 is carboxy-modified using succinic anhydride as shown in
Figure 3.3. Subsequently, the PC surface is coated with the modified Jeffamine by screen
printing. Then again the EDC/s-NHS strategy can be used for the immobilization of proteins.
The terminal carboxy groups on the surface are activated as explained beforehand and amide

bonds are formed with amine groups from the respective antigens as shown in Figure 3.4. This
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Figure 3.2: Reaction schemes for different covalent immobilization strategies for proteins on
glass microarray chips: (A) Diepoxy PEG, (B) DSC, (C) EDC/S-NHS.

production process is significantly faster than the production of glass chips, but the PC chips

are less researched than the glass chips that have been applied for over a decade already.

S 2 Syt

(toluene)
Jeffamine ED2003 o/n, RT modified Jeffamine

Figure 3.3: Reaction scheme for the carboxy modification of Jeffamine® ED 2003.
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Figure 3.4: Reaction scheme for the immobilization of antigens on the PC microarray chip sur-
face.

This general principle of preparing microarray chips is another huge asset of the measurement
principle applied in this dissertation. In contrast to many other assay systems that rely on
adsorption and electrostatic interactions for the immobilization of antigens, microarrays on the
MCR apply covalent binding to enable a more stable bond between antigen and surface and
preventing the loss of antigen while at the same time exhibiting a surface optimized for minimal
unspecific binding.

Therefore, the optimal pre-conditions were available to generate urgently needed antibody
tests for flexible applications that could answer research questions as well as medical diagnos-
tic questions within significantly shorter assay times than those promised by commonly used
techniques.

Nevertheless, despite these good premises, several challenges had to be faced within this
dissertation. Due to the rapidly evolving pandemic, results had to be gained within short
timeframes to contribute to the knowledge gain without being overtaken by other researchers
developing alternative assays in shorter times. This was especially challenging, as main parts
of the experimental design, experiment conduction and data evaluation and interpretation for
this dissertation were done by one person while other research groups and especially diagnostic
companies had significantly bigger teams at hand working on the development of assays. Fur-
thermore, it was unknown whether the MCR 3 or the newer generation, MCR-R, were at all
suitable for the analysis of human blood samples as this had never been tested before. Hence,

the chip chemistry as explained beforehand had to be investigated in detail to be able to con-
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duct all necessary optimizations to enable measurements in blood without obtaining undesired
unspecific binding. Therefore, control samples that had been classified by alternative tests
would have to be acquired to benchmark all developments against other reliable tests.

Even after facing these fundamental challenges, the outcome of the PhD project was still un-
clear. It had to be investigated whether antibodies could be detected with sufficient sensitivity
and specificity to be competitive with alternative assays, and it was unclear whether results
could possibly be interpreted in a quantitative manner. Moreover, it became apparent early
in the pandemic, that analysis of different antibody classes as well as of neutralizing antibod-
ies might become increasingly important while the spread of the virus progressed. Therefore,
many additional challenges were to be expected during the work, again stressing the need for
a flexible analysis system that could face all these upcoming challenges within the short times
that were required by the dramatic worldwide pandemic situation.

The previous chapter already showed some of the assays that were developed in parallel to
this work to point out the immense research efforts that were taken up to fight the pandemic
in all possible ways. But it should also have become clear that all developed assays had their
specific drawbacks and that none of these examples could fulfill the requirements of being highly
specific and sensitive, optimally also quantitative while being easily and rapidly adjustable to
all situative changes, being easy to use and giving results within few minutes while answering
research and diagnostic questions that might come up over the course of the pandemic.

Therefore, the challenges and expectations at the beginning of this dissertation were huge
and it was not possible to anticipate where the path might lead. The following chapter will now
present how these challenges could be solved and where the path over three pandemic years
led by presenting the results obtained in the quest for the development of rapid automated CL

microarray immunoassays for SARS-CoV-2 serological assessments.
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4 Results

4.1 Publication 1: Automated, flow-based
chemiluminescence microarray immunoassay for the
rapid multiplex detection of IgG antibodies to

SARS-CoV-2 in human serum and plasma
(CoVRapid CL-MIA)

[CoVRapid - Rapid detection of SARS-CoV-2 antibodies by flow-based microarray immunoassay]
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4.1.1 Publication Summary and Author Contributions

In this publication, the first example of a chemiluminescene microarray immunoassay (CL-MIA)
for the detection of IgG antibodies in human blood on the analysis platform MCR 3 was pre-
sented. For the measurements, amino modified glass chips were used, allowing for the cova-
lent immobilization of antigens on the chip surface. It enabled the simultaneous detection of
antibodies to the SARS-CoV-2 RBD, S1 and N protein within eight minutes. Therefore, the
so-called CoVRapid CL-MIA was significantly faster than commonly applied ELISA tests while
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Results Publication 1

giving additional multiplex information due to its microarray format. In the beginning of the
assay development process, different surface activation strategies were tested for their suitability
in the immobilization of SARS-CoV-2 antigens. After determining the optimal immobilization
method, which was active ester coupling using DSC, the concentrations of immobilized antigens
as well as secondary detection antibody were optimized. With these optimized conditions, a
linear correlation between positive sample ratio and the measured CL signal could be obtained,
showing that semi-quantitative measurements of IgG antibodies were possible. To further eval-
uate the test capability for qualitative evaluations, 65 patient samples were classified with the
CoVRapid CL-MIA after definition of cut-off values using ROC curve analysis as well as with
two commercial SARS-CoV-2 antibody tests. In consequence, the CoVRapid CL-MIA was
shown to be the most sensitive and specific of the compared tests with both 100% sensitivity
and specificity. Therefore, a high performing test could be developed within a very short devel-
opment timeframe to keep up with the pandemic development although no previous experience
with human serodiagnostics on the used analysis platform MCR 3 had been available at the
IWC.

Own contribution:

Design of experiments

Development of measurement program on MCR 3

Conduction of measurements with support from R. Koros (B. Sc. student supervised by

J. Kliipfel)

Data analysis

Writing of manuscript
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Abstract

In the face of the COVID-19 pandemic, the need for rapid serological tests that allow multiplexing emerged, as antibody
seropositivity can instruct about individual immunity after an infection with SARS-CoV-2 or after vaccination. As many
commercial antibody tests are either time-consuming or tend to produce false negative or false positive results when only one
antigen is considered, we developed an automated, flow-based chemiluminescence microarray immunoassay (CL-MIA) that
allows for the detection of IgG antibodies to SARS-CoV-2 receptor-binding domain (RBD), spike protein (S1 fragment), and
nucleocapsid protein (N) in human serum and plasma in less than 8 min. The CoVRapid CL-MIA was tested with a set of 65
SARS-CoV-2 serology positive or negative samples, resulting in 100% diagnostic specificity and 100% diagnostic sensitivity,
thus even outcompeting commercial tests run on the same sample set. Additionally, the prospect of future quantitative assess-
ments (i.e., quantifying the level of antibodies) was demonstrated. Due to the fully automated process, the test can easily be
operated in hospitals, medical practices, or vaccination centers, offering a valuable tool for COVID-19 serosurveillance.

Keywords SARS-CoV-2 - COVID-19 serology - Flow-based chemiluminescence microarray immunoassay - Rapid multiplex
antibody detection - Automated analysis platform

Introduction
Published in the topical collection Recent Trends in (Bio) Analytical

Chemistry with guest editors Antje J. Baecumner and Giinter Gauglitz.

The global COVID-19 pandemic has kept the world in sus-
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starting with IgM antibodies followed by the longer lasting
IgG antibodies that can be found in the blood for several
months after an infection. A very relevant factor in the body’s
battle against the infection—and also for later immunity—is
antibodies to the S protein, especially the receptor-binding
domain (RBD) located in the S1 fragment. This domain binds
to the human angiotensin-converting enzyme 2 (ACE2) and
subsequently leads to the entry of the virus into the cell [4]. To
assess whether an individual already underwent a SARS-
CoV-2 infection and, hence, might be immune to reinfection
due to protective antibodies, antibody tests are a helpful tool.

But these tests are not only relevant in context of previous
infections. Since the emergence of SARS-CoV-2, a number of
potential vaccine candidates have been developed [4] with the
first ones already being applied [5]. Here, antibody tests might
be helpful in testing the efficiency and the duration of immu-
nity after vaccination. In addition, announcements have al-
ready been made (for example, by airlines) that access to cer-
tain locations and activities might be coupled to a proof of
SARS-CoV-2 immunity. Here, rapid on-site antibody tests
will be beneficial.

Therefore, we developed a chemiluminescence microarray
immunoassay (CL-MIA) chip for the rapid, flow-based anal-
ysis of IgG antibodies to three different SARS-CoV-2 anti-
gens—RBD, S1, and the N protein—in human serum and
plasma in a fully automated analysis device, the Microarray
Chip Reader 3. This device has previously been used for dif-
ferent tests, ranging from the quantification of bacteria by on-
chip isothermal DNA amplification [6] over the detection of
antibodies to viruses in pig blood [7] to the quantitative detec-
tion of antibiotic residues in milk [8] but here we present the
first diagnostic application in human blood, the CoVRapid
CL-MIA.

The test principle is an indirect non-competitive immuno-
assay that is carried out on microarray glass chips containing
up to 100 covalently bound reagent spots per flow cell. The
mode of operation is shown in Fig. 1 in comparison to other
immunoassay techniques frequently applied for SARS-CoV-2
antibody detection. The flow-based principle of the
CoVRapid test (Fig. 1a) allows for very short assay times
below 10 min and is therefore even faster than many of the
so-called rapid tests, which usually are lateral flow tests (Fig.
Ic), and give qualitative results within 5 to 20 min [9]. These
tests additionally have the disadvantage that they are sensitive
to matrix effects resulting in relatively low sensitivity and the
possibility of false positive results, which is undesired in the
context of antibody testing [10]. Another relevant factor is the
use of adsorbed, denatured antigens for most lateral flow as-
says that lack the three-dimensional structure that is relevant
for the binding of neutralizing antibodies. In the CoVRapid
CL-MIA, this crucial point can be accounted for, since the test
uses native antigens from mammalian expression systems,
containing all structural features and posttranslational

@ Springer

modifications that are also present in antigens in infected hu-
man cells. A very specific kind of tests that is often used when
quantitative high-throughput analysis is desired is ELISA tests
(Fig. 1b). Here, antigen (often denatured) is adsorbed to wells
and sample as well as labelled antibody and substrate are
incubated within the wells. Therefore, many manual steps
are necessary that might give rise to errors and prevent in-
field applications, as extensive and expensive laboratory
equipment is necessary. Additionally, since equilibrium con-
ditions must be established, incubation times of usually sev-
eral hours are needed prior to readout. Finally, only antibodies
to one single antigen can be detected, meaning that false neg-
ative results would be obtained if patients formed antibodies
to a different antigen that is not tested for [11]. This problem is
overcome by microarrays that allow for multiplex analysis of
various antigens, usually within hours [12]. Table 1 shows a
comparative overview over different commercial SARS-CoV-
2 antibody tests with respect to assay principle, assay time,
tested antigens, and test performance. As is obvious from the
information in Table 1, our CoVRapid test compares favor-
ably and presents novelty in terms of work expenditure, mul-
tiplex capability, and assay time. Analysis is accomplished in
a fully automated manner within 8 min giving information
about antibodies to three different SARS-CoV-2 antigens si-
multaneously. The respective antigens are covalently
immobilized in their native state using established coupling
chemistry that can easily be applied to other proteins. This
enables the expansion of the test to other antigens within a
short development timeframe. The surface chemistry of the
test, finally, also allows for negligible matrix influence,
allowing even the analysis of hemolytic samples. With all
these benefits and its high diagnostic sensitivity and specific-
ity, the CoVRapid CL-MIA can be a valuable tool in COVID-
19 serosurveillance.

Experimental
Chemicals, reagents and materials

All chemicals, unless stated otherwise, were purchased
from Sigma-Aldrich, subsidiary of Merck (Darmstadt,
Germany) and Carl Roth (Karlsruhe, Germany).
Chemiluminescence reagents were used from the Elistar
Supernova reagent kit from Cyanagen (Bologna, Italy). A
peroxidase-labelled anti-human IgG antibody (Fc frag-
ment) from goat was purchased from Sigma-Aldrich
(A0170, 5.6 mg mL ™).

For the preparation of spotting, blocking, and running
buffers, phosphate-buffered saline (PBS, 137 mM NaCl,
2.68 mM KCl, 8.09 mM Na,HPO4+2 H,O, and 1.47 mM
KH,PO,4, pH 7.2-7.4) was used. To obtain spotting buftf-
er, 10% (w/v) trehalose dihydrate and 0.005% (w/v)
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Table 1 Overview over different assay principles and commercial SARS-CoV-2 antibody tests in comparison to CoVRapid CL-MIA (n.s., not
specified)
Assay principle Test, manufacturer Used Assay Specificity ~Sensitivity Literature
antigen duration  in % in %
Lateral flow assay Panbio™ COVID-19 IgG/IgM Rapid Test Device, ns. 10-20 min 99.4 93.0 [13]
Abbott Laboratories
STANDARD™ Q COVID-19 IgM/IgG Duo Test, SO N 15 min 100 64.9 [14]
Biosensor Inc
Enzyme-linked SARS-CoV-2 ELISA 1gG, EUROIMMUN AG S1 2h 98 82.5 [14]
immunosorbent assay EDI™ Novel Coronavirus COVID-19 IgG ELISA, N, S <2h 98 85.6 [14]
(ELISA) Epitope Diagnostics Inc
Chemiluminescence MAGLUMI 2019-nCoV 1gG, Shenzhen New Industries n.s. n.s. 88.9-98 70.1-95.0 [14, 15]
immunoassay (CLIA) Biomedical Engineering Co
LIAISON® SARS-CoV-2 S1/S2 IgG, DiaSorin Sp.A  S1,S2 35 min 96.8-99 81.4-82.4 [14,15]
iFlash-SARS-CoV-2, Shenzhen Yhlo Biotech Co. Ltd. ~ N, S >12min  92.9-100 76.9-93.0 [15,16]
SARS-CoV-2 IgG, Abbott Laboratories N 29 min 99-100 64.5-92.6 [13, 14,
16]
Elecsys® Anti-SARS-CoV-2, Roche Diagnostics N 18 min 100 80.5-83.5 [14, 16]
GmbH
Microarray immunoassay xMAP SARS-CoV-2 Multi-Antigen I1gG Assay, N,S1, 25h 99.3 96.3 [17, 18]
(MIA) Luminex Corporation RBD
CoVRapid CL-MIA, Technical University of Munich N, S1, 8 min 100 100 This
RBD work

Pluronic® F127 were added. For blocking buffer, 0.05%
(v/v) Tween® 20 and 1% (w/v) bovine serum albumin
were added to PBS. As running buffer, PBS with 0.1%
(v/v) Tween® 20 was used.

a

SARS-CoV-2 antigens

Recombinant SARS-CoV-2 spike S1 protein with mouse Fc-
tag (expressed in HEK293 cells) was purchased from Biozol
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Fig. 1 Overview over different antibody test principles. a Flow-based CL-MIA. b ELISA. ¢ Lateral flow immunoassay
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(Eching, Germany) and produced by Sino Biological (Beijing,
China).

Recombinant SARS-CoV-2 spike RBD protein with His-
tag and recombinant SARS-CoV-2 nucleocapsid protein with
Strep-tag were produced by ISAR Bioscience (Planegg,
Germany).

Spike protein RBD-His consists of the amino acids corre-
sponding to the receptor-binding domain (RBD), which was
derived from the S protein nucleotide sequence (positions
22517 to 23183, amino acid 319 to 541, RVQP....CVNF)
of the SARS-CoV-2 Wuhan Hu-1 genome (GenBank acces-
sion number MN908947) followed by six histidines.
Nucleocapsid protein N-strep consists of the amino acids cor-
responding to the N protein nucleotide sequence (positions
28290 to 29549) of the SARS-CoV-2 Wuhan Hu-1 genome
(GenBank accession number MN908947) followed by a
streptavidin tag (NP-Strep). The complementary DNA se-
quences adapted for hamster codon usage were produced syn-
thetically by GeneArt (Life Technologies) by adding signal
sequences METPAQLLFLLLLWLPDTTG before starting
and cloned into the plasmid vector pcDNAS/FRT via
BamHI and Xhol. The resulting vectors were called
pcDNAS5/CoV-RBD-His and pcDNAS5/CoV-NP-Strep, re-
spectively, and allow for expression and secretion of RBD-
His or NP-Strep into the culture medium of mammalian cells
under the control of the human cytomegalovirus (CMV)
immediate-early enhancer/promoter and selection for stable
clones with Hygromycin B after co-transfection with plasmid
pOG44. The vectors were transfected by using Lipofectamine
2000 Reagent (Invitrogen, #11668-019) into Flip-InTM-
Chinese hamster ovary (CHO) cells (Life Technologies), to-
gether with the plasmid pOG44, providing site-directed re-
combination. After selection of a stably expressing clone in
Ham’s F12 supplemented with 10% fetal bovine serum and
600 pg ml~' Hygromycin B, the clones were adapted to
ProCHOS medium (Lonza, #BE12-766Q) supplemented with
4 mM L-Glutamin (Biochrom, #K0283).

CHO-spike-RBD-His cells and CHO-spike-NP-Strep cells
were grown in suspension in ProCHOS, 4 mM L-Glutamin
and 600 pug ml~' Hygromycin B in flasks to submaximal
density at 37 °C and then centrifuged. The cells were contin-
uously grown at 37 °C, with splitting every 3—4 days. The
supernatants were cleared by centrifugation at 400g for
5 min and subsequent filtration with a 0.22-nm sterile filter
(TPP, #99722). The resulting RBD-His or NP-Strep protein-
containing medium was immediately frozen and stored at
—20 °C until protein purification. Starting from a mix of cell
clones, single clones are being selected and further
propagated.

For protein purification, thawed CHO-RBD-His superna-
tants (0.5 L) were diluted 1:2 in 20 mM sodium phosphate,
0.3 M NaCl, pH 8.0, and loaded on an equilibrated 1-mL
HisTrapTM excel column (GE Healthcare 17-3712-05).
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After washing the column with 20 mM sodium phosphate,
0.3 M NaCl, pH 8.0, RBD-His was eluted with 4 x 1 mL
20 mM sodium phosphate, 0.3 M NaCl, 0.25 M imidazole,
pH 8.0. Protein content was determined by OD 280 measure-
ment and the relevant fractions were dialysed (Slyde-A-Lyzer
Dialysis Cassette, 10000 MWCO, Thermo Scientific # 66380)
against phosphate-buffered saline (PBS from Roth: 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPOy,4, 2 mM KH,POy,
pH 7.4, 0.2 um filtered and steam sterilized) at 4 °C for 16 h.

0.5 L CHO-NP-Strep supernatants were diluted 1:2 in
50 mM sodium phosphate, 0.3 M NaCl, pH 8.0, and loaded
on an equilibrated 1-mL StrepTrapTM HP column (GE
Healthcare 28-9075-46). After washing the column with
50 mM sodium phosphate, 0.3 M NaCl, pH 8.0, NP-Strep
was eluted with 4 x I mL 20 mM sodium phosphate, 0.3 M
NaCl, 2.5 mM desthiobiotin (Sigma, #D1411) pH 8.0. Protein
content was determined by OD 280 measurement and the
relevant fractions were dialysed (Slyde-A-Lyzer Dialysis
Cassette, 10,000 MWCO, Thermo Scientific # 66380) against
PBS at 4 °C for 16 h.

Serum and plasma samples

Serum and plasma samples were either purchased from
Sigma-Aldrich (Darmstadt, Germany) or obtained from
Helmholtz Zentrum Miinchen, German Research Center for
Environmental Health, Haematologikum (Munich, Germany)
and the Institute of Virology, Technical University of Munich
(Munich, Germany). All procedures were in accordance with
the Helsinki Declaration of 1975, as revised in 2000.

All patient data were anonymized before obtainment of the
samples. Patient samples were handled in laboratories ap-
proved for biosafety level 2.

Chip surface chemistry

The immunoassay was performed on glass slides with surface
modifications based on a procedure described elsewhere [19].
In short, microscopy glass slides were cleaned thoroughly and
activated by acid treatment for subsequent silanization with
(3-glycidyloxypropyl)trimethoxysilane. The silanized slides
were then coated with Jeffamine® ED-2003. The prepared,
polyether amine functionalized chips were stored under inert
gas until protein immobilization was done.

Microarray chip production

Depending on the immobilization protocol for antigen micro-
array preparation, the polyether amine functionalized glass
slides were activated before spotting or used without activa-
tion. Activation was necessary for DSC and diepoxy PEG
immobilization strategies, while for EDC/s-NHS
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immobilization, the functionalized glass slides could be used
without further treatment.

For N,N'-disuccinimidyl carbonate (DSC) activation, a mix-
ture of 16 mg N,N'-disuccinimidyl carbonate, 0.8 mg
4-(dimethylamino)pyridine, and 25 pL triethylamine in 320 pL
dimethylformamide per chip was prepared. Subsequently,
600 pL of this mixture was pipetted onto the top side of a func-
tionalized glass slide that was then covered with another slide
(top side pointing downward). The chip sandwiches were incu-
bated at RT and low humidity for 4 h, subsequently separated
and sonicated in methanol for 15 min. After drying them in
nitrogen stream, they were directly used for spotting.

For preparation of a reactive epoxy group on the chip sur-
face, poly(ethylene glycol) diglycidyl ether (diepoxy PEG)
activation was used. Therefore, 600 pL of diepoxy PEG was
pipetted onto the top side of a functionalized glass slide that
was then covered with another slide (top side pointing down-
ward). The chip sandwiches were incubated at 100 °C over-
night, subsequently separated and sonicated in methanol for
15 min. After drying them in nitrogen stream, they were di-
rectly used for spotting.

Alternatively, diepoxy PEG activation was done by pre-
spotting the chips with a solution of diepoxy PEG in water
(50% v/v) on the micro-contact spotter BioOdyssey
Calligrapher® MiniArrayer from Bio-Rad (Hercules, USA)
equipped with a solid pin SNS 9 from ArrayIT (Sunnyvale,
USA). After pre-spotting and overnight incubation at 100 °C,
the chips were also sonicated in methanol for 15 min and used
for spotting after drying.

Spotting solutions were prepared by diluting the antigens and
positive controls with spotting buffer for DSC and diepoxy PEG
activated chips. For spotting without previous activation of the
polyether diamine chip surface (EDC/s-NHS spotting), 2 mg/mL
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysulfosuccinimide (s-NHS) were added to spotting buffer.
Antigen and positive control solutions of desired concentration
(if necessary, previously diluted with spotting buffer) were then
mixed with EDC/s-NHS solution (50% v/v). As positive control,
anti-peroxidase and anti-human IgG antibodies were used, while
as negative control spotting buffer was applied.

The spotting solutions were then pipetted into a 384-well
plate (1040 puL per solution depending on the number of
spotted chips) and inserted into the micro-contact spotter to-
gether with the prepared glass chips. Spotting was done in five
replicates for each spotting solution with a grid spacing of
900-um distance between replicates and 1300-um distance
between the spotted rows. The spotting process was carried
out at 20 °C and 55% humidity. After spotting, the chips were
incubated at 20 °C and 55% humidity overnight.

For microarray chip assembly, the spotted chips were con-
nected to a PMMA carrier containing in- and outlet holes
using double-sided adhesive foil with cut-outs forming two

flow channels. The assembled chips were then filled with
blocking buffer and stored at 4 °C until measurement.

Microarray measurements

Microarray measurements were carried out on the Microarray
Chip Reader, 3rd generation (MCR 3), manufactured by
GWK Prazisionstechnik GmbH (Munich).

Before the beginning of measurements on the micro-
array chip reader MCR 3, the system was flushed with
running buffer and water using the respective flushing
program. Subsequently, all necessary reagents (horserad-
ish peroxidase (HRP)-labelled anti-human IgG diluted
with running buffer to the desired concentration and
chemiluminescence reagents luminol and hydrogen per-
oxide) were placed in the device. The tubes were loaded
with the corresponding liquids using the load program.
In the beginning of each measurement day, the blank
program was executed to record the CCD camera back-
ground signal for an exposure time of 60 s. For measure-
ments, a prepared microarray chip was inserted into the
MCR 3 chip tray and the measurement program for the
respective flow cell was carried out. Samples were pre-
pared by diluting 100 pL of serum or plasma sample
with running buffer to a final volume of 1 mL, out of
which 900 pL was used for the measurement. The total
assay process is summarized in Table 2. The sample was
flown over the chip slowly, followed by the HRP-
labelled detection antibody and the chemiluminescence
reagents, which had been pre-mixed in 50 uL segments.
The exposure time for the recording of the measurement
image was 60 s, followed by thorough washing of the
system, leading to a total measurement time of 7 min
45 s.

Data evaluation

The detected CL signals were corrected with the previously
recorded blank image, stored as txt files and processed with
the evaluation software MCR spot reader (Stefan
Weillenberger, Munich, Germany). On the background-
corrected CL images, a grid was set to define the position of
the spots. For each spot, the mean value of the ten brightest
pixels was calculated. Means and standard deviations were
calculated for the five replicates per row and spots that devi-
ated more than 10% from the mean were excluded (maximum
two excluded spots per row).

The resulting mean values and standard deviations for all
rows were used for further analysis and graphical evaluation
using Python 3.
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Table 2 Main assay steps on the
MCR 3 with details to used Step

volumes and flow rates; a video
showing the measurement
process is provided in the
Supplementary Information

Volume Flow rate
Sample injection 900 uL 10 uL s
Flushing 1000 pL 10 uL s
2000 uL 500 pL s~
Detection antibody injection 200 pL 100 pL s
800 uL 10 uL s
Flushing 1000 pL 10 uL s ™!
2000 pL 500 pL s !
CL reagents injection 400 pL 150 pL s~
Image acquisition - -
Flushing of whole system 11 mL 250 uL s (flushing of sample syringe)
8 mL 500 pL s~ (flushing of tubes and chip)

Comparison measurements with commercial
antibody tests

Comparison measurements with the commercial recomLine and
recomWell tests from Mikrogen GmbH (Neuried, Germany) for
the detection of SARS-CoV-2 specific IgG were conducted ac-
cording to the manufacturer’s specifications.

Results and discussion
Optimization of immobilization strategy

Four different methods of surface activation and antigen im-
mobilization were tested (DSC, diepoxy PEG, diepoxy PEG
pre-spotting, EDC/s-NHS). A schematic representation of the
chemical background of each of these methods is presented in
Fig. 2a) (for a more detailed view, Supplementary Information
Fig. S1 shows the respective reaction schemes). The pre-
functionalized microarray glass chips present PEG spacers
with terminal amino groups on their surface. Antigens then
can be immobilized in an undirected manner via either amino
groups (e.g., from lysine) in DSC and diepoxy PEG immobi-
lization or via carboxy groups (e.g., from glutamic acid) in
EDC/s-NHS immobilization. For DSC, the full chip surface
was activated, for diepoxy PEG activation of the full surface
as well as only activation of the antigen spots by pre-spotting
was tested. For EDC/s-NHS, the antigen carboxy groups are
activated and spotted onto an amino functionalized chip with-
out surface activation.

After spotting, the chips are assembled with a PMMA car-
rier and an adhesive foil containing two flow channels as
shown in Fig. 2b), resulting in a microarray chip as in Fig.
2¢) that can be inserted into the measurement device MCR 3.

Figure 3 shows the resulting chemiluminescence signals
for measurements of a SARS-CoV-2 serology negative (a)
and positive (b) sample for the SARS-CoV-2 antigens N,
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RBD, and S1, as well as the positive control (anti-human
IgG) and the background signal (spotting buffer).

With all tested methods, the antigen CL signals were higher
for the positive sample compared to the negative one, while
for the background a very low signal and for the positive
control a high signal were found, showing the general appli-
cability of all methods. Pre-spotting of diepoxy PEG gave
similar results as whole chip activation with diepoxy PEG
with slightly lower signal for the positive sample. Therefore,
the time-consuming pre-spotting process was considered
unnecessary.

With the negative sample in Fig. 3a, only slight unspecific
binding of antibodies to the antigens could be seen for DSC
and diepoxy PEG, while for EDC/s-NHS especially for the N
protein a relatively high signal was found (2231 a.u. compared
to 630 a.u. for diepoxy PEG). This unspecific binding also
diminishes the obtained positive/negative signal ratio, which
is found as 3.0 (N), 6.3 (RBD), and 5.7 (S1) for EDC/s-NHS,
while diepoxy PEG immobilization gave values of 7.7, 19.3,
and 10.7 and DSC yielded 7.4, 21.9, and 9.1, respectively.
Additionally, many of the EDC/s-NHS spots on the microar-
ray chip were very variable, while the other immobilization
methods gave uniform, round spots. As in EDC/s-NHS acti-
vation not the chip surface but carboxy groups of the proteins
in solution are activated, cross-linking of the proteins might
occur, leading to conformational changes and a change of
activity over the course of the spotting process.

As the positive/negative signal ratios obtained with DSC
and diepoxy PEG immobilization were comparable for all
spotted rows, it was decided to use DSC immobilization for
all further experiments due to the low time expenditure of 4 h
for the surface activation before spotting compared to over-
night activation with diepoxy PEG.

We therefore were able to develop different strategies for
the covalent immobilization of proteins on glass microarray
chips in their native conformation, benefitting from the exper-
tise of our research group in the production of different kinds
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Fig. 2 Microarray chip spotting and assembly. a Schematic overview of
antigen immobilization strategies, with DSC and diepoxy PEG
immobilization being two-step processes (chip surface activation follow-
ed by antigen immobilization) and EDC/s-NHS as one-step process (an-
tigen activation in spotting solution), antigens shown in blue,

of microarrays. An important factor is the spotting buffer,
containing trehalose and Pluronic® F127 [19]. Trehalose is
also used in protein freeze-drying processes as a protective
agent, mimicking the hydrogen bonds between polar function-
al groups of the protein and water [20], while pluronics are
poloxamers that are widely applied in pharmaceutical industry
and microfluidic technology as non-ionic surfactants to pre-
vent protein aggregation and adsorption [21, 22]. The
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side chains. b Chip assembly from carrier (top), adhesive foil with flow

channels (middle), and glass microarray chip (bottom). ¢ Photograph of
an assembled chip

immobilization methods can also be easily applied to other
native proteins, allowing for the rapid adaption and extension
of the microarray.

Optimization of antibody and antigen concentrations

After determination of the optimal immobilization method, dif-
ferent immobilized antigen concentrations and secondary

b
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Fig. 3 Measurement results for different immobilization methods. a SARS-CoV-2 serology negative sample. b SARS-CoV-2 serology positive sample;

error bars represent replicate measurements on different chips, n=3
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antibody concentrations were tested. For the antigen concentra-
tions, undiluted antigen (250 pg mL ™' for N and S1 protein,
350 ug mL~" for RBD) and subsequent twofold dilutions were
tested until a dilution of 1:8. For the HRP-labelled secondary
antibody, five different concentrations, namely 11.2 g mL™
(1:500 dilution of stock solution), 5.6 ug mL™" (1:1000),
2.8 ug mL™' (1:2000), 1.4 ug mL™"' (1:4000), and
0.7 ug mL™! (1:8000), were used. The same SARS-CoV-2 se-
rology positive sample was used for all measurements. The re-
sults are presented in Fig. 4a with one set of bars for each sec-
ondary antibody concentration and each bar representing a cer-
tain antigen concentration in the spotting solution as indicated.
Figure 4b shows examples of images of a microarray chip with
bright spots in rows representing spotted antigens.

It is clearly visible that the chemiluminescence signal in-
creases with increasing secondary antibody concentration. In
the same course, the background signal increases but to a
lower extent compared to the specific antigen signals. For

secondary antibody concentrations from 0.7 to 5.6 mg mL ",
a significant increase can be seen upon doubling of the con-
centration, while a further increase to 11.2 mg mL ™' only
gives slightly higher signals for all antigens. Thus, as a com-
promise between high signal intensities and low expenditure
of secondary antibody, a concentration of 5.6 mg mL™" was
used for all further measurements.

For the decision on the optimal spotted antigen concentra-
tion, not only the chemiluminescence intensities as displayed
in Fig. 4a were taken into account but also the appearance of
the spots on the microarray chip as shown in Fig. 4b. Here,
three blocks of spots can be seen with the four columns within
each block representing the different concentrations of anti-
gens, decreasing from left to right. The three blocks corre-
spond to the different antigens, starting with N protein on
the left side, RBD in the middle and S1 protein on the right-
hand side, as also shown in Fig. 4a. The flow direction of
sample and reagents during the measurements is from lower

a
N, 250 pg mL™? RBD, 350 ug mL™?! S1, 250 ug mL™?
175001 N, 125 pg mL™?t RBD, 175 pg mL™! S1, 125 ug mL™?t
N, 62.5 pg mL~? RBD, 87.5 ug mL™! S1, 62.5 ug mL™t
N, 31.25 ug mL™? RBD, 43.75 pg mL~? S1,31.25 pg mL~?
5 150001 Background
©
>
@ 125001
c
[J]
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&
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£ 7500+ I
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S 50001 I
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l I [ h
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& REE Wiy B
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11.2 5.6 2.8 1.4 0.7

Secondary antibody concentration / ug mL™t
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Fig. 4 a Measurements of different immobilized antigen dilutions using
different secondary antibody concentrations; error bars represent replicate
measurements on different chips, n=3. b Exemplary chip images
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(columns from left to right: N undiluted, N 1:2, N 1:4, N 1:8; RBD
undiluted, RBD 1:2, RBD 1:4, RBD 1:8; S1 undiluted, S1 1:2, S1 1:4,
S1 1:8, rows represent replicates of the same antigen dilution)
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towards higher concentrations of the antigens (right to left in
Fig. 4b).

For the intensities, the same trends can be seen regardless
which secondary antibody concentration was used. For the N
protein, a signal increase is seen with increasing concentration of
antigen on the chip. For S1 and RBD, this is true for all diluted
samples (concentrations between 31.25 and 175 pg mL ™" as
indicated above). For the spotting of undiluted antigen, lower
intensities than for the 1:2 dilution are found, indicating either a
lower immobilization efficiency with less immobilized antigen
molecules on the surface or a lower activity of the protein. When
looking at the antigen spots, an increase in diameter is seen up to
the 1:2 dilution, while for the undiluted spotting row, notably
smaller and less uniform spots are seen for all antigens, espe-
cially for the S1 protein, where the spots are barely visible. This
can be attributed to the drying of the spots during the incubation
time after spotting. In the undiluted antigen samples, no stabi-
lizing agents were added, leading to rapid drying of the spots
and activity loss of the protein. Especially for the S protein, it has
already been shown that antibody recognition depends strongly
on the used protein expression systems; therefore, also slight
conformational changes upon drying of the spots might have
an influence [3]. Additionally, it is possible that protein agglom-
erated or adsorbed to the wells of the microwell plate before
spotting, reducing the concentration on each spot. For the diluted
antigen samples, we aimed at reducing these effects by using the
spotting buffer containing trehalose and Pluronic® F127. As
these additives had a beneficial effect on signal intensity (for
S1 and RBD) as well as on spot appearance (for all antigens)
but still a high antigen concentration was desired, all further
experiments were done using 1:2 dilutions of the antigens with
spotting buffer, resulting in concentrations of 175 pg mL™"
(RBD) and 125 ug mL ! (S1, N) in the spotting solution.

Dilution measurements

To evaluate the correlation between antibody concentration
and chemiluminescence signal that is needed for the develop-
ment of prospective future quantitative tests, COVID-19
reconvalescent plasma was diluted with a negative control
sample. Antibody measurements of samples with positive
plasma ratios between 0 and 100% were performed for RBD
and S1 protein as they are the most immunogenic antigens [3]
and, therefore, most promising for a quantitative application.
A determination of the SARS-CoV-2 N protein was not
attempted, as its sequence was shown to be more conserved
over different corona viruses [11] implying that cross reactiv-
ity and, hence, cross sensitivity to antibodies to endemic co-
rona viruses might be possible [23].

Figure 5 shows the resulting chemiluminescence intensities
for seven different mixture ratios of serology positive and
negative samples. Besides the RBD and S1 protein, also the
background signal is shown for comparison. A linear

correlation between antibody concentration in the sample
and chemiluminescence intensity can clearly be seen with
linear regressions almost perfectly fitting the measured data
(R2 =1.00 for RBD and S1, R>=0.94 for the background
signal). The slight slope for the background signal can be
explained as different blood samples were used, naturally
resulting in different background values. For prospective fu-
ture applications, this matrix influence can easily be avoided
by a background correction of the measurement data as was
done in all following experiments.

While for the measurement point at 1% positive sample
ratio only a slight difference to the pure negative sample can
be seen, the following measurement point at 10% positive
sample ratio already can be distinguished well from the neg-
ative sample. The greater slope for the RBD compared to the
S1 protein can be assigned to the different spotted concentra-
tions (175 pug mL ™" and 125 ug mL™", respectively). From
these results, we conclude that a future development towards a
quantitative test is possible. If a standard sample with a
known, high concentration of antibodies to the RBD and S1
protein is available, a calibration of the test can be done,
allowing for a simple quantitative interpretation of measure-
ments that might give a more detailed information about an
individual’s SARS-CoV-2 serological status.

Measurement and classification of patient samples
and comparison with results of commercial antibody
tests

To define cutoff values used for the assignment of positive and
negative results, receiver operating characteristic (ROC) curves
were used. They illustrate the trade-off between correctly iden-
tified positive samples and false positives in a diagnostic test,
allowing for the selection of a suitable cutoff value for a given
question [24]. In a ROC curve, the cutoff value is shifted over a
range of values and sensitivity and specificity are calculated for
each cutoff. Resulting pairs of sensitivity and 1 — specificity are
plotted together with a diagonal line (x=y). A perfect test will
result in a right triangle that intersects the point [0,1],
representing 100% sensitivity and specificity. A calculation of
the area under the curve (AUC) for a perfect test will give a
value of 1.0, while the worst possible result (resembling a toss
coin) is an AUC of 0.5, achieved by a ROC curve matching the
diagonal. Depending on the diagnostic question of interest, a
cutoff can be chosen with respect to highest possible sensitivity
or specificity. In the context with SARS-CoV-2 antibody detec-
tion, high specificity is desirable, as a false positive result might
mislead tested individuals to be less cautious as they presume to
be immune to SARS-CoV-2 infection.

To determine ROC curves for the test presented herein, 65
serum and plasma samples (32 from individuals without pre-
vious SARS-CoV-2 infection, 33 from reconvalescent
COVID-19 patients) were tested, the resulting
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chemiluminescence values were background-corrected and
then used for the ROC determination. Results for the three
tested antigens as well as for the combination of them on the
chip are shown in Fig. 6. For the combined antigens, a sample
was considered positive when it gave signal above cutoff for
at least one antigen.

For all antigens, a high AUC above 0.99 was determined.
Literature states that an AUC value above 0.9 represents good
accuracy of a test [24, 25]. Especially for the N protein, an
optimal ROC curve with an AUC of 1.0 was found.

Cutoff values were defined such that the highest possible
specificities resulted for each antigen as especially in antibody

Positive sample ratio / %

testing, a false positive result is considered more harmful than
a false negative one as it dissembles a non-existing immunity.
The respective cutoff values, given in background-corrected
chemiluminescence intensity, are 2860 for the N protein
(100% sensitivity, 100% specificity), 800 for RBD (93.9%
sensitivity, 100% specificity), and 1700 for the S1 protein
(87.9% sensitivity, 100% specificity). Still, the given values
for sensitivity must be considered with caution, as it cannot be
guaranteed that all reconvalescent patients actually had
formed antibodies to all antigens.

The determined cutoff values were then used to take a
closer look at the measurement results for all patient samples.
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The background-corrected chemiluminescence values were  previous SARS-CoV-2 infection, most samples showed
normalized with respect to the cutoff values and the resulting ~ higher normalized intensities for the N protein than for RBD
values are shown in Fig. 7a for the negative samples and in ~ and S1. This was the expected result, as for the N protein a
Fig. 7b and c for the positive samples. For the patients without ~ cross reactivity with endemic coronaviruses could not
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Fig. 7 CoVRapid CL-MIA results for 65 patient samples. a Results for antigen; all values are normalized with respect to the cutoff values deter-
32 SARS-CoV-2 serology negative samples. b Results for 33 SARS- mined by ROC curve analysis; error bars represent standard deviation of
CoV-2 serology positive samples. ¢ Detailed representation of positive replicate spots on one chip, n =5

samples with measurement signal below the cutoff for at least one
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completely be excluded due to high sequence similarity.
Comparison measurements with the recomLine test from
Mikrogen showed that the vast majority of all patients had
formed antibodies to the N protein of at least one of the en-
demic coronaviruses 229E, NL63, OC43, and HKU1. For the
negative sample S22, which shows a lower intensity for N
than for S1 and RBD, it is possible that a recent, undetected
infection with SARS-CoV-2 was present and IgG antibodies
had already started to form to a low extent or that the patient
had overcome COVID-19 at a very early stage of the pandem-
ic and the antibody amount in the blood had already declined
below the detectable level. Confirmation would be possible by
follow-up measurements of the patient or by consulting his
case file, which both were not possible due to the sample
obtainment strategy. Sample S23 shows a low intensity for
both N protein and RBD, while a relatively high signal for
S1 is detected. As the RBD is contained within the S1 protein
and tended to give higher signals compared to the S1 in our
test, this indicates that no specific antibodies to SARS-CoV-2
S1 have been formed. Instead, as the used S1 protein carried a
mouse Fc fragment, it might be possible that the patient had
formed human anti-mouse antibodies (HAMA) that have been
shown to interfere with immunoassay measurements [26].
Still, with the defined cutoff values, all negative samples were
correctly classified as negative for all three antigens, resem-
bling a specificity of 100% for the CoVRapid CL-MIA.

For the SARS-CoV-2 serology positive samples in Fig. 7b
the trend already seen in the dilution measurements again is
visible, as for most patients a higher intensity is found for
RBD compared to S1 due to the higher immobilized concentra-
tion. Few samples show a different behaviour with comparable
intensities for S1 and RBD or even higher signal for S1, indicat-
ing that antibodies to other S1 regions than the RBD might have
been formed. In comparison to the signals for the N protein, most
samples show higher intensities for S1 and RBD, which is

Table3 Classification of patient samples by different anti-SARS-CoV-
2 IgG tests. The iFlash-SARS-CoV-2 IgG was used as reference classifi-
cation for 62 samples, while three samples were only tested with the
alternative tests CoVRapid CL-MIA, recomLine SARS-CoV-2 IgG,
and recomWell SARS-CoV-2 IgG (one of the samples specified as

expected as the spike protein is considered more immunogenic
than the nucleocapsid [3].

The measured intensities spread over a broad range from
slightly above 1 (cutoff) to over 70. As no information on the
clinical course of the patients was available, it can only be
suspected that higher intensities may be related to either more
recent or more severe disease. Still, all knowingly positive
samples were found positive for at least one of the tested
antigens, resembling 100% sensitivity.

For a total of three of the positive samples only for one or
two of the antigens, a signal above the cutoff was determined.
As in Fig. 7b no clear interpretation of samples with low signal
is possible, these samples are shown in more detail in Fig. 7c.
The reason for this outcome might be that the patients still
were in an early stage of infection where few antibodies had
been formed yet, or that the antibody amount in the blood was
already declining due to a prolonged time since infection. This
emphasizes that a quantitative test will be helpful in the future.
When comparing the results obtained with the commercial
multiplex test recomLine from Mikrogen, for S51 and S63,
only a positive result for the N protein could be found, while
S1 and RBD were negative, confirming the CoVRapid result.
This is also in accordance with literature findings showing that
antibodies to different proteins form independently which
possibly leads to significantly different reactions to different
antigens at certain points of time after symptom onset [27, 28].

Comparison tests were done not only with the recomLine
test (N, RBD, and S1 protein) but also with the N specific
recomWell ELISA from Mikrogen. The principal antibody
test used for the sample classification that Fig. 7 refers to
was the iFlash test from YHLO. Here, samples are classified
with regard to antibodies for either the N or S1 protein.

Overall, a good performance of all tests was found as depicted
in Table 3. While our CoVRapid test classified all samples cor-
rectly (with respect to iFlash classification), with the recomLine

“Not classified” was ordered from a commercial supplier as negative
control, two were obtained from reconvalescent COVID-19 patients).
For the recomWell test, two samples gave values in the borderline area
of the test and were therefore excluded

iFlash CoVRapid recomLine recomWell
)
AB negative 31 180 936.28 936.37 EZZiﬁtvﬁe(@)
wicessied s | ST BT gD Retecy
Total 65 65 65 63 Total
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test, one false positive sample was found (positive for S1, neg-
ative for RBD and N). With the recomWell test, two samples
gave results in the borderline area and were therefore excluded.
Additionally, this test gave one false negative and one false
positive result. This gives the CoVRapid test the highest sensi-
tivity and specificity (100% each) while recomLine obtained
values of 100% and 96.8%, respectively, and recomWell
showed the highest deviations with 96.7% each.

Conclusion

We developed a rapid, flow-based CL-MIA that allows for the
fully automated detection of IgG antibodies to three different
SARS-CoV-2 antigens, namely N, S1, and RBD, from human
serum or plasma within as few as 8 min. The test showed a very
high diagnostic sensitivity and specificity of 100% with 65
tested patient samples and thus performed better than two com-
mercial tests for the same sample set. Additional advantages of
the CoVRapid CL-MIA over the other test systems are the
rapid analysis without extensive manual pipetting steps due to
an automated flow-based principle of the assay. Due to this
principle, the assay is more sensitive than common lateral flow
“rapid tests” while still being very fast and easy to conduct
without extensive manual steps in contrast to ELISA tests.

Due to the microarray principle, the simultaneous detection
of antibodies to different antigens is possible with the
CoVRapid CL-MIA, giving a more detailed insight into the
individual immune response and diminishing the risk of false
negative results. With our specialized microarray chip surface
chemistry, we also achieved a negligibly small matrix influ-
ence that can be further reduced by on-chip matrix controls,
enabling even the analysis of hemolytic blood samples.

With respect to the microarray chip production, also the
covalent immobilization strategy for native proteins has to
be emphasized in comparison to common assays that are
based on the adsorption of denatured proteins. With native
proteins, an environment comparable to the human cell is
created, giving a realistic impression of the human immune
response. Additionally, future adaption of the test for example
by immobilization of antigens containing mutations is easily
possible using the same antigen production and immobiliza-
tion strategies as described herein.

This test is not only valuable in clinical surroundings to
check whether a patient already overcame a SARS-CoV-2
infection and, especially, whether he still has antibodies that
probably render him immune to fresh infection. It additionally
can be very helpful in the upcoming time in connection with
the SARS-CoV-2 vaccination that is already carried out in
many countries and will be in the following months in many
more. The test can be used to assess whether a vaccination has

been successful and, hence, can aid in the control of vaccina-
tion status dependent admission criteria on-site.

Future research activities are planned to enlarge the scope of
applications of the test. One aim is to transfer the microarray
from glass to polycarbonate chips, making the fabrication even
more economic. Additionally, the dual detection of IgM and
IgG antibodies to SARS-CoV-2 and also to other respiratory
viruses such as influenza will be expedited, as the flow-based
concept is predestined for a two-step detection of different pa-
rameters. The detection of IgM antibodies furthermore would
allow for a rapid diagnostic tool, e.g., in emergency rooms
where patients with respiratory symptoms could be diagnosed
rapidly after admission and subsequently be treated accordingly
right from the beginning of their hospitalization. Another possi-
ble field of application would be a general vaccination monitor-
ing for diseases such as measles, hepatitis A and B, or SARS-
CoV-2 to allow for a rapid titer check by quantitative CL-MIA
directly followed by vaccination if necessary.

Overall, we bring forward a valuable diagnostic tool that can
easily be customized to different applications and already proved
very successful in the context of SARS-CoV-2 serology testing.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03315-6.
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4.2.1 Publication Summary and Author Contributions

This publication was an expansion of the previous results in various aspects. First, a new
measurement device (MCR-R) was available, so the measurement program had to be adapted.
Secondly, the production of glass chips was very time extensive so that the application of easier
to fabricate polycarbonate chips was tested and as a third aspect, a novel injection procedure
was established to reduce the sample volume and the measurement duration. With the resulting
polycarbonate microarray chips for CL-MIA measurements of SARS-CoV-2 antibodies on the
MCR-R, it was possible to obtain qualitative results equal to those previously presented with
glass chips in Publication 1 but with a reduction of measurement time by more than 50%
(3 min 45 s) and a reduction of sample volume by 92% (8 pL). This general measurement
principle was then applied to different research questions with respect to SARS-CoV-2. Thereby,

it could be shown that a distinction of reconvalescent, vaccinated and naive individuals was
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possible due to the microarray character. For vaccinated individuals the possibility of close
serosurveillance after vaccination was presented, which can prove very useful when deciding
about the timing of booster vaccinations. While previous measurements had been done using
serum or plasma samples, it was now shown that also whole blood can be applied without
undesired matrix effects. This is of utmost importance for a possible application of the assay
principle in POC diagnostics as it allows for the direct use without needing any sample pre-
processing steps, making results available even faster. Additionally, one major improvement was
the sequential detection of different antibody types. Previously, only IgG had been detected,
while in this publication for the first time the sequential measurement of IgM and IgG was
presented, giving important information about the time course of antibody formation.
Therefore, this publication presented an optimized assay and its versatility, making it appli-

cable for numerous research questions comping up during the pandemic.

Own contribution:

e Design of experiments
o Development and extension of measurement program on MCR-R

« Conduction of measurements with support from S. PaBreiter (M. Sc. student supervised
by J. Kliipfel) and N. Weidlein (Research intern supervised by J. Kliipfel)

o Data analysis

o Writing of manuscript
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Economic and fast polycarbonate chip production

ABSTRACT: Lateral-flow immunoassays and laboratory diagnostic tests i
like enzyme-linked immunosorbent assays (ELISAs) are powerful diagnostic o= @

tools to help fight the COVID-19 pandemic using them as antigen or -

antibody tests. However, the need emerges for alternative bioanalytical wnotebioodmesurements Seq“e"f'zg'gsde‘ec‘i°"
systems that combine their favorable features—simple, rapid, and cost- T CL microarray immunoassays X // JLJLV
efficient point-of-care (POC) analysis of lateral-flow immunoassays and ¢ A ; eSS
higher reliability of laboratory tests—while eliminating their disadvantages for SARS-CoV-2 serodiagnostics N &

(limited sensitivity and specificity of lateral-flow assays and prolonged time

and work expenditure of laboratory analysis). An additional need met by &a i

only a few tests is multiplexing, allowing for the analysis of several *Q f J\

immunorecognition patterns at the same time. We herein present a strategy Y

to combine all desirable attributes of the different test types by means of a
flow-based chemiluminescence microarray immunoassay. Laminated poly-
carbonate microarray chips were developed for easy production and subsequent application in the fully automated microarray
analysis platform MCR-R, where a novel flow cell design minimizes the sample volume to 40 uL. This system was capable of
detecting IgG antibodies to SARS-CoV-2 with 100% sensitivity and specificity using recombinant antigens for the SARS-CoV-2 spike
S1 protein, nucleocapsid protein, and receptor binding domain. The analysis was accomplished within under 4 min from serum,
plasma, and whole blood, making it also useful in POC settings. Additionally, we showed the possibility of serosurveillance after
infection or vaccination to monitor formerly unnoticed breakthrough infections in the population as well as to detect the need for
booster vaccination after the natural decline of the antibody titer below detectable levels. This will help in answering pressing
questions on the importance of the antibody response to SARS-CoV-2 that so far remain open. Additionally, even the sequential
detection of IgM and IgG antibodies was possible, allowing for statements on the time response of an infection. While our
serodiagnostic application focuses on SARS-CoV-2, the same approach is easily adjusted to other diseases, making it a powerful tool
for future serological testing.

Distinction of reconvalescence/vaccination Serosurveillance

he SARS-CoV-2 pandemic has been affecting the world can help generate significant knowledge on the relevance of the

for almost 2 years already with more than 242 infections antibody response for SARS-CoV-2, but to this end, rapid,
and more than 4.9 million deaths from COVID-19." In the inexpensive multiplex methods with minimal sample prepara-
beginning of the pandemic, major research efforts focused on tion and high sensitivity and specificity are required.
the development of polymerase chain reaction-based tests for Currently available antibody tests for SARS-CoV-2 are
the detection of active infection and on the development and widely applied and have been extensively reviewed.” ™ Still,
authorization of vaccines that were pursued as our key back to every serological test principle has its advantages and
normality. Since then, enormous scientific accomplishments drawbacks, as outlined in our earlier publication.'® For

have made it possible that by now, billions of people already
obtained one of the available authorized vaccines.” But at the
same time, new challenges are arising. To date, it is not
completely clear what importance the antibody titer has for the
protection against an infection with SARS-CoV-2,”" especially
as breakthrough infections are occurring after vaccination.
Therefore, quantitative methods for rapid and thorough
serosurveillance are crucial. Repeated multiplex assessment of
antibody levels after vaccination can help detecting break-
through infections that might otherwise go unnoticed as they
often are asymptomatic. Broad monitoring in the population

example, enzyme-linked immunosorbent assays (ELISAs)''
give very reliable results and are well-suited for the
simultaneous analysis of a large number of samples, but they
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require trained staff and specialized laboratory equipment. This
restricts their use to diagnostic laboratories and the results are
not available immediately. When considering tests in point-of-
care (POC) settings, for example, in medical practices or
clinical settings, the main requirements are fast results at a
relatively low sample throughput and easy handling and
operation without the need for a laboratory environment.
While most often lateral-flow assays (LFAs) are applied,'” they
usually lack multiplexing capacity and typically have lower
diagnostic sensitivities and specificities compared to labora-
tory-based tests, which may give rise to false-positive as well as
false-negative results.

Based on our expertise in automated, flow-based chem-
iluminescence microarray immunoassays (CL-MIAs),"*™"" we
aimed to develop serological assays for SARS-CoV-2 that use
three important SARS-CoV-2 antigens in parallel. A first
prototype based on glass microarray chips from 2021 was
promising, but not yet optimized for production cost or
manufacturing time; further, except for a first proof-of-principle
study, its range of possible applications was not yet explored.

Here, we therefore bring forward a new microarray chip
design for fast and reliable analysis with a minimal sample
volume of serum, plasma, or even whole blood. The
production of polycarbonate microarray chips is much more
time efficient than using glass slides. This strategy had
previously only been used for the detection of DNA and
small molecules,'® while herein the first application in the
detection of antibodies from blood samples is shown.
Specifically, for blood matrices, sensitivity is normally
compromised by high unspecific binding, which needs to be
avoided by surface blocking.'” Here, we were able to develop a
chemically modified chip surface that can be used without any
blocking procedure, thus dramatically reducing background
interferences and manufacturing time. Second, we developed a
sample injection procedure on a new benchtop analysis device.
This design proved instrumental in preventing the carry-over
of the sample between measurements, significantly reducing
the necessary sample volume to below 20 uL (8—16 uL
depending on the sample type), which would make fingerstick
blood tests possible. Reducing the measurement time to under
4 min is an important feature for onsite testing and is even
faster than most of the common LFA “rapid antibody tests”.

Third, after showing the general analytical performance of
the novel microarray chip, we demonstrate a range of
important serodiagnostic applications, with focus on multiplex
detection of antibodies: (i) to distinguish vaccinated and
convalescent individuals, (ii) for thorough monitoring in the
population after vaccination to serologically detect asympto-
matic breakthrough infections as well as critical reduction of
antibody titer over time, (iii) for sequential automated
detection of different antibody classes, and (iv) to enable the
use of whole blood for the measurements. Taken together,
these features make the microarray chip attractive for
applications in decentralized or even POC settings with little
to no sample preparation.

B EXPERIMENTAL SECTION

Chemicals, Reagents, and Materials. All chemicals,
unless stated otherwise, were purchased from Sigma-Aldrich,
subsidiary of Merck (Darmstadt, Germany) and Carl Roth
(Karlsruhe, Germany). Chemiluminescence (CL) reagents
were used from the Elistar Supernova reagent kit from
Cyanagen (Bologna, Italy). A peroxidase-labeled anti-human
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IgG antibody (Fc fragment) from goat was purchased from
Sigma-Aldrich (A0170, 5.6 mg mL™') in addition to a
peroxidase-labeled anti-human IgM antibody (u-chain specific)
from goat (A6907-1 mL, 0.55 mg mL™"). Spotting and running
buffer was produced as described elsewhere.'

SARS-CoV-2 Antigens. Recombinant SARS-CoV-2 spike
S1 protein with mouse Fc-tag (expressed in HEK293 cells) was
purchased from Biozol (Eching, Germany) and produced by
Sino Biological (Beijing, China). Recombinant SARS-CoV-2
spike RBD protein with His-tag and recombinant SARS-CoV-2
nucleocapsid protein with Strep-tag were produced by ISAR
Bioscience (Planegg, Germany), as described elsewhere.'’

Blood Samples. Blood samples were either purchased
from Sigma-Aldrich (Darmstadt, Germany), obtained from the
Institute of Virology, Technical University of Munich
(Munich, Germany), or from ISAR Bioscience (Planegg,
Germany). All procedures were in accordance with the
Helsinki Declaration of 1975, as revised in 2000. All patient
data were anonymized before the measurements. Patient
samples were handled in laboratories approved for biosafety
level 2.

Microarray Chip Production. The immunoassay was
performed on polycarbonate (PC) surfaces with chemical
modifications based on a procedure described elsewhere.">"*
In short, a polyetheramine with terminal carboxylate
functionality on one terminus was produced by chemically
modifying Jeftamine ED-2003 with succinic anhydride by
dissolving the reagents in toluene, stirring at room temperature
overnight, and removing the toluene. Chips were then coated
with this modified Jeffamine by screen printing, heated to 100
°C for 2 h, washed with water, and stored at low humidity until
protein immobilization was performed.

Covalent protein immobilization was accomplished using
the EDC/s-NHS strategy. To prepare the coupling reagents, 1
mg mL™' 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-hydroxysulfosuccinimide (s-NHS) were added
to the spotting buffer. Antigen solutions (without further
dilution) and positive controls (1:2 diluted with spotting
buffer) were then mixed with EDC/s-NHS solution (50% v/
v). Anti-peroxidase and anti-human IgG antibodies were used
as the positive control, while spotting buffer was applied as the
negative control. For IgM measurements, anti-human IgM
antibody was used as an additional positive control. Onto a
384-well plate, 20 uL per spotting solution was transferred and
inserted into the microcontact spotter together with the
prepared PC chips. Spotting was done in five replicates for
each spotting solution with a grid spacing of 1100 gm distance
between replicates and 1040 ym distance between the spotted
rows. The maximum number of different spotting solutions
was 20. The spotting process was carried out at 20 °C and 55%
humidity. After spotting, the chips were assembled directly by
connecting them to a POM carrier containing inlet and outlet
holes using double-sided adhesive foil with cut-outs forming
the flow channel. All chips were stored at 4 °C until
measurement. No blocking of the chips was required.

Microarray Measurements. Prior to measurements on
the microarray chip reader MCR-R, the system was flushed
with water. Subsequently, the CL reagents luminol and
hydrogen peroxide were inserted into the device as well as
the respective detection antibody solutions (peroxidase-labeled
anti-human IgG diluted 1:1000 with running buffer; addition-
ally, for IgM measurements, peroxidase-labeled anti-human
IgM diluted 1:1000 with running buffer) and all tubes were

https://doi.org/10.1021/acs.analchem.1c04672
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Figure 1. (a) Schematic overview of the PC chip production process, and (b) comparison of production times for glass and PC microarray chips.

loaded with the corresponding liquids. In the beginning of each
measurement day, a darkframe image was recorded for an
exposure time of 60 s for consideration of the CCD camera
background signal. For measurements, 40 yL of diluted serum,
plasma, or whole blood sample were injected into the chip.
The dilution was performed with running buffer, where the
dilution factor depended on the respective sample type. The
chip was then inserted into the MCR-R chip tray and the
measurement was started. The fully automated flow-based
assay then consisted of detection of antibody transport over
the chip and subsequent flushing and injection of luminol and
hydrogen peroxide. The image was acquired for 60 s, followed
by a final flush of the chip.

For the sequential IgM/IgG detection, an incubation time
before the measurement was necessary (60 s), followed by the
previously described process that was carried out for both the
IgM detection antibody and the IgG detection antibody. The
total measurement duration for single IgG acquisition was 3
min 45 s, while the sequential IgM/IgG detection took 7 min
5SS s (including 60 s sample incubation). A more detailed
overview of the assay steps, volumes, and flow rates is given in
the Supporting Information (Table S1).

Data Evaluation. The detected CL signals were stored as
txt-files and processed with the evaluation software MCR spot
reader (Stefan Weilenberger, Munich, Germany). On the
darkframe-corrected CL images, a grid was emplaced to define
the position of the spots. For each spot, the mean value of 10
brightest pixels was calculated. Means and standard deviations
were obtained for the five replicates per row, and spots that
deviated more than 10% from the mean were excluded. The
resulting mean values and standard deviations for all rows were
used for further analysis and graphical evaluation with Python
3.

B RESULTS AND DISCUSSION

Development of a CL-MIA on PC Microarray Chips.
We previously reported the development of a SARS-CoV-2

2857

antibody microarray immunoassay based on glass microarray
chips as a proof of principle for future application in
serodiagnostics. Herein, we present a much-improved micro-
array chip approach using a new chip material together with a
newly developed flow cell layout and a novel sample injection
principle as well as first examples for possible applications of
this microarray chip in the field of SARS-CoV-2 POC
serodiagnostics.

A major advantage of the new chip principle is the reduced
production time and cost to make the microarray chips
competitive for commercial POC antibody tests. For the
previously described glass chips, a total production time of
about 66 h over 4 days was needed to produce chips for 18
measurements.'’ The process involved three overnight
incubation steps as well as lengthy washing and activation
stelgs, as laid out in a more detailed tabulation from Bemetz et
al.

For the PC chips described herein, Jeffamine ED-2003 was
modified with a carboxylate functionality on one terminus to
allow protein immobilization as had been shown before.'® This
modified Jeffamine paste was applied to the preslitted PC
plates using screen printing and subsequently let to react at an
elevated temperature for 2 h. Afterward, spotting was
accomplished using EDC/s-NHS coupling chemistry, activat-
ing the carboxylate functionalities on the chip surface and
covalently immobilizing the proteins via amino groups from
amino acid side chains as shown in the Supporting Information
(Figure S1). For this immobilization procedure, no lengthy
activation of the complete surface was necessary, as the
activation reagents were spotted on the chip together with the
respective proteins. Furthermore, experiments showed that
overnight incubation of the chips after spotting can be
disregarded reducing the total production time by 90% to
6.6 h, as also illustrated in Figure 1, together with a schematic
overview of the whole production process.

In addition, the production of PC chips proved significantly
cheaper, with the cost of raw materials and chemicals per chip

https://doi.org/10.1021/acs.analchem.1c04672
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Figure 2. (a) Measurement process of the indirect noncompetitive microarray immunoassay with manual sample injection and (b) image of the

sample injection process.

below 2€ for PC compared to 30€ for glass chips, lower reagent
expense for PC chip production, and also significantly lower
work expenditure.

For measurements of the novel PC chips, herein, a new
analysis platform (MCR-R by GWK Prazisionstechnik) is
presented for the first time. This benchtop device is optimized
for POC applications: it is relatively small and does not require
a specialized laboratory surrounding for operation. It contains
storage containers for system liquids, a microarray chip loading
unit, and a CCD camera. More detailed information on the
device can be found in the Supporting Information.

While formerly, a sample syringe was used to transport
serum or plasma samples to the microarray chip, we developed
a direct chip injection method for the PC microarray chips
using customary pipettes. Therefore, significantly less sample
volume is needed and no relevant contamination of the device
with human blood takes place. This makes the process
applicable to consecutive measurements of samples from
different people without carry-over. Additionally, the direct
chip injection allows a very short measurement time of 3 min
45 s.

After the insertion of the chip into the device, it is flushed
automatically, and the detection antibody is flown over the
chip slowly. After another flushing step, the chip is filled with a
luminol/hydrogen peroxide mixture and a CCD image is
taken. The whole process of this indirect noncompetitive
immunoassay is shown in Figure 2.

To minimize the sample volume and to allow for a uniform
distribution of the sample in the chip upon injection, different
flow cell designs were tested. Figure 3 shows some of the most
promising designs, with (I) being the standardized flow cell
layout that had been used for all previous designs. Layouts (1I)
and (III) aimed on canalizing the sample flow upon injection

(U] (I Iy ) ‘ Outlet

Flow

direction

Inlet

Figure 3. Different flow cell designs. The immobilized spots are
located in the upper third of the flow cell.
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to mimic the flow obtained by injection via a syringe pump and
tubes, while at the same time reducing the necessary sample
volume by minimizing the width of the flow cell. Design (IV)
contains a sample reservoir to compensate for variations in
injection speed during the course of manual pipette injection.

Testing of the different flow cells showed that the average
signal intensities were comparable for all designs, but designs
(I1), (11), and (IV) showed a more even distribution of
samples within the chip, while for design (I), bubble formation
occurred more frequently leading to unwetted areas within the
flow cell. When also considering the sample volume and spot
area, design (II) was chosen, as it reduced the necessary
volume from about 60 uL for design (I) to 40 uL, but still left a
spot area big enough for future expansion of the chip to
accommodate additional spotted rows.

To test for the optimal sample dilution when directly
injecting the sample into the chip compared to the previous
device-based injections, 1:2, 1:5, and 1:10 dilutions of serum
samples (40 pL sample volume containing 20, 8, or 4 uL of
serum, respectively) were measured by direct injection and the
results for the background signal, SARS-CoV-2 receptor
binding domain (RBD), and N protein were compared to
values obtained by the sample syringe injection of a 1:10
dilution (1 mL sample volume containing 100 uL of serum).

The results are shown in Figure 4, demonstrating a clear
correlation between the sample dilution and CL intensity for
the tested negative (sample 1) and positive (samples 2—4)
samples. Dilution of negative sample 1 shows that the
background signal increased slightly with increasing serum
amount but was still very low, resulting in a good signal-to-
noise ratio. For the negative sample, the signals for the SARS-
CoV-2 antigens are in the range of the background with the
exception of the N protein signal for syringe injection,
indicating slight unspecific or cross-reactive binding of IgG
antibodies to the immobilized protein during the long sample
interaction time (200 s), while the shorter interaction time for
the direct chip injection seems to be beneficial. For the positive
samples, a significantly elevated CL signal compared to the
negative sample 1 was found for all dilutions. As expected,
lower amounts of serum in the sample resulted in lower signals.
It was decided to use a dilution of 1:5 for all further
measurements as it represents a good compromise between the
low sample volume (8 L) and high CL signal.

After defining the standard conditions for measurements on
the MCR-R as PC chips (spotted using EDC/s-NHS) with
direct injection of 40 L of 1:5 serum dilution, these optimized
conditions were benchmarked against the results obtained
previously with glass chips by applying the traditional

https://doi.org/10.1021/acs.analchem.1c04672
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SARS-CoV-2 serology-positive samples (CL values are background-corrected and normalized with respect to the cut-off values, cut-off value shown
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automated injection mode. Therefore, the same set of 65
positive or negative samples that had been used for the
assessment of the glass chips (preclassified using commercial
antibody tests)'® were measured using the novel PC chips and
the results were compared directly. The receiver operating
characteristic (ROC) curve analysis (ROC curves shown in the
Supporting Information) gave cut-off values after background
correction of 560 for the N protein (glass chips: 2860), 1000
for the S1 protein (glass chips: 1700), and 400 for the RBD
(glass chips 3:800). While all cut-offs could be notably
reduced, the greatest change was obtained for the N protein,
supporting the hypothesis of reduced binding of potentially
cross-reactive antibodies upon shorter sample interaction time.
Such binding might result from antibodies to structurally
closely related endemic coronaviruses®’ > that show lower
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affinity to the SARS-CoV-2 N protein compared to specific
antibodies and thus only bind when left to interact for a longer
time span, as in the case of syringe injection.

With these optimized cut-off values, it was possible to
determine the results below the cut-off for all 32 negative
samples. The results of the 33 positive samples (normalized
with respect to the cut-off values) can be seen in Figure 5. On
the top, the new results are shown, while on the bottom, the
previously published results for glass chips are depicted. It can
be clearly seen that analogous trends in signal intensity are
found for both assays. Differences in intensity for the N protein
can be attributed to the significantly reduced cut-off value,
while the overall reduced signal for some samples was probably
caused by the storage of the samples for about 6 months
between the measurements.

https://doi.org/10.1021/acs.analchem.1c04672
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Figure 6. CCD chip images of measurements of (a) SARS-CoV-2 serology-negative sample, (b) sample from a vaccinated individual, and (c)
sample from a COVID-19 reconvalescent person (column 1: negative control, column 2: RBD, column 3: S1 protein, column 4: N protein, column

S: positive control, rows A—E represent replicates of the same spot).
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Figure 7. Repeated antibody determination of the same person before and after vaccination with the Biontech/Pfizer mRNA vaccine (vaccination
on days 0 and 21, values are background-corrected and normalized with respect to cut-off, error bars indicate the standard deviation of triplicate

measurements).

In the PC chip assay, all positive samples gave a signal above
the cut-off value for at least one of the three proteins, which is
the decision criterion for classification of a sample as positive.
Therefore, it is concluded that the novel PC chip assay with its
100% diagnostic sensitivity and specificity can keep up with the
previously reported glass chips regarding the correct sample
classification, while at the same time showing various
advantages as described beforehand.

Application for Distinction of Reconvalescent and
Vaccinated Individuals. The most common SARS-CoV-2
antibody tests suffer from the restriction of relying on only one
antigen. When only antibodies to the N protein are registered,
they are only suitable for the detection of antibodies after
infection. In contrast, tests that rely on the S protein or the
RBD pattern cannot distinguish whether antibodies were
formed as a reaction to vaccination or as a result of previous
infection. In contrast, with the microarray chips presented
herein, it can clearly be distinguished whether antibodies were
formed after infection or vaccination due to the multiplex
nature of the microarray. Figure 6 shows examples of chip
images of different serotypes: a COVID-19 serology-negative
sample that only gives a signal for the positive control in
column S (Figure 6a), a sample from a vaccinated person
(Figure 6b) that shows an elevated signal for the S1 protein
(column 3) and the RBD (column 2), and a sample from a
reconvalescent COVID-19 patient (Figure 6¢c) that also
presents antibodies to the N protein (column 4). This feature
of the test can be very helpful to detect whether a vaccinated
person was infected despite the protection posed by the
vaccination.

Application in Serosurveillance after Vaccination.
After the start of COVID-19 vaccination campaigns in the end
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of 2020, interest arose in the durability of the antibody
response after vaccination and the possibility of breakthrough
infections. Therefore, we investigated whether the test
principle presented herein is suitable for monitoring the
antibody status after vaccination and possibly detecting
asymptomatic breakthrough infections. Therefore, samples of
an individual were taken at 12 different time points in a period
between 268 days before vaccination with the Pfizer/Biontech
vaccine until 117 days after the first vaccine dose (96 days after
the second dose). Figure 7 shows the resulting normalized CL
intensities for measurements of the N protein as well as the
RBD.

It can be clearly seen that the signal for the N protein
remains relatively constant during the whole time span. The
normalized values lie between 0.06 and 0.54 au and are
therefore way below the cut-off value of 1.0, which shows that
no SARS-CoV-2 breakthrough infection of the proband
occurred during the time span of the measurements. If an
infection had occurred, it would have been noticed in an
increase of the N signal as well as the RBD signal, and
therefore, a possibly otherwise unnoticed infection could have
been detected serologically. For the RBD, values below the cut-
off are found at all times between 268 days before vaccination
until 7 days after the first vaccine dose (normalized signal
between —0.03 and 0.18 au), while at 15 days after the first
vaccination, the signal already reached a value of 3.10 au, a
factor of 3.1 above the cut-offt. The maximum signal was
reached about 3 weeks later (35 days after the first dose, 14
days after the second dose) with a signal of 56.83 au. These
results are in very good agreement with the results from the
Pfizer/Biontech clinical study.”> Further measurements at 75
and 117 days after the first vaccine dose then showed a

https://doi.org/10.1021/acs.analchem.1c04672
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declining signal with 34.41 and 19.88 au, respectively. This was way for a rapid general vaccination control as may be advisable,
also in accordance with the expectations due to the short half- for example, by medical officers for people working in areas of
life of the mRNA from the vaccine in the human body and the particular risk of certain diseases.
findings from reconvalescent patients, which also showed a Application for the Rapid, Sequential Detection of
notable loss of antibodies over the course of few months after IgM and 1gG Antibodies. All results presented so far refer to
infection. The same trend is probable after vaccination and the detection of IgG antibodies that usually start to form a few
could serve as an indicator that a regular booster vaccination weeks after an infection. Even before that, IgM antibodies are
may be necessary. formed so that a detection of both IgM and IgG can give
Therefore, our PC microarray chips can be used for important information about the course of an infection, even
continuous monitoring of antibody titers after vaccination for though it has been shown that for COVID-19, IgM production
the serological detection of breakthrough infections and also as occurs relatively late and therefore not notably before IgG can
an application in rapid titer control to decide whether a be detected already.””** But still, information about the
booster vaccination might be necessary if values below the cut- presence or absence of IgM antibodies is valuable in assessing
off are found. Currently, there is ongoing discussion about the how long ago the infection has occurred as the IgM titers
significance of antibody levels as more and more breakthrough plummet faster than the IgG titers.
infections after vaccination occur. To date, it is still not Therefore, we developed a sequential IgM/IgG assay that
completely clear whether there is a correlation between allows for the detection of both antibody classes within one
antibody titer and the risk for a breakthrough infection so measurement in under 8 min. The assay principle is shown in
that thorough serological monitoring is crucial to gain Figure 8 with the first step being the manual sample injection.
representative information. But while we herein only show Afterward, the chip is incubated for 60 s at room temperature
this scope of application for SARS-CoV-2, an adaptation of the to allow the sterically demanding IgM pentamers to bind to the
test for other diseases can easily be accomplished, paving the immobilized proteins. Subsequently, the anti-IgM detection
2861 https://doi.org/10.1021/acs.analchem.1c04672
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antibody is washed over the chip, followed by luminol and
hydrogen peroxide and image acquisition. The second assay
part then is analogous to the assay of IgG only and repeats the
IgM assay steps with the anti-IgG detection antibody. In the
second image acquisition, the combined signal from the
labeled anti-IgM and anti-IgG antibodies is recorded as the
antibodies from the first assay step are still bound to the chip.
Hence, one has to subtract the signal from the IgM image from
the second image’s signal to calculate the IgG signal.

Figure 9 shows the results of sequential IgM/IgG measure-
ments for a total of 24 samples that had been classified by the
Institute of Virology of TUM using an YHLO iFlash antibody
test. Eight of them had been determined as IgM- and IgG-
positive for SARS-CoV-2, another eight were IgG-positive but
not IgM-positive, and eight were negative controls. The
calculation of the pure IgG signal was done as well as a
background correction and normalization with respect to the
cut-off values that had been defined for the singular IgG assay.
For each sample, two groups of bars are presented, the first one
representing the IgM signal and the second one representing
the IgG signal.

For all samples, a correct classification was possible. For the
IgM- and IgG-positive samples, values above the cut-off for at
least one of the proteins were obtained in all IgM and IgG
measurements. For the negative control samples, all detected
signals were found below the cut-off values. The IgM-negative,
IgG-positive samples all gave a positive signal in the IgG
measurements, while being negative in the IgM measurements.
Therefore, our test can be applied for the rapid sequential
detection of IgM and IgG in a single measurement, giving
indications about the onset of antibody production. Addition-
ally, the intensity values also give indications on the amount of
antibodies formed. Application of this assay principle may be
even more helpful for application to other diseases that show
an earlier beginning of IgM production so that an even more
detailed temporal classification of an infection is possible.

Another important remark is that even incubation times of
60 s after the sample injection into the chip do not lead to
false-positive results, indicating very low unspecific binding for
intermediate incubation times. The same cut-off values can be
applied to measurements directly after injection and measure-
ments after incubation, making the assay stable against slight
delays in the sample injection and chip insertion that might
occur in a clinical setting. Additionally, it was shown that the
binding of antibodies to the immobilized antigens is very stable
and flushing of the chip does not remove notable amounts of
bound antibodies, preventing false-negative results in the IgG
measurement.

Application for the Rapid Point-of-Care Detection of
Antibodies in Whole Blood. All results presented so far
were obtained using plasma or serum samples, which is
common in immunoassays such as ELISAs, but have
disadvantages as the sample preparation by centrifugation is
necessary. When using whole blood for the antibody
determination, this separation step can be omitted, but often
problems such as high background, contamination of devices
with cells, or unspecific binding of sample components occur,
leading to false-positive results.

For the PC microarray chips presented here, a low influence
of these aspects was expected due to the short interaction
times of the sample and chip surface. Previous measurements
had shown low background values for serum and plasma
measurements. Consequently, we compared plasma and
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anticoagulated whole blood samples from the same donors
(21 different samples). Due to the hematocrit (volume
percentage of red blood cells in whole blood, usually ~50%
of the blood volume), twice the volume of whole blood was
used compared to plasma (16 and 8 yL, respectively) and filled
to 40 uL with the running buffer. Chips were then measured
directly without incubation, giving background values in the
same range for plasma and whole blood.

As no elevation of the background occurred when using
whole blood, the resulting signals for the SARS-CoV-2 antigens
from plasma and whole blood were compared. The results are
shown in Figure 10 with readout intensity of plasma samples
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Figure 10. Comparison of results from whole blood and plasma

measurements for a set of 21 samples (CL values are background-
corrected and normalized with respect to cut-off values).

on the x-axis and whole blood samples on the y-axis (after
background correction and normalization with respect to the
previously defined cut-off values). A very good correlation is
found especially for low CL signals corresponding to negative
samples. Importantly, no data point is misclassified when
comparing the analysis of whole blood and plasma, making
both sample types applicable for the detection of SARS-CoV-2
antibodies in blood. Remarkably, again the same cut-off value
can be used for both whole blood and plasma, as already
characterized for IgM and IgG.

When looking at positive samples, still the same clear trends
are seen in whole blood and plasma but with slightly higher
deviations from the diagonal of the regression line in Figure 10.
For the positive samples measured herein, generally higher
signals are found for whole blood compared to plasma. A
reason for this observation might be found in the hematocrit
effect, as the exact amount of solid and liquid components in
each blood sample is unknown. But as this outcome was seen
for different samples whereas no positive sample gave a notably
higher signal in plasma compared to whole blood, another
reason is possible as well, for example, systematic losses of
antibodies during the sample preparation to obtain plasma.
Nevertheless, as the presented test does not aim at giving
quantitative results but only at classifying samples as positive or

https://doi.org/10.1021/acs.analchem.1c04672
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negative, it is concluded that whole blood can be applied as a
sample material just as good as plasma.

This makes the assay even more interesting for POC
applications, as the necessary amount of 16 uL of whole blood
per measurement might even be obtained from a finger prick.
Blood could then be transferred directly into the chip, making
the bedside sampling and direct analysis possible without the
sample preparation time. Due to the direct chip injection, the
main part of the measurement device MCR-R is not
contaminated with blood upon measurement, allowing for
measurements of different patients without any risk of carry-
over.

Bl CONCLUSIONS

We herein present for the first time the performance of a new
PC-based microarray chip for use in SARS-CoV-2 serodiag-
nostics on the microarray plattorm MCR-R. The new
development pushes the boundaries toward competitive
performance in realistic applications: it gives significantly
faster results in under 4 min, is cost-economic, and avoids
contamination of the device with body fluids by use of one-way
microarray chips. Only small sample volumes are necessary,
and no extensive sample preparation is required. This makes
the device promising for POC applications for SARS-CoV-2
and other serologically interesting diseases.

Some of them were already demonstrated herein, namely,
progress measurements after vaccination, distinction of anti-
bodies formed after SARS-CoV-2 infection, and vaccination
and rapid sequential detection of IgM and IgG antibodies.
Furthermore, whole blood can be used as a sample, making it
especially interesting in POC settings as no extensive sample
preparation is necessary and blood from a finger prick can be
transferred to the device, giving results within minutes.

With all of these advantages, the new microarray chip
outperforms many commercial tests by its versatility that still
leaves potential for various further serodiagnostic objectives
and improvements. While so far, we only focused on SARS-
CoV-2 serological questions, the microarray can easily be
adapted or extended to also cover serologic analyses for other
diseases by simply adding further proteins to the array. Trials
with influenza proteins and endemic coronaviruses are already
in planning. For the future, we envision that our approach may
allow for a complete vaccination status check-up within one
single measurement in few minutes from a drop of blood.
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Table S1. Main assay steps on the MCR-R (steps that only apply to the sequential IgM/IgG detection

are shown in italic)

Step Volume Flow rate Comment
Sample injection 40 plL - done manually
“sample incubation 60s

Flushing of chip 2000 uL 500 uL s

IgM detection antibody injection ~ 800 uL 10 ulL s

Flushing of chip 2000 uL 500 uL s

CL reagents injection 400 uL 150 ul s

Image acquisition - - 60 s exposure
Flushing of whole fluidic system 7500 uL 500 uL s

Flushingofchip ~ 2000pL  soouLst

IgG detection antibody injection 800 pL 10 pyLs?

Flushing of chip 2000 pL 500 pLs?

CL reagents injection 400 plL 150 pL s?

Image acquisition - - 60 s exposure
Flushing of whole fluidic system 7500 uL 500 pLs?
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Figure S2: Automated microarray platform MCR-R; left: physical image of the device, right: schematic
depiction of the main device elements: camera unit, syringe pumps and valves (copyright of right
image: GWK Prazisionstechnik GmbH)

Description of the MCR-R:

The MCR-R was developed by the Chair of Analytical Chemistry (TUM) together with GWK
Prazisionstechnik GmbH (Munich). It is the currently newest generation of Microarray Chip Readers
(MCR) and offers versatile application possibilities for both research and routine application. Its main
components are a CCD camera locate above a microarray chip loading unit (shown in black in the front
left of Figure S2 (right image). Behind the camera unit, two syringes for the dosage of peroxidase
labelled detection antibodies are located, on the right of the camera unit a syringe pump for sample
injection can be found. Behind this syringe pumps, the valve tower is seen, containing four valves and
a syringe pump for the transport of chemiluminescence reagents, running buffer and cleaning
reagents. With its size of 50 x 50 cm, the device is suitable for benchtop placing, a recently presented
version of the MCR-R is even smaller than the one used in this manuscript while having the same
functionality.

For the application in research, the device offers a software toolbox allowing for the design of different
measurement programs, e.g. for sequential programs using two different detection antibodies,
programs with syringe injection of the sample or direct sample injection into the microarray chip and
many more options, allowing for the development of optimized assays for the applications of interest.

For routine application of the device, only the necessary measurement programs are activated and can
then be used by any user who had a short training on the device, even without a deeper technical or
chemistry background. Only few manual steps (filling reagent syringes and containers, starting the
measurement program, entering a microarray chip) have to be done, while the whole assay is done
completely automatically. The data evaluation software is tailormade for every application so that all
relevant evaluation steps are done on the device for routine applications. Therefore, the device is
suitable for point-of-care applications as it is easy to use, shows a high degree of automation, is small
enough to find space in hospitals or medical practices and can be used for various different microarray
applications with relevance at the point of care.
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4.3 Publication 3: Automated detection of neutralizing
SARS-CoV-2 antibodies in minutes using a

competitive chemiluminescence immunoassay
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4.3.1 Publication Summary and Author Contributions

With the two previous publications it was already possible to keep up to the speed of an-
tibody test research and development all over the world, answering new upcoming research
questions rapidly after they came up and providing optimized tests that could keep pace with
other newly developed tests. Another research question that came up over time and grew more
and more important with the progressing pandemic was the detection of neutralizing antibod-
ies to SARS-CoV-2. These antibodies are able to inhibit the binding of SARS-CoV-2 RBD
to the human ACE2 receptor and thus prevent the cell entry of the virus. While the previ-
ously described assays aimed on the direct detection of antibodies using anti-IgG or anti-IgM
detection antibodies, the detection of neutralizing antibodies focused on a different principle
as the binding of RBD to ACE2 and its inhibition by antibodies is measured in a competitive
immunoassay. Thus, a lower measurement signal correlates with a high amount of neutralizing
antibodies. Compared to the previous developments this is a completely different assay princi-
ple, making the development of a suitable microarray very challenging, especially as no other
rapid neutralization tests that gave results within few minutes were available at the time.

As a first step before measuring inhibition, first the protein-receptor interaction between

84
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ACE2 and RBD was studied. Tests were done on different chip surfaces (polycarbonate chips
with 0.25 or 1 mm thickness and glass chips) and with both immobilized ACE2 as well as
immobilized RBD while detecting the binding of the respective biotinylated counter-protein
with peroxidase-labeled streptavidin. It was shown that all tested variants could generally be
applied but glass chips with immobilized ACE2 gave the most promising results for inhibition
measurements. In consequence, a measurement program for neutralization measurements was
developed, allowing for results within seven minutes.

To evaluate the performance of this competitive binding inhibition test, first the concentra-
tion dependence of the inhibition was tested. By diluting a positive sample and comparing it
to a measurement of a negative sample, it was found that up to a 1:100 dilution of positive
sample still could be distinguished from a negative one, which compared well to a measurement
without sample. In consequence, a cohort of 80 samples (33 SARS-CoV-2 serology negative, 47
positive) was tested to further evaluate the assay performance and compare the rapid neutral-
ization assay on the MCR-R to a surrogate neutralization ELISA, the previously established
total IgG antibody assay and a commercial neutralization test. Here, all positive and negative
samples could be classified correctly and results from the competitive assay on the MCR-R and
the other neutralization assays were well comparable. Moreover, when comparing with the total
IgG assay, the importance of neutralization measurements was stressed as some samples were
shown to have developed a high amount of antibodies but only a low amount of neutralizing
antibodies binding to the correct RBD epitopes. Finally, monitoring of neutralizing antibodies
after vaccination was done and showed that the neutralizing antibody titer increases shortly
after the second vaccine dose, decreases rapidly afterwards and can then be boostered again by
a third dose. Therefore, the newly developed neutralization assay is a very useful tool, giving

important additional information on a person’s immune status within few minutes.

Own contribution:
» Design of experiments (together with S. Pafireiter)
o Development of measurement program on MCR-R
o Evaluation of different chip materials
o Protein-receptor interaction measurements
o Data analysis

o Writing of the manuscript (together with S. Pafreiter)

The manuscript was written in shared first authorship of J. Kliipfel and S. Pafreiter.
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Abstract

The SARS-CoV-2 pandemic has shown the importance of rapid and comprehensive diagnostic tools. While there are numer-
ous rapid antigen tests available, rapid serological assays for the detection of neutralizing antibodies are and will be needed
to determine not only the amount of antibodies formed after infection or vaccination but also their neutralizing potential,
preventing the cell entry of SARS-CoV-2. Current active-virus neutralization assays require biosafety level 3 facilities, while
virus-free surrogate assays are more versatile in applications, but still take typically several hours until results are available.
To overcome these disadvantages, we developed a competitive chemiluminescence immunoassay that enables the detec-
tion of neutralizing SARS-CoV-2 antibodies within 7 min. The neutralizing antibodies bind to the viral receptor binding
domain (RBD) and inhibit the binding to the human angiotensin-converting enzyme 2 (ACE2) receptor. This competitive
binding inhibition test was characterized with a set of 80 samples, which could all be classified correctly. The assay results
favorably compare to those obtained with a more time-intensive ELISA-based neutralization test and a commercial surrogate
neutralization assay. Our test could further be used to detect individuals with a high total IgG antibody titer, but only a low
neutralizing titer, as well as for monitoring neutralizing antibodies after vaccinations. This effective performance in SARS-
CoV-2 seromonitoring delineates the potential for the test to be adapted to other diseases in the future.

Keywords SARS-CoV-2 - COVID-19 serology - Protein-receptor interaction - Chemiluminescence immunoassay -
Neutralizing antibodies - Competitive immunoassay

Introduction

Since its outbreak in late 2019, the SARS-CoV-2 pandemic
affected the lives of billions of people around the world. At
the time of writing this manuscript, the World Health Organ-
ization (WHO) reported 613 million confirmed cases and
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6.5 million deaths [1]. To monitor SARS-CoV-2 infections,
especially those that go unnoticed [2], diagnostic methods
to determine the presence of antibodies were rapidly devel-
oped [3-6]. However, these tests screen for antibodies to
multiple epitopes and, therefore, cannot provide information
about the effective protective immunity that is gained in the
form of those antibodies that truly prevent the cell entry of
SARS-CoV-2 [7].

Essential for this cell entry is the binding of the viral
receptor binding domain (RBD), located within the SARS-
CoV-2 spike protein (S1 fragment), to the human angioten-
sin-converting enzyme 2 (ACE2) receptor at the cell surface.
This receptor is, for example, strongly expressed in lung
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tissue. Those antibodies that are capable of specifically bind-
ing to the RBD and, thereby, of preventing cell entry, are
called neutralizing antibodies [8]. Studies have shown that
the levels of neutralizing antibodies (nAbs) decrease over
time and that certain patient groups even develop only low
level of nAbs in the first place [9, 10]. Therefore, the deter-
mination of the neutralizing capacity of SARS-CoV-2 anti-
bodies is of great interest for understanding SARS-CoV-2
immunity [11] and for giving recommendations on booster
vaccines in point-of-care settings in the future as is currently
already done for other infectious diseases.

The standard method for the detection of neutralizing
antibodies is plaque reduction neutralization tests (PRNTSs)
[12]. Here, serum samples are incubated with active virus,
and subsequently, eukaryotic cells are infected with the virus
and incubated for several days. When evaluating the amount
of formed plaques (regions of cell destruction due to viral
infection), one can see if neutralization of the virus by anti-
bodies in the serum occurred or if cells were infected at
undiminished velocity. This assay principle is not only time-
intensive, but also requires highly skilled staff and biosafety
level 3 laboratory facilities, which often are not available
[12]. An alternative are surrogate assays that do not use
active virus but rely on non-infectious viral proteins (espe-
cially the spike protein) instead [13]. This makes the assays
faster and the use of BSL3 laboratories obsolete, so that
assays become accessible for many laboratories. Although
these assays might miss some neutralizing antibodies to
other proteins than the spike protein and its receptor binding
domain, they generally give a good estimate of neutralizing
antibodies in a sample compared to virus-based neutraliza-
tion tests [14—16]. Since 2020, various surrogate assays have
been presented in scientific literature or even made com-
mercially available, most of them by applying ELISA tech-
niques [17-20], but also luciferase assays [21] or bead-based
Luminex assays [22] can be found. Many of the reported
surrogate assays showed a performance equivalent to PRNTs
in significantly less time with only a few hours instead of
days. Very few examples of rapid, point-of-care neutraliza-
tion tests with turnaround times below 1 h can be found in
terms of lateral flow assays [23, 24] or cellulose pull-down
tests [25], but these tests often suffer from bias when readout
is done by eye and even digital readout is easily influenced
by varying quality of blood samples or the exact time point
of readout, sometimes making even relative quantification
difficult. But still, such fast assays are required, for example,
to test for neutralizing antibodies at a medical practitioner
and to then immediately give a booster vaccination if neces-
sary or for verification of vaccination status, border control,
or for the screening for possible donors for convalescent
plasma [24, 26]. Even though currently, reliable threshold
values for reasonable protection are not known yet, this will
probably change in the future as it has already been shown
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that neutralizing antibody levels are highly predictive of
immune protection [27]. And already now, the public read-
ily makes use of rapid antibody tests offered by pharmacies
which only give information on binding but not on neutral-
izing antibodies. Here, rapid neutralization assays would be
a valuable tool in order to not give people a false feeling
of protection in case they have antibodies binding to other
motifs on SARS-CoV-2 rather than neutralizing antibodies.

Therefore, we developed a competitive chemilumines-
cence immunoassay for the measurement of neutralizing
SARS-CoV-2 antibodies. Due to the flow-based detection
principle and the short sample incubation time, results are
available significantly faster than for statically incubated
assays.

As a prerequisite for the neutralization assay, first the
protein-receptor interaction between SARS-CoV-2 RBD
and human ACE?2 had to be assessed in detail on the analy-
sis platform Microarray Chip Reader — Research Edition
(MCR-R, described in detail in Kliipfel et al. [28]) to be able
to define suitable conditions for the subsequent measure-
ment of the inhibition of this binding in a competitive assay.
While previous works with this analysis platform included
various immunoassay formats for the detection of bacteria
[29], small-molecule antibiotics [30, 31], toxins [32, 33], or
antibodies [34, 35], for example, by sandwich immunoas-
say or chip-based amplification [36, 37], no example for the
measurement of protein-receptor interaction as well as its
inhibition has been presented on the MCR so far. Therefore,
this first example of such an assay on the platform opens
the door into a broad field with multiple potential applica-
tions that have so far been served by other methods including
radioligand binding assays, surface plasmon resonance, iso-
thermal titration calorimetry [38], or classical immunoassay
techniques like ELISA [39].

Figure 1 shows the measurement principles for the pro-
tein-receptor binding assay as well as for the subsequent
competitive neutralization assay.

The determination of the protein-receptor interaction
is possible in two ways: immobilization of the (a) RBD or
(b) ACE2 protein on the chip surface. In a first step, the
respective complementary biotinylated protein (ACE2 in
the case of (a), RBD in the case of (b)) is injected into the
chip, leading to formation of RBD-ACE2 complexes at the
chip surface. Subsequently, these complexes can be detected
when horseradish peroxidase (HRP)-labeled streptavidin is
flushed over the chip surface, because the streptavidin binds
to the biotin label and catalyzes a chemiluminescence (CL)
reaction in the presence of H,O, and luminol resulting in a
measurable bright light signal.

Other assay principles and analysis platforms had been
used previously for the detection of RBD-ACE2 binding.
A similar but more time-consuming approach is interaction
measurement by ELISA, which has shown that a sigmoidal
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Fig. 1 Overview over immunoassay principles for protein-receptor interaction measurements (top) and neutralization antibody measurements

(bottom) for SARS-CoV-2 on the MCR-R

binding curve is obtained from the interaction of SARS-
CoV-2 RBD and ACE2.

Generally, various examples for the measurement of
ligand-receptor interaction using more time-extensive
ELISA methods can be found in literature [40—42]. In
such bimolecular binding reactions, a hyperbola would be
expected when titrating receptor with ligand or vice versa,
unless secondary effects influence the binding. A common
example for such effects is cooperativity where binding of
one ligand molecule to the receptor influences the affinity
of subsequent ligand molecules on the receptor [43]. In con-
sequence, a sigmoidal curve is found as has been shown for
ELISA measurements of RBD-ACE?2 interaction [39, 44].

Thus, these protein-receptor interaction measurements
were not only used to find the most suitable orientation of
the assay but mainly for the determination of optimal con-
centrations of the respective protein on the surface and in
solution as to give high signal when no neutralizing antibod-
ies are present but to also be susceptible to minimal amounts
of inhibition, corresponding to a position at the steepest part
of the respective sigmoidal binding curve. As the use of
immobilized ACE2 was found to be beneficial regarding
necessary reagent concentrations, this orientation was used
for inhibition measurements to detect neutralizing antibod-
ies. Additionally, this first assay development stage was also

used to evaluate different immunochip materials, showing
that amino-modified glass slides were most suitable.

After the evaluation of these general conditions, the next
development step is the inhibition of the protein-receptor
interaction by neutralizing antibodies. For this neutralization
assay, a serum sample is mixed with biotinylated RBD and
injected into the microarray chip with immobilized ACE2
as shown in Fig. 2 (bottom). As is typical in such competi-
tive assays, the signal will be brighter the fewer neutralizing
antibodies are present, because when neutralizing antibodies
bind to the biotinylated RBD, they prevent RBD-ACE2 com-
plexes at the chip surface and, therefore inhibit the chemi-
luminescence signal.

In addition to presenting the first method for detecting
protein-receptor interaction and its inhibition with the analy-
sis platform MCR-R, we also present a comparison of differ-
ent microarray chip materials for their application in these
assays. To evaluate the performance of the novel competitive
assay for the detection of neutralizing SARS-CoV-2 antibod-
ies, we show the successful measurement of 80 serum sam-
ples. We further show that these results also correlate well
to a total IgG antibody assay and a neutralization ELISA.
Finally, the possibility of monitoring neutralizing antibod-
ies after vaccination is presented. These results show that
surrogate neutralization assays can be performed in less
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Sample
injection
site

Running
buffer

Fig.2 Simplified tubing plan of the MCR-R with newly added sam-
ple injection site using a syringe adapter (sample path marked in red);
additional tubes not used in the assay are omitted for clarity

than 10 min by competitive chemiluminescence immunoas-
says using a flow-based detection principle. They open the
way to point-of-care diagnostic tests in this field of immune
diagnostics.

Experimental
Chemicals, reagents, and materials

Standard chemicals were obtained from Sigma-Aldrich,
subsidiary of Merck (Darmstadt, Germany), VWR (Red-
nor, USA) and Carl Roth (Karlsruhe, Germany). Hydrogen
peroxide and luminol solution was bought from Cyana-
gen (Bologna, Italy) in the Elistar Supernova reagent kit.
Streptavidin-Peroxidase was purchased from Biozol (VEC-
SA-5004). A peroxidase-labeled anti-human IgG antibody
(Fc fragment) from goat was obtained from Sigma-Aldrich
(A0170, 5.6 mg mL™1).

Spotting buffer was produced as described elsewhere
[45], while as running buffer, Dulbecco’s phosphate-buffered
saline with 0.1% (v/v) Tween® 20 was used.

SARS-CoV-2 antigens

Human ACE2 protein was ordered from Sino Biological
(Beijing, China). Recombinant SARS-CoV-2 spike RBD
proteins with His-tag from wild-type virus (wt RBD) as
well as the delta variant (delta RBD) were produced by
ISAR Bioscience (Planegg, Germany) with the wt RBD
being taken from the S protein nucleotide sequence of the
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SARS-CoV-2 Wuhan Hu-1 genome (GenBank accession
number MN908947, positions 22517 to 23183), while the
delta RBD contained the following mutations: L452R and
T478K. Details on the procedures were published before
[45, 46]. Shortly, CHO cells were transfected with plasmid
vectors containing the DNA sequences for the RBD proteins
with an added His-tag and subsequently grown at 37 °C. The
supernatants were centrifuged and filtered and subsequently
purified using HisTrap columns. Protein content after elu-
tion was determined by OD,gz, measurement and the relevant
fractions were dialyzed.

The biotinylation of wt RBD and human ACE2 was done
using the EZ-Link Micro Sulfo-NHS-LC biotinylation kit
(Thermo Scientific #21935 or #A39257) with 20-fold molar
excess according to the standard procedure instruction, fol-
lowed by removal of excess biotin by dialysis against 1 L
PBS for 16 h at 4 °C, using Slide-A-Lyzer™ Dialysis Cas-
settes, 7 K MWCQO, 0.5 mL (Thermo Scientific #66373).

Serum and plasma samples

Serum and plasma samples were either purchased from
Sigma-Aldrich (Darmstadt, Germany), obtained from the
Institute of Molecular Immunology and the Institute of
Virology, Technical University of Munich (Munich, Ger-
many) or collected in the course of this study. All procedures
were in accordance with the Helsinki Declaration of 1975,
as revised in 2000.

All patient data were anonymized before use of the sam-
ples. Patient samples were handled in laboratories approved
for biosafety level 2.

Chip surface preparation

The chemiluminescence immunoassays were performed
either on glass or polycarbonate (PC) slides or PC foils with
surface modifications based on procedures described previ-
ously [28, 47, 48], that were applied with some alterations
and optimizations. Shortly, glass microscopy slides were
surface modified by silanization and subsequent coupling
of the polyetheramine Jeffamine® ED-2003. For the opti-
mized production of glass chips, incubation times for acid
treatments before silanization were reduced to 15 min, and
volumes of silanization reagent and Jeffamine® ED-2003
were reduced to 300 uL to allow for upscaling and lower
prices per unit.

PC sheets (1-mm thickness) were prepared using carboxy-
modified Jeffamine as detailed in previous works [28, 48]
with an alteration of the incubation temperature to 90 °C.
Shortly, Jeffamine® ED-2003 was carboxy-modified by
coupling of succinic anhydride and subsequently, PC sheets
were coated with the molten polymer by screen printing. PC
foils (0.25-mm thickness) were treated equally.
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Microarray chip production

Before spotting proteins on the chip surface, most glass chips
were activated using N, N'-disuccinimidyl carbonate (DSC)
activation [45]. A mixture of 8 mg N, N'-disuccinimidyl car-
bonate, 0.4 mg 4-(dimethylamino)pyridine and 12.5 pL tri-
ethylamine in 160 uL dimethylformamide per chip was pre-
pared, and 300 uL of this mixture were incubated between
two functionalized glass slides in sandwich principle at RT
for 30 min, followed by manual cleaning and sonication in
methanol. After drying, they were either directly used for
spotting or stored at 4 °C until spotting.

Spotting solutions were prepared as antigens or positive
control antibody diluted with spotting buffer as described
earlier [45]. As positive control, anti-peroxidase antibody
was used, while as negative control spotting buffer was
applied.

For spotting without previous activation of the chip sur-
face (EDC/s-NHS spotting [28], applied to all PC chips and
certain glass chips), 1 mg mL~! 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and 1 mg mL~" N-hydroxy-
sulfosuccinimide (s-NHS) were added to spotting buffer
and mixed with prediluted or undiluted antigen and positive
control solutions (50% v/v).

Spotting was then done using the the BioOdyssey Cal-
ligrapher miniarrayer from Bio-Rad (Hercules, USA) with a
SNS9 spotting pin using the same procedure applied for our
previous SARS-CoV-2 assays [28]. In short, five replicates
per spot were transferred onto the glass or PC chips (trans-
verse to intended flow direction on the microarray chip) with
up to 20 different solutions in flow direction (spotting rows).
The chips were assembled with a polyoxymethylene (POM)
carrier containing in- and outlet holes and a double-sided
adhesive foil with a cut-out flow channel and stored at 4 °C
until measurement.

Microarray measurements for total IgG antibody
detection

Microarray measurements were done on the microarray
platform MCR-R, which was obtained from GWK Prizi-
sionstechnik (Munich, Germany) and has been described
in detail in a previous publication [28]. As presented there,
the device had to be flushed at the beginning of a meas-
urement day and was subsequently loaded with the neces-
sary reagents, followed by a darkframe image to correct for
camera background. For measurements, plasma or serum
samples were prepared by diluting 20 pL of sample with
205 pL PBST and a measurement chip was inserted into
the chip unit. The measurement was started, and the sample
was injected into a valve of the MCR-R using an adapter
for low residual volume syringes. The sample filled the tub-
ing from valve to chip and was then pushed over the chip

by a syringe pump transporting running buffer. The overall
simplified tubing plan is shown in Fig. 2, while detailed
information on the measurement program is summarized in
the Supporting Material (Section S1).

To obtain an optimal interaction between sample and
immobilized antigens, a stopped flow was applied, allowing
for the incubation of small sample aliquots on the chip for
5 s. After the sample transport, the chip was flushed slowly
with peroxidase-labeled anti-human IgG antibody, followed
by chemiluminescence reagents. The camera exposure time
was 60 s; afterwards the tubing as well as the sample injec-
tion adapter were flushed thoroughly, giving a total time of
6.5 min per measurement including manual steps.

Microarray measurements for protein-protein
interaction measurement

To detect protein—protein interaction between human ACE2
and RBD, a measurement program with a duration of 3 min
45 s that had previously been used for an antibody assay,
was applied [28]. 40 uL samples of either biotinylated RBD
or ACE2 were prepared in concentrations of 0, 0.05, 0.1,
0.5,1,5,10,20 uygmL"" 0r 0, 0.5, 1, 5, 10, and 50 pg mL~",
respectively. For measurements, a sample was injected into
a chip directly, the chip was inserted into the MCR-R, and
the measurement was started immediately.

Microarray measurements for neutralizing antibody
detection

To detect the inhibition of RBD-ACE2 binding by neutral-
izing antibodies, a solution of biotinylated RBD in PBST
with a concentration of 10 ug mL~! was prepared. 20 uL
of this solution were mixed with 20 pL of serum, plasma,
or whole blood sample and injected into a microarray chip
that was then inserted into the MCR-R, where the automated
measurement was started immediately. The measurement
program was equal to the one used for protein—protein inter-
action measurements.

Neutralization ELISA measurements

The neutralization ELISA was conducted as described pre-
viously by Richardson et al. [46]. Shortly, ELISA plates
were coated with 60 ng ACE2 per well for 1 h, followed by
washing (with PBST) and blocking steps (milk powder solu-
tion for 1 h). Serum samples were incubated in 1:2 dilution
together with 18 ng of biotinylated RBD per well for 1 h,
followed by incubation of streptavidin peroxidase for 1 h.
After addition of TMB substrate and stopping of the reaction
with H,SO,, absorbance was determined at a wavelength of
450 nm.
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Surrogate neutralization assay on YHLO iFlash 1800

A commercial and certified surrogate paramagnetic par-
ticle chemiluminescence immunoassay (CLIA) by the
manufacturer YHLO Biotechnology (Shenzhen, China) for
quantification of neutralizing antibodies was performed.
Neutralizing antibodies in sera are linked to SARS-CoV-2
RBD antigen-coated paramagnetic microparticles. The
remaining microparticles are competitively bound by
acridinium-ester labeled ACE2 conjugates. The number
of neutralizing antibodies is calculated in AU mL~" [arbi-
trary units per milliliter] and correlates inversely to the
reaction mixtures relative light units (RLU) [49, 50]. The
lower limit of quantification is 4 AU mL~', and the upper
limit of quantification is 800 AU mL~!. Seropositivity is
given for values above 10 AU mL~! according to the manu-
facturer’s instructions. Results can be adapted to WHO
International Standard (NIBSC code 20/136) by conver-
sion (AU mL™'x2.4=1U mL™' [international units per
milliliter]).

Data evaluation

The detected CL signals were corrected with the previously
recorded blank image, stored as txt-files, and processed with
the evaluation software “MCR-Analyser” (Martin Knopp,
Munich, Germany) [51]. On the background-corrected CL
images, a grid was set to define the position of the spots.
For each spot, the mean value of the ten brightest pixels was
calculated. Means and standard deviations were calculated
for the five replicates per row and spots that deviated more
than 10% from the mean were excluded.

The resulting mean values and standard deviations for all
rows were used for further analysis and graphical evaluation
using Python 3.

Results and discussion
Measurement of SARS-CoV-2-ACE2 interaction

To pre-define obligatory parameters for the neutralization
assay, first a protein-receptor interaction assay was estab-
lished, aimed at finding optimal concentrations of the used
proteins as well as optimal chip material.

First, it was tested whether the immobilization of ACE2
or RBD was more suitable and what dilution of the immo-
bilized protein was optimal. For immobilized ACE2, two-
fold dilutions between 1:2 (0.5 mg mL™!) and 1:16 were
spotted on the same chips and different concentrations of
biotinylated RBD ranging from 0 to 20 ug mL~" were added
in an automated non-competitive immunoassay, giving the
CL intensity curves shown in Fig. 3. While the 1:2 and 1:4
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dilution gave comparable results, the higher dilutions gave
significantly lower signals. In sigmoidal interaction curves,
optimally the increasing part of the curve should span over
a concentration range of at least one log value, while at the
same time also covering a big range of intensity values.
These criteria are best met by the highest tested concentra-
tions. As the 1:2 and 1:4 dilution gave comparable results,
it is assumed that a maximum occupation of the small spot
surface was obtained with the 1:4 dilution, and additional
ACE?2 could not be bound covalently to the surface. Still, a
1:2 dilution of ACE2 was used for further experiments to
make sure that the maximum possible amount of protein was
bound to the surface. The respective EC50 value for the 1:2
dilution was 5.7 ug mL™~!, which was considered a suitable
concentration of RBD for the use in the inhibition measure-
ments of the subsequent neutralization assay.

In contrast to immobilizing ACE2, it is also generally
possible to immobilize the SARS-CoV-2 RBD. While we
were able to prove the general applicability of this princi-
ple (results shown in Supplementary Material) and also its
advantages for future simultaneous evaluation of neutraliz-
ing antibody responses to different SARS-CoV-2 variants,
we focused on the more economic and currently also more
reliable principle with immobilized ACE2.

Apart from the assay orientation and reagent concentra-
tions, also different chip materials, namely amino-modified
glass and carboxy-modified polycarbonate in different
thicknesses (1 mm and 0.25 mm), were evaluated. Similar
experiments had been done for a total IgG antibody assay
for SARS-CoV-2 before (results shown in Supporting Mate-
rial), showing that glass chips performed best, followed by
thin PC foils. The re-assessment was done as the detection
mechanism for the neutralization assay differs from that of
the total IgG antibody assay; thus, a different outcome would
be possible.

Therefore, human ACE2 (0.5 mg mL~!) was immobi-
lized on DSC glass chips as well as on PC sheet (1 mm) and
foil (0.25 mm) chips and tested with biotinylated RBD as
described before. To additionally account for the influence
of interaction time between RBD and ACE2, an incubation
of RBD in the chip for 2 min before starting the measure-
ment was tested, giving a notably higher interaction time
compared to the standard interaction time of 10 s.

The resulting CL values are shown in Fig. 4, indicating that
for the glass chips higher endpoint CL values were obtained
(about 60,000 a.u. compared to 30,000 a.u.). Especially for the
PC sheet chips a very steep curve was found, indicating a very
small working range for the subsequent neutralization assay.
For PC foil chips, no endpoint plateau was reached, indicating
that even higher concentrations of RBD would be necessary. In
consequence, glass chips again were considered more suitable
than PC chips for both interaction and the following inhibition
measurements. The reason for this outcome can be found in
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Fig.3 Comparison of different immobilized ACE2 concentrations for
determination of ACE2-RBD binding (CL signals are background-
corrected, error bars show standard deviations of triplicate measure-

the different immobilization strategy on PC, possibly resulting
in insufficient amounts or inept orientation of immobilized
ACE2.

For the tested incubation times on glass chips, it was found
that after a 2-min incubation, the concentration of strepta-
vidin-peroxidase could be significantly lowered (1:10,000
instead of 1:2500 dilution) while still giving comparable end-
point CL intensities as the 10-s incubation. Furthermore, the
longer incubation led to a significantly reduced EC50 value
of 1.8 ug mL~! compared to 5.7 pg mL~!. Therefore, pro-
longed incubation is a helpful tool if one wants to evaluate
solely a protein-receptor interaction, but inhibition experi-
ments showed that the 2-min incubation was not suitable for
the detection of neutralizing antibodies as the inhibition was
overestimated, even in negative samples, possibly due to non-
specific binding of serum proteins to either immobilized ACE2
or biotinylated RBD. Hence, glass chips with 10-s sample
incubation were used for further evaluations.

Concentration dependency of neutralization
measurements

As a next development step, it was tested what influence the
addition of SARS-CoV-2 seropositive and negative samples

ments, curves were fitted using 4-parameter logistic fit, linear axis
scaling is used left of the axis break to include 0 ug mL™.})

had on the obtained signal and whether the signal inhibition
after addition of positive samples was concentration-depend-
ent. Therefore, a competitive binding inhibition assay format
was used. Chips were spotted with ACE2 (0.5 mg mL™") and
biotinylated RBD was mixed with either a positive sample
in different dilutions or a negative sample to a final RBD
concentration of 5 mg mL™! to be close to the previously
defined EC50 value. It was expected that with a SARS-
CoV-2 seronegative sample no signal change would occur,
while for a positive sample, the signal would decline in a
concentration-dependent way in comparison to a measure-
ment without serum.

Figure 5 shows the measurement results that confirmed
these expectations. While a 1:2 diluted negative sample
gave results around 25,000 a.u.—just like a measurement
with 5 ug mL~! RBD without serum addition—the posi-
tive sample gave a significantly reduced signal in a 1:2
dilution (below 1,000 a.u.) and showed a concentration-
dependent signal increase upon higher dilutions until a
1:160 dilution could not be distinguished from a negative
sample anymore.

This experiment showed that the measurement of neu-
tralizing antibodies is generally possible with the pre-
sented assay principle and that positive samples can be
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Fig.5 a Inhibition measurements using different dilutions of a
SARS-CoV-2 seropositive sample, a negative control sample and
a measurement without addition of serum sample (CL signals are
background-corrected, error bars show standard deviations of tripli-
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cate measurements), b measurement images for a seronegative (top)
and seropositive (bottom) sample at 1:2 dilution (Column 1: negative
control, 2-5: ACE2 in different dilutions from 1:16 to 1:2, 6: positive
control)



Automated detection of neutralizing SARS-CoV-2 antibodies in minutes using a competitive... 399

40000 -

35000 A

30000 A

25000 A

20000 A

CL intensity / a.u.

15000 A

10000 -

5000 -

Negative samples Positive samples

Fig.6 Neutralization measurements of 33 SARS-CoV-2 seronegative
and 47 positive samples (CL signals are background-corrected)

detected over a relatively broad concentration range, while
negative samples give high intensities as anticipated. In
continuation, the assay was tested with a higher number
of positive and negative samples to reveal its applicability
as some positive samples might only lead to a very slight
signal reduction while negative samples could possibly
inhibit due to non-specific binding to either RBD or ACE2.

Detection of neutralizing antibodies in blood
samples and comparison with alternative methods

To evaluate the performance of the neutralization assay, a
total of 80 samples (33 SARS-CoV-2 seronegative, 47 posi-
tive) were measured. They were well distinguishable with
positive samples giving low CL intensities and negative
ones giving high intensities as shown in Fig. 6. A two-tailed
unpaired ¢ test on the data resulted in a P value < 0.0001 for
a significance level of @ =0.05, emphasizing the statistically
significant differences between the sample groups.

In parallel, for 15 positive and 17 negative samples, com-
parison measurements were done for confirmation using a
surrogate neutralization ELISA. While the measured signals
differed for some samples (see Fig. 7), the general trends are
very similar in both assays. The differences for some samples
can be explained with the different interaction times: while
in the statically incubated ELISA assay the sample is let to
interact for 1 h, in our neutralization chemiluminescence
immunoassay, the interaction time is only a few seconds until
the chip is flushed and the detection process is started. None-
theless, the accordance between the two neutralization assays
is very high despite the different assay principles.

To investigate the correlation between the total
amount of IgG antibodies and the neutralizing activity of
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Fig.7 Comparison of neutralization ELISA and neutralization CL-MIA (CL signals are background-corrected and normalized for easier com-

parison, ELISA results are given as measured absorbance)
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antibodies, 57 samples were tested with a total IgG anti-
body CL-MIA detecting all antibodies binding to SARS-
CoV-2 RBD but not necessarily inhibiting the binding of
RBD to ACE2. This assay type had been developed on
the MCR-R before [45] and was now improved by using
a novel injection approach as detailed in the experimental
section to allow for higher reproducibility and lower back-
ground intensities. With this procedure, the influence of
non-specific binding could be reduced significantly, which
had been a problem in some samples before as human IgG
binds to surfaces readily and will be detected in the total
IgG antibody assay with the anti-IgG detection antibody
leading to the possibility of false positive results. For the
neutralization assay, in contrast, the direct chip injection
procedure could be sustained as not IgG but biotinylated
RBD is detected.

Figure 8 shows the correlation between the neutralization
assay and total IgG antibody assay signal. Positive and nega-
tive samples can be separated clearly. All negative samples
give high signals in the neutralization assay and low signal
in the total IgG antibody assay. For many positive samples,
also a correlation between both assays is visible (indicated
by the gray diagonal line in Fig. 8), but for some samples,
very high intensities (approx. 65,000 a.u.) were measured in
the total IgG antibody assay while only giving intermediate
signal in the range of 5,000—15,000 a.u. in the neutralization
assay while a very low signal of approx. 1,000 a.u. would
have been expected. This indicates that there were antibodies
in that samples that could bind to RBD but not in an epitope
that would inhibit the binding of RBD to ACE2. This shows
the importance of neutralization tests as total IgG antibody
tests do not necessarily give an indication on the protective
effect of these antibodies, whereas neutralization assays have
proven to give important additional information.

To find out whether the assay could be carried out in a
point-of-care manner to gain important information fast and
without the need of a specialized laboratory, measurements
in whole blood were done. For both positive and negative
samples, comparable results were found in whole blood and
plasma when considering the hematocrit value and therefore
diluting the plasma sample stronger than the whole blood.
Therefore, point-of-care applications of the neutralization
immunoassay by performing measurements on a drop of
capillary blood appear to be a viable option in the future.

Hence, we could show that the measured CL signals are
concentration-dependent, and results are well comparable
with an alternative surrogate assay format and relatable to
total IgG measurements, making the assay very promising
for a true quantitative application using international ref-
erence standards. While calibration of the assay with such
standard material would be easily possible, the respective
WHO standard (NIBSC code 20/136 [52], issued in 2020)
was not available due to depletion of stocks during the time
of our measurements, while a replacement had not yet been
issued [53]. Therefore, we compared our results to a com-
mercial surrogate neutralization assay from YHLO, allowing
for quantification of neutralizing antibodies in the range of
4 to 800 AU mL~!. A total of 64 samples were analyzed
using both assays, showing a good correlation between both
assays. Among 31 samples that had been pre-classified as
seronegative and were also found as negative in the neu-
tralization assay on the MCR-R, one sample taken from a
person 14 days after the first SARS-CoV-2 vaccination dose
was found to contain neutralizing antibodies by the YHLO
assay. This discrepancy can be credited to a slightly higher
sensitivity of the YHLO assay due to its longer incubation
time, while our neutralization assay cannot detect extremely
low antibody numbers shortly after the onset of antibody

Fig.8 Correlation of results
from total IgG antibody assay
and neutralization assay

(CL signals are background-
corrected, dotted lines show
separation between positive
and negative samples, solid line
shows correlation between total
antibody signal and neutraliza-
tion signal in positive samples)

60000 - o

40000 A

20000 - .

CL intensity (total IgG assay) / a.u.

.:o$. o® ™o, « ° °

Positive samples
Negative samples

@ Springer

10000 20000 30000 40000

CL intensity (neutralization assay) / a.u.



Automated detection of neutralizing SARS-CoV-2 antibodies in minutes using a competitive...

401

production. Additionally, YHLO and MCR measurements
were done on different sample aliquots that were exposed to
different storage conditions, possibly influencing the sample
quality. The remaining 30 negative samples were conclud-
ingly found as negative in both neutralization assays. For
the 33 tested seropositive samples, concentrations between
26 and 800 AU mL~! (upper limit of quantification) were
obtained in the YHLO assay with a good correlation to the
results obtained on the MCR-R. Correlation analysis resulted
in a Pearson R of —0.87 (negative correlation between
AU mL™! and chemiluminescence signal was expected due
to the competitive assay format with decreasing signal for
increasing antibody concentration). A graphical representa-
tion of the correlation can be found in the Supplementary
Material (Fig. S4). The CL values obtained for samples at
or above the upper limit of quantification for the YHLO
assay range over a relatively large range down to CL values
of few 100 a.u., indicating that the linear range of the novel
assay on the MCR-R might be shifted to even higher neu-
tralizing antibody titers, making it powerful for the analysis
of strongly positive samples as are expected shortly after
vaccination, while already being able to correctly identify
samples with significantly lower titers.

Monitoring of neutralizing antibodies
after vaccination

As the general detection of neutralizing antibodies was
shown to be possible with our assay, we tested if it was
applicable in the monitoring of neutralizing antibodies
after vaccination. It is well known that antibody titers drop
over time, so it was tested whether this drop could also be
observed with our neutralization assay. Therefore, a total of
11 samples from the same person were measured—the first

one was taken 7 days before the first Pfizer/Biontech vaccine
dose, followed by a sample 7 days after the first and second
dose. The first two doses were administered 21 days apart,
while the third dose was given 237 days after the first. The
first and the last tested sample were taken 454 days apart.

The results for the neutralization measurements are
shown in Fig. 9. For the first two samples, very high CL
intensities are obtained, as no antibodies had been formed
yet, while for the third sample, the intensity was as low
as 0.07, showing that after the second vaccine dose, a high
amount of neutralizing antibodies had been formed. Over
the following weeks, the intensity increases again as the
antibody titer drops, reaching a value of 0.61 211 days
after the first vaccination. A significant increase in neutral-
izing antibodies was again seen at the measurement date
15 days after the third vaccination with a value of 0.06. In
the following, the measured intensities increased again,
but at a lower rate compared to the increase after two
doses of vaccine so that still a value of 0.40 was found
210 days after the third vaccination. This is an indica-
tion of improved sustainability of neutralizing antibodies
formed after booster vaccination.

Therefore, it was shown that a monitoring of neutralizing
antibodies after vaccinations is possible with our assay and
that also changes in the rate of antibody decline after subse-
quent booster vaccinations can be monitored.

Conclusion

We were able to develop a rapid method for the detection
of neutralizing antibodies in blood samples. While we
currently only applied the method to detect SARS-CoV-2
immunity, it can be easily adapted to various other diseases

Fig.9 Neutralizing antibody
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in the future. To further improve the assay for SARS-CoV-2,
future research will focus on the use of immobilized RBD to
allow for a simple determination of EC50 values and binding
behavior for different variants as well as on the applicabil-
ity of different chip materials. While so far PC chips were
not competitive compared to glass chips, it was successfully
shown that they could generally be used so that surface opti-
mization might be fruitful.

More importantly, to our present knowledge, the neutrali-
zation assay on the MCR-R is faster than all other published
surrogate neutralization assays with its measurement dura-
tion of 7 min. To stress the general relevance of neutraliza-
tion assays, we showed that the determination of neutralizing
antibody titers is crucial to detect the true protective effect of
antibodies as not all persons with a high total antibody count
also showed high neutralizing titers, whereas only neutral-
izing antibodies can help to prevent the infection of cells
with SARS-CoV-2.

The neutralization CL-MIA showed outstanding perfor-
mance in the measurement of serum samples from 80 persons
and was proven to give results comparable to a neutralization
ELISA and a commercial chemiluminescence immunoassay
for neutralization measurements, while being significantly
faster. It can thus also be applied to various questions like the
monitoring of neutralizing antibodies after vaccinations or
infections and can also be used in a point-of-care manner due
to its simplicity and speed. In the future, also a quantitative
evaluation of measurements will be possible as soon as a new
international reference standard will be available. Therefore,
it might be applied in pharmacies or at medical practices to
give information about the presence of neutralizing antibod-
ies and the need for booster vaccinations on-site.

We here present a powerful tool for the detection of neu-
tralizing antibodies to SARS-CoV-2 that has a huge potential
for future applications with respect to other diseases.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04416-6.
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S1. Stopped-flow assay for total IgG measurement on the MCR-R

The total IgG antibody test was carried out in a stopped-flow manner, details on volumes and flow
velocities can be found in Table S1. After injection of the sample into the device, the sample was
pushed over the chip slowly in increments of 80 pL. After each increment, the flow was stopped for 5 s
to allow for the sample to interact with the immobilized proteins. A total volume of 400 pL was
transported over the chip consisting of 225 uL sample followed by an additional 175 uL to flush sample
residues that might have resided in the tubing over the chip. Subsequently, flushing of the chip with
running buffer was done, followed by the slow transport of the detection antibody, peroxidase-
labelled anti human IgG antibody, over the chip. After another flushing step, the CL reaction was
started by filling the chip with hydrogen peroxide and luminol with an immediate image recording by
the CCD camera, followed by final flushing steps.

Table S1 Main assay steps for total anti-SARS-CoV-2 IgG assay on the MCR-R with details of used volumes and
flow rates.

Step Volume Flow rate Comment
Flushing of chip 2500 pL 500 pL s
Manual sample injection 225 uL - Manually via adapter
Sample transport 400 pL 10 uL s
(5 increments, 5 s pause)

Flushing 200 pL 10 uL s

2000 pL 500 pLs*
Injection of HRP-labelled 115 uL 50 pLs?
anti 1gG antibody 800 L 10 uL st
Flushing 2000 pL 500 pL s
CL reagents injection 400 plL 150 pL st
Image acquisition - - 60 s exposure
Cleaning of sample input 2000 pL - Manually via adapter
Flushing of whole system 7500 uL 250 pL st

S2. Comparison of different chip materials and immobilization principles for use on the MCR-R

Previously, the MCR series had been used with polycarbonate and glass microarray chips for various
applications [1-5] but no direct comparison of different chip types in one assay on the same platform
had been done before. Therefore, we tested three different materials and two different activation
strategies, namely glass chips, PC sheet chips with a thickness of 1 mm, and PC foil chips with a
thickness of 0.25 mm. Glass chips were activated with DSC (whole surface activation) as well as with
EDC/s-NHS (spot activation only), while for PC only EDC/s-NHS activation was feasible as PC does not
tolerate the solvents necessary for DSC activation. Details on the experimental implementation can be
found in the Materials and Methods section. The differences between the activation strategies on the
molecular level are depicted in Figure S1.

a) H,N H,N b) HooCc  HooC
il
1.DsC EDC / s-réHS EDC / s-NHS
2. ,-NH,
R RJLOH RN
/R r
HN HN R R R R
=0 o0 =0 =0 NH NH
HN HN HN HN

Figure S1 Activation strategies used for a) glass and b) PC microarray chips.
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All chip types were then used for measurements of samples from SARS-CoV-2 naive, vaccinated and
reconvalescent persons as shown in Figure S2. The measurements were done on the MCR-R as
described previously [6].
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Figure S2 Comparison of measurement results for total antibody detection to SARS-CoV-2 RBD with positive
(vaccinated/reconvalescent) and negative samples. RBD is immobilized on glass carrier, PC foils, and PC sheets
(error bars show standard deviations of spot replicates on one chip, n = 5).

While the background values as well as the results for negative samples are comparable on all tested
chip types, it is clearly visible that for most of the positive samples the highest intensities were
measured on glass chips, followed by the two types of polycarbonate chips. Regarding the different
activation methods on glass, the DSC activation overall gave slightly higher values compared to the
EDC/s-NHS activation with very few exceptions as for example in sample vac 3, which can be attributed
to a defect in this single chip. Therefore, DSC activation is considered the optimal activation method
for protein immobilization on glass chips as here the protein itself is not compromised by possible
crosslinking during the spotting process in contrast to the EDC/s-NHS strategy.

In PC chips, the EDC/s-NHS is used to activate the carboxy groups on the chip surface and let it react
with amine groups on the proteins. This procedure generally led to lower intensities compared to glass
chips, possibly due to a lower density of functional groups on the surface as during the carboxy
coupling of Jeffamine double-substituted polymer that cannot be bound to the surface might result.
Additionally, the screen-printing process might be less efficient than the melting process used for the
coating of glass chips. Nevertheless, the PC foil chips often came close to the glass chip signals, while
the thicker PC sheet chips generally showed a lower performance. A possible reason is the more even
surface of foil chips after coating due to the better heat distribution during the incubation after screen
printing.

As was detailed in the experimental section and previous publications [6], PC chips have significant
advantages with regard to work expenditure and production time. On the other hand, an advantage
of DSC-activated glass chips is the possibility to store activated chips at 4 °C for several weeks, while
the spotting solutions can also be used for prolonged time as no activating reagents are added. In
contrast, in EDC/s-NHS activation, spotting must be done within a few hours after preparation of the
spotting solutions to prevent activity loss of the s-NHS ester intermediate. Performance-wise, glass
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chips showed superior performance for the total SARS-CoV-2 antibody assay as shown here. But as
especially PC foil chips showed relatively comparable results for some samples, chip material
evaluations should be repeated whenever new immunoassays are developed.

S3. ACE2-RBD interaction measurements with immobilized RBD

While generally, we used immobilized ACE2 for interaction measurements, the immobilization of RBD
is also possible. This principle would have the advantage of immobilizing different RBD variants on the
same chip giving additional information within one measurement. To test the behavior of different
variants in interaction measurements, wildtype RBD as well as delta RBD were immobilized in tenfold
dilutions over a broad concentration range from 800 pg mL! (1:2 dilution) to 8 ug mL™ (1:200 dilution).
This wide concentration range was chosen to make differences between the different mutants more
apparent. Different concentrations of biotinylated ACE2 were added in a range from 0 to 50 pg mL?,
again resulting in sigmoidal binding curves as shown in Figure 4. For the highest dilution (1:200) only a
relatively low signal is obtained at the highest tested ACE2 concentrations, but for 1:20 and 1:2
dilutions stronger signals are obtained already at lower ACE2 concentrations. Especially for the 1:20
dilutions a notable difference between wtRBD and delta RBD is noticeable with delta giving
significantly higher signals and at the same time lower EC50 (12.1 pug mL™? compared to 23.9 pg mL?),
possibly indicating a higher affinity of delta RBD to ACE2 compared to wt RBD as one would expect and
as has been shown in affinity studies before [7, 8]. Still, more thorough studies on the binding of
different RBD variants to ACE2 will be done on the MCR-R in the future to complement these
preliminary findings.

Despite these promising results with immobilized RBD, it was decided to conduct the neutralization
measurements with immobilized ACE2 and a biotinylated RBD concentration of 5 ug/mL as that assay
format showed significantly lower EC50 values, while the relatively high amounts of biotinylated ACE2
that would have been necessary for the alternate assay were considered at the present status of the
assay development too cost intensive and, additionally, the measurement of neutralizing antibodies
was less reliable (results not shown). This difference might be attributed to sterical reasons, and it may
be a consequence of the different principle of the neutralization assay that is not based on RBD-
antibody binding in the liquid phase and thus reduction of the available RBD amount but rather on
competition on the chip surface. The optimization of this assay towards lower ACE2 amounts and its
use in neutralization measurements will be objective of future research.
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5 Summary & Outlook

In the beginning of this PhD thesis, SARS-CoV-2 had just started to emerge within Europe
and the world. At that time, no medication or vaccination was available, nor was it known
whether seroconversion after an infection would prevent reinfection. Additionally, it was yet
unforeseen what mutations of the virus would occur over time and how they would influence
disease severity and immune reaction.

Therefore, this work started at the perfect time for providing important information in the
new field of SARS-CoV-2 serodiagnostics and was able to live up to the expectations over
the course of three years. Many other research groups and diagnostic companies worldwide
put enormous resources into the development of antibody tests using established diagnostic
ELISA platforms for time-consuming high-throughput antibody tests for the conduction in
specialized laboratories. Other groups focused on LFAs for the POC market that were rapid
and easy to conduct but often had to fight matrix influences and therefore decreased specificity
and sensitivity while additionally in large part not enabling any quantitative analysis. None of
these two main test principles could fulfil all main requirements of the diagnostic sector, further
fueling research groups to invest in novel approaches, resulting in several thousand publications
on SARS-CoV-2 antibody tests over the course of three years.

What was needed to follow the dynamic pandemic situation were flexible tests that could
easily be adjusted to any new research questions or changes in the virus and its behavior,
optimally within few weeks. Quantitative tests were preferred as they could give an estimate of
correlates of protection in contrast to qualitative tests that were often faster but provided less
depth of information. Nevertheless, rapid test results generally were desired as they enabled
versatile application fields and great opportunities for rapid optimization studies. But even
more important was the availability of tests answering several questions at once, for example by
testing for antibodies to different SARS-CoV-2 proteins simultaneously, by considering different
SARS-CoV-2 mutants at once or by analyzing different antibody classes. Analytical platforms
were required to offer many different test types so that the same equipment and training was
usable for all diagnostic questions of interest. Fulfilling all these requirements was something
that most analytical platforms and developed antibody tests were not able to do. Thus, an
evident need for a test system combining as many of these requirements as possible emerged.

Therefore, three years after the beginning of this dissertation, it can be concluded that

although little was known about serological testing in humans within the IWC at the beginning,
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Summary & Outlook

very significant results could be achieved that can compete with or even outperform other
tests. Necessary prerequisites to enable these achievements were the availability of a suitable
analysis platform for flow-based CL-MIAs, the MCR system, as well as the availability of
high-quality recombinant SARS-CoV-2 antigens from eukaryotic sources produced by ISAR
Bioscience GmbH.

Starting from these preconditions, a versatile antibody testing system for SARS-CoV-2 was
developed. Using the principle of a flow-based, indirect, non-competitive CL-MIA, antibodies
to different relevant antigens from the novel virus could be detected with extraordinary sensi-
tivity and specificity in under 10 min. The microarray chips were proven to be optimally suited
for analyses in blood although it represents a very demanding matrix. It was even possible to
present different chip materials and covalent immobilization strategies that were all applicable
for recombinant native antigens. The very short assay time, enabled by the flow-based prin-
ciple that was possible owing to the MCR technology, made the assay faster than the great
majority of all presented antibody assays over the time of the pandemic, as can be seen when
comparing to the examples presented in Chapter 2.3.2. Apart from the analysis time, also the
obtained sensitivity and specificity for the novel antibody assay compared favorable with assays
in literature and also commercial antibody assays, showing that a competitive analysis tool was
developed within very short time although all basic requirements and optimization steps for
the development of antibody assays and the work with human blood, also from the viewpoint
of laboratory safety, had to be acquired from scratch.

What already points towards the future developments that will emanate from the results of
this dissertation, is the great versatility and adaptability of the assay. This was proven over
the pandemic years by rapidly reacting to any new requirements developing from the course of
the pandemic. Therefore, a successful test for the detection of different antibody classes (IgM
and IgG) was developed, the first prototypic antibody assay was improved to manage with
even less analysis time and sample volume, production capacities were upscaled and an even
more complex matrix - whole blood - was proven to be applicable, opening the way for POC
applications of the test portfolio.

As a final chapter of this dissertation, the reaction to another new demand during the pan-
demic was reported: the analysis of neutralizing antibodies. Although the test principle neces-
sary therefore differed severely from the previously used assay principles - as it was a competitive
assay relying on a very short static incubation of sample in the microarray chip and subsequent
flow-based detection in contrast to the previous non-competitive flow-based assays - it could
be developed within few months and gave remarkable results, even in comparison with other
neutralization tests that were in part applied in routine serodiagnostics. Moreover, the new test
was significantly faster than any other neutralization test reported during the three years of the

pandemic, showing the versatile possibilities of microarray immunoassays on a well-researched
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platform.

These rapid adjustments to any new requirements make the MCR platform an optimal instru-
ment in the POC diagnostic market. Since commonly used platforms often are slow and require
extensive financial and manpower effort to be adapted to new challenges, flexible platforms are
needed not only in SARS-CoV-2 serology but also for other existing diseases and pandemics
to come. Moreover, versatile, easily adaptable platforms are of high interest for the research
market. Commercial platforms often are extremely expensive and come with pre-defined assays
and without the opportunity to include new analysis targets. The development and inclusion
of novel assays to answer research questions often is not offered by the platform providers or
is very time and cost intensive. Here, an assay development service would be required, rapidly
answering pressing research questions for research groups that lack the experience to develop
serological assays by themselves if they are not commercially available.

Although this application field for custom-made serological assays on the MCR platform
has not been part of the results presented within this work, first promising results have been
gained already. The requirement was to develop an assay for the measurement of SARS-CoV-2
antibody avidity in ongoing follow-up work subsequent to this thesis. An avidity assay was
developed within weeks and tested for a cohort of 20 patients with four samples of each patient
that had been taken at different timepoints after vaccination or infection. The preliminary
results compared very favorably with a commercial avidity assay while also giving additional
information that could not be gained using the commercial assay, as several virus variants could
be considered simultaneously.

Concluding, this dissertation paved the way for a novel field of analysis provided by the
analysis platform MCR. This work is the basis for various future applications in serological
diagnostics, as it was shown that detection of different antibody classes as well as the detection
of the antibodies’ activity by neutralizing protein-protein interaction is possible in a highly
reliable manner. Additionally, it was proven that extension of the assay to additional antigens
can easily be done. While in this work only results for SARS-CoV-2 were presented, addi-
tional results for other infections were obtained already, including endemic coronaviruses and
influenza. Furthermore, measurements for various SARS-CoV-2 variants were done and proven
successful. The microarray is well suited for the detection of immune response patterns for
up to 20 different antigens at once. Therefore, in the future serodiagnostic tests showing the
immune response to numerous pathogens simultaneously will be feasible, for example to do a
complete vaccination status checkup within a few minutes and to then decide over the necessity
of booster vaccinations. Even more, also diagnostics of acute infections can be thought for
diseases where IgM is formed relatively early. Due to the flexibility of the microarray principle,
adaptations can be made rapidly, broadening the application space for serological microarray

immunoassays on the MCR.
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A further possible extension of the test principles presented in this thesis is the detection of
antigen-specific T cells. If it is not only possible to detect the humoral immunity by measuring
antibodies formed after infection or vaccination but also to evaluate cellular immunity by mea-
suring T cells, a profound statement on the immune status can be made, even a long time after
the last immunization, when possibly no antibodies can be detected anymore but still T cells
are present.

This dissertation has, therefore, pioneered a solid bioanalytical foundation for future wide-
ranging immunological assessments for different diseases of interest. The results are promising
for future new assay types as well as for a possible commercial application of the SARS-CoV-2
antibody assays presented herein that are well suited for the POC determination of antibodies
in medical practices, hospitals or pharmacies. This work is a proof of how far one can come
within the short time frame of three years and very low manpower, even when not being
experienced in the field of serological diagnostics beforehand. Despite these odds, significant
results were obtained that can live up to other research results as well as commercial platforms
and will hopefully be further extended in the upcoming years, contributing to shaping the field
of serodiagnostics and possibly even adding to preventing or efficiently fighting future disease

outbreaks worldwide.
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