Capture Probe Target DNA
DNA Hybridization

Magnetic Reader

I‘I {

apmudwv

/|—4/ /] ’)/ f] /1"”/ Freq

Development of Superparamagnetic Based Biological Sensor
for the Detection of Brucella DNA Using Frequency Mixing
Magnetic Detection

Abdalhalim Abuawad

Information
Band/Volume 113
ISBN 978-3-95806-836-0

IJ JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Schriften des Forschungszentrums Jilich
Reihe Information/ Information Band/Volume 113







Forschungszentrum Jilich GmbH
Institut fir Biologische Informationsprozesse (1BI)
Bioelektronik (IBI-3)

Development of Superparamagnetic
Based Biological Sensor for the Detection
of Brucella DNA Using Frequency Mixing
Magnetic Detection

Abdalhalim Abuawad

Schriften des Forschungszentrums Jilich
Reihe Information/ Information Band/Volume 113

ISSN 1866-1777 ISBN 978-3-95806-836-0



Bibliografische Information der Deutschen Nationalbibliothek.

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der
Deutschen Nationalbibliografie; detaillierte Bibliografische Daten
sind im Internet Uber http:/dnb.d-nb.de abrufbar.

Herausgeber Forschungszentrum Jilich GmbH
und Vertrieb: Zentralbibliothek, Verlag
52425 Jilich

Tel.: +49 2461 61-5368

Fax: +49 2461 61-6103
zb-publikation@fz-juelich.de
www.fz-juelich.de/zb

Umschlaggestaltung: Grafische Medien, Forschungszentrum Jilich GmbH
Druck: Grafische Medien, Forschungszentrum Jilich GmbH
Copyright: Forschungszentrum Jilich 2025

Schriften des Forschungszentrums Jilich

Reihe Information/Information, Band /Volume 113

D 82 (Diss. RWTH Aachen University, 2025)

ISSN 1866-1777
ISBN 978-3-95806-836-0

Vollstandig frei verfiigbar iber das Publikationsportal des Forschungszentrums Jiilich (JuSER)
unter www.fz-juelich.de/zb/openaccess.

This is an Open Access publication distributed under the terms of the Creative Commons Attribution License 4.0,
57 which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/

Abstract

Early detection of zoonotic diseases is essential in preventing the consequences of outbreaks
and reemergence occurrences. Brucellosis is endemic in several countries and has re-emerged
with a high prevalence rate in different locations, affecting livestock and public health sectors.
Due to the limitations of conventional Brucella detection methods, including limited specificity,
long incubation times and safety concerns, developing a rapid, selective and accurate technique
for the early detection of Brucella in livestock animals is crucial to prevent the spread of the
associated disease. In the present thesis, we introduce a magnetic nanoparticle marker-based
biosensor using Frequency Mixing Magnetic Detection (FMMD) for the detection and
quantification of Brucella DNA. Magnetic nanoparticles (MNPs) were used as magnetically
measured markers to selectively detect the target DNA hybridized with its complementary
capture probes immobilized on a porous polyethylene filter. Our sensor demonstrated a
relatively fast detection time of approximately 10 min, with a detection limit of 0.09 fM when
tested using DNA amplified from Brucella genetic material by means of Polymerase Chain
Reaction (PCR). In addition, the detection specificity was examined using gDNA from Brucella
and other zoonotic bacteria that may coexist in the same niche, confirming the method’s
selectivity for Brucella DNA. To enhance the practicality of the developed assay, we combined
it with isothermal Recombinase Polymerase Amplification (RPA) and achieved rapid detection
of 9 fM Brucella DNA in 25 minutes total assay time. In addition to isothermal DNA
amplification in a water bath, we showed the feasibility of RPA directly inside our portable
FMMD-based device. When being controlled by means of pulse width modulation (PWM), the
inherently generated heat of the low frequency (LF) excitation coil of the magnetic reader can
be utilized to serve as a constant temperature bath for RPA, thus enabling isothermal
amplification inside the magnetic measurement head. We confirmed that RPA performs with
high efficiency in the sensor unit of the FMMD device. In summary, the portability of the
measurement device, the selective sensing of MNPs, the fast detection time, and the ability to
deliver quantitative results make this biosensor a valuable tool for early on-site diagnosis and

monitoring of Brucella infections in resource-limited settings.
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Zusammenfassung

Die frithzeitige Erkennung von Zoonosen ist von entscheidender Bedeutung, um die Folgen von
Ausbriichen und Wiederausbriichen zu verhindern. Brucellose ist in mehreren Landern
endemisch und ist mit einer hohen Privalenzrate an verschiedenen Orten wieder aufgetreten,
was Auswirkungen auf die Viehbestinde und die 6ffentliche Gesundheit hat. Aufgrund der
Einschrinkungen herkémmlicher Brucella-Nachweisverfahren wie begrenzte Spezifitit, lange
Inkubationszeiten und Sicherheitsbedenken, ist die Entwicklung einer schnellen, selektiven und
genauen Methode fiir den frithzeitigen Nachweis von Brucella in Nutztieren von entscheidender
Bedeutung, um die Ausbreitung der Krankheit zu verhindern. In der vorliegenden Arbeit stellen
wir einen auf magnetischen Nanopartikeln basierenden Biosensor vor, der Frequenzmischungs-
Magnetdetektion (FMMD) fiir den Nachweis und die Quantifizierung von Brucella-DNA nutzt.
Magnetische Nanopartikel (MNP) wurden als magnetisch gemessene Marker verwendet, um
selektiv die Ziel-DNA nachzuweisen, die mit der auf einem pordsen Polyethylenfilter
immobilisierten komplementéren DNA hybridisiert. Unser Sensor zeigte eine relativ schnelle
Nachweiszeit von etwa 10 Minuten mit einer Nachweisgrenze von 0,09 fM, wenn er mit DNA
getestet wurde, die aus dem genetischen Material von Brucella mittels Polymerase-
Kettenreaktion (PCR) amplifiziert wurde. Dariiber hinaus wurde die Spezifitit unter
Verwendung von gDNA von Brucella und anderen zoonotischen Bakterien, die in der gleichen
Nische vorkommen koénnen, untersucht und die Selektivitdt der Methode fiir Brucella-DNA
bestitigt. Um die Praxistauglichkeit des neuentwickelten Assays zu verbessern, haben wir ihn
mit Rekombinase-Polymerase-Amplifikation (RPA) kombiniert und einen schnellen Nachweis
von 9 fM Brucella DNA innerhalb einer Gesamttestzeit von 25 Minuten erreicht. Zusétzlich
zur isothermalen Amplifikation im Wasserbad haben wir die Machbarkeit von RPA direkt in
unserer portablen FMMD-basierten Sensoreinheit gezeigt. Indem die inhérent erzeugte Warme
der niederfrequenten (LF) Anregungsspule des Magnetreaders mittels Pulsweitenmodulation
(PWM) geregelt wird, kann der Messkopf als konstantes Temperaturbad fiir die RPA genutzt
werden, um isothermale Amplifikation im Magnet-Messkopf zu ermdglichen. Wir konnten
zeigen, dass RPA mit hoher Effizienz direkt in der Sensoreinheit des FMMD-Gerits
funktioniert. Zusammenfassend l4sst sich sagen, dass die Tragbarkeit des Messgerits, die
selektive Erfassung von MNPs, die schnelle Nachweiszeit und die Fahigkeit, quantitative

Ergebnisse zu liefern, diesen Biosensor zu einem wertvollen Instrument fiir die frithzeitige Vor-
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Chapter 1

1. Introduction

In Palestine, animals, particularly milk-producing ones like sheep, goats and camels, are
essential to many families as they rely on them as an important source of income. The
communities that raise these animals live nomadic or semi-nomadic lifestyles, relying on
grazing animals in mountainous and rural areas in search of pastures and water. Unfortunately,
the low infrastructure in these areas, which are far from major cities, the lack of access to public
health measures and the close contact with many animals make people living these lifestyles
more likely to be infected by animal pathogens. Among these infections is brucellosis, a disease
transmitted to humans through the consumption of unpasteurized milk and its products that
seriously impacts economic and public health [1,2]. Brucellosis re-emerged after 2012 in
Palestine with significant higher incidence rate in the south of the west bank and neighboring
regions like Al-Nagab. The reported incidence rates were 26.2/100,000 in west bank and
33.5/100,000 in Al-Nagab according to Palestinian and Israeli ministries of health [3]. The
reasons for the re-emergence of brucellosis are many such as socioeconomic factors, climate
change and weak regional cooperation. Until now, the accurate and fast detection of infected
animal samples in the field has been a major hurdle in implementing surveillance programs.
Therefore, developing point-of-care (PoC) methods capable of detecting Brucella pathogen in
the field is greatly needed to fight this serious disease. This thesis is written as a part of the
Palestinian German Science Bridge (PGSB) which is funded by the German Ministry of Higher
Education and Research (BMBF). The project is about the development of on-site magnetic

based biological sensors for the detection of Brucella spp.

The importance of having a test that can rapidly detect the pathogen in the field is out of
importance for this type of disease. It eliminates the need to transport samples from far areas to
central labs in major cities which require additional time and cost. In addition, it helps and
improves surveillance and control measures by enabling immediate identification and isolation
of infected animals which reduces the spread of the disease between animals. Currently, the

most common method used to detect Brucella pathogen at PoC is Rose Bengal Test (RBT). It
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is a simple, rapid and cheap serological test based on the principle of antigen-antibody
interaction. The stained antigens with rose bengal dye interact with antibodies of infected
animals, resulting in visible agglutination in about 5 minutes [4]. However, it gives a high rate
of false positive results due to cross-reactivity with other bacterial organisms especially in
endemic areas [5,6]. RBT is considered a suitable test for initial screening, but it needs another

lab-based highly specific test such as blood culture to confirm the result.

Based on the results of all methods used for brucellosis diagnosis, whether lab-based or PoC
testing methods, the detection of Brucella DNA as a target molecule was proven to be efficient
and accurate in terms of sensitivity, specificity and safety [7-9]. Detecting DNA addresses the
limitations of other methods. It ensures high sensitivity as the DNA can be amplified from a
very low amount to be detectable, using one of the several amplification methods, e.g.
polymerase chain reaction (PCR). It ensures high specificity as it has unique nucleotide
sequences which minimize the likelihood of cross-reactivity with other organisms. In addition,
it is safer to analyze genetic material rather than live bacteria. In general, nucleic acid (NA)
detection methods proved to be effective, and the most recent example was during the outbreak
of SARS-CoV-2, which had made NA detection methods well-known. However, the
requirements of sophisticated labs with different operational areas limit their practical use in
on-site testing. Therefore, developing an appropriate assay for in-field testing of Brucella DNA

is essential to provide a highly accurate and specific screening method.

The chemical stability, biocompatibility, and large surface area of nanoparticles make them
very attractive materials for the on-site detection of many target analytes [10]. Mainly, magnetic
nanoparticles (MNPs) have been widely used in several nucleic acid assays, including genomic
DNA magnetic extraction, target enrichment, and DNA detection based on MNPs functioning
as sensing elements [11]. The detection of MNPs can be achieved by using different methods
such as susceptometry, relaxometry, and frequency mixing magnetic detection (FMMD) [12].
FMMD, with its portable magnetic reader is the technique used in this thesis to selectively
detect and quantify magnetic nanoparticles (MNPs) [13]. The technique employs the mixing of
magnetic fields at different frequencies at the nonlinear magnetization of MNPs, generating a
distinct magnetic response signal at the sum and difference frequencies that enables the specific

detection of MNPs.

In this thesis, we developed a new assay designed for the detection of Brucella DNA using

FMMD technology with its portable magnetic reader. The core of this assay relies on the use



of MNPs, which serves as markers for sensing and quantifying the sequence-specific
hybridization event between a capture probe immobilized on a polyethylene (PE) filter and its

complementary target DNA.

A brief background information on the main topics is provided in Chapter 2. It begins with an
overview of zoonotic diseases and their impact on public health and economic sectors, followed
by a short review of brucellosis disease and the risk of reemergence in different countries. The
conventional detection methods used to detect Brucella and their limitations are discussed. The
isothermal amplification techniques and their role in PoC molecular diagnostic, focusing on
recombinase polymerase amplification (RPA), are presented. The advantages of using MNPs
in biosensing applications and the unique properties that make them suitable for PoC testing
are discussed. Then, the specific phenomenon of superparamagnetism (SP) and
superparamagnetic nanoparticles' (NPs) behavior when exposed to an external magnetic field
is explained in detail. Finally, the basic principle of FMMD and the wide range of its

applications in biosensing are presented.

Chapter 3 describes the reagents, oligonucleotide sequences, and genomic DNA used in this
thesis, and covers all methodologies used for establishing the assay. Moreover, all the
instruments utilized for FMMD measurement are presented, including the magnetic reader with
its sensing entity (measurement head) and the systems used for automated measurements.
Finally, the new implementation of a temperature controller into the measurement head for
performing RPA amplification directly inside the measurement head in a temperature-

controlled environment is explained.

Chapter 4 describes the establishment and validation of our magnetic assay for Brucella
detection using synthetic oligonucleotide complementary targets. It covers the selection of new
DNA target sequences and the design of capture probes using several in-silico tools. In addition,
it provides the methods applied to PE filters, including surface functionalization and
immobilization strategy. Several experimental conditions that would influence hybridization
performance and magnetic measurement are investigated and discussed. The demonstration of
the sensor's ability to quantify target DNA sequences with high sensitivity and specificity is

addressed.

In Chapter 5, we evaluate the feasibility of our developed assay to detect DNA in clinically
relevant samples by testing its performance with genomic DNA extracted from different

infected animals. These extracted genomic DNA (gDNA) represent different bacterial species,
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including Brucella pathogen and other non-related bacteria. It describes the strategies employed
for DNA amplification, with a specific focus on PCR as a reference amplification method. In
addition, strategies employed for ssDNA generation from dsDNA amplicons are discussed.

Finally, the limit of detection and specificity are presented.

Chapter 6 introduces an advancement for our assay toward PoC detection by combining RPA
amplification with FMMD. It presents all the steps involved in establishing the RPA assay, as
well as the methods used for performing asymmetric RPA and their limitations. The new
detection strategy based on using tailed primers to detect the whole amplicon is also discussed.

All analytical performance experiments are presented and discussed.

Finally, chapter 7 presents another vital improvement to the FMMD technique in terms of field
nucleic acid testing. Here, the thermal energy in the MH was utilized and controlled to perform
RPA amplification inside our magnetic reader, without the need for additional instrumentation

for the amplification process.



Chapter 2

2. Background

2.1. Zoonotic diseases

Among the 1400 species of human pathogens identified, 61% are known to be of animal origin
[14]. These pathogens are the responsible agents of zoonoses, infections that can be transmitted
from wild and domestic animals to humans. A wide range of pathogens, such as bacteria,
viruses, parasites, etc., infect animals as the primary source of infection and are then introduced
into humans through several modes of transmission [15]. Throughout history, many zoonotic
diseases outbreaks such as severe acute respiratory syndrome (SARS), influenza A (HIN1),
Middle East respiratory syndrome (MERS) and Ebola virus diseases have affected several
countries, causing great loss of human life and a huge impact on global economics [16,17].
Until now, zoonoses are globally threatening both public health and economic sectors. The
threat arises from the fact that they have the potential to cause new widespread outbreaks and
become epidemic or pandemic. A recent example is the ongoing worldwide pandemic of
COVID-19 that was caused by the SARS-CoV-2 virus, leading to more than 775 million

confirmed cases and about 7 million deaths [18].

Due to the complex nature of zoonotic diseases and factors such as globalization, urbanization,
climate change, and increased human-wildlife interaction, preventing such diseases is very
challenging [19-21]. However, some control and prevention programs have been implemented,
including testing, vaccination, and public health measures to reduce the risk of transmission
[15,22]. In all programs, regular animal surveillance of wild and domestic animals is an
essential step to achieve an effective measure, particularly for diseases that have the potential

to reemerge.
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2.1.1. Brucellosis

Brucellosis is one of the most common global zoonotic diseases caused by bacteria of the genus
Brucella. Of the 12 Brucella species, Brucella melitensis, Brucella abortus, Brucella suis and
Brucella canis are the four species related to human infections [23]. These species mainly infect
milk-producing animals in livestock, such as cattle, sheep, goats, and camels, resulting in
significant losses to animals and a reduction in milk production. The infection is transmitted to
humans through direct contact with the infected animals or the consumption of their products.
According to a recent study by the Centers for Disease Control and Prevention organization
(CDC), the new estimated global incidence rate of human brucellosis is about 2.1 million new
cases yearly, which differ from the previously thought number of 500,000 cases estimated by
WHO [24]. Although the control measures that have been taken were effective in reducing
brucellosis infections many regions, the disease is still endemic in several developing countries
in the Middle East, Asia, Africa and Southern Europe [25,26]. Figure 1 shows the heat map of

global annual incidence of human brucellosis.

=
e

Figure 1. Heat map illustrating the global annual incidence of human brucellosis per 1 million people
[24].

For many years, numerous studies showed an increased incidence rate of brucellosis in different

geographical areas, highlighting the high risk of a reemergence of this disease [3,27]. Even in
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countries that have been declared free of brucellosis, reemergence was reported by local
Brucella strains, and in many countries such as Germany, France and United Kingdom,
imported Brucella species originating from endemic regions were identified [28-30].
Preventing the spread of the disease through rigorous surveillance and control programs is
essential to reduce the infection rate and minimize the economic and public health burden of

this severe disease.
2.1.2. Conventional detection methods

Brucellosis infection can be diagnosed by directly detecting the whole bacteria, its DNA, an
antigen, or indirectly by measuring the antibody and immune response [31]. The direct isolation
of the whole Brucella bacteria from specimens like bone marrow, joint fluid and tissues by
blood culture method is considered gold standard in terms of diagnostic specificity. However,
it has limitations such as low diagnostic sensitivity (10 to 90%), prolonged incubation time (up
to 4 weeks) and safety concerns [32]. Due to these limitations, serological assays like the Rose
Bengal Test (RBT) and the Standard Agglutination Test (SAT) were used as rapid and safe tests
for the detection of Brucella antibodies. Despite their simplicity, these serological methods
suffer from low specificity due to cross-reactivity with other bacterial organisms, as well as
from low sensitivity at the early stage of infection [6,33]. Nucleic acid amplification tests
(NAATs) like polymerase chain reaction (PCR) and its variants were proven to be more
sensitive, specific, and safe than other conventional methods, which makes them a reliable
alternative [34,35]. However, the requirements of sophisticated labs with different operational
areas and stationary expensive equipment limit their practical use in the on-site testing of
Brucella. Thus, the development of a suitable assay for the in-field testing of Brucella DNA is

crucial to ensure a highly accurate and specific screening method.

2.2. Isothermal nucleic acid amplification techniques
2.2.1. Overview

Isothermal amplification techniques have revolutionized molecular diagnostics by enabling the
detection of specific DNA or RNA sequences with high sensitivity and specificity in PoC
scenarios [36,37]. These isothermal techniques offer the advantages of simplicity and speed
compared to PCR [38,39]. In addition, they have a single operating temperature to support the

various enzymatic processes involved in DNA or RNA amplification, which makes integration
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into a field-detection platform feasible, without the need for expensive sophisticated thermal
cycling equipment. Figure 2 shows an overview of isothermal nucleic acid amplification

methods based on their reaction temperature.
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Figure 2. Isothermal nucleic acid amplification methods based on their reaction temperature [40].

Among these techniques, major attention has been paid to Loop-Mediated Isothermal
Amplification (LAMP), Rolling Circle Amplification (RCA), Recombinase Polymerase
Amplification (RPA) and many more alternatives to PCR [40]. LAMP amplification can detect
as low as one single copy with high specificity due to the use of multiple primer sets that bind
different regions on template DNA. In addition, its amplification products can be detected
through simple visualization methods like turbidity, which makes it more popular than other

methods [41]. RCA has a low incubation temperature

e around 23°C and simple requirements are needed for amplification such as one single primer
and DNA polymerase [42]. RPA offers a rapid amplification time of 20 minutes with high
sensitivity and specificity. The most important feature of LAMP, RCA and RPA is that the
initial denaturation of templates is not required like other methods such as Strand Displacement
Amplification (SDA) [40]. However, each of these techniques has its own disadvantages.
LAMP requires a complex assay design due to the number of primers sets used. RCA is limited
to circular templates and long fragments only. RPA can be costly due to the high price of the

commercial kits. In general, the selection of an isothermal amplification method relies on the



2.2. Isothermal nucleic acid amplification techniques

requirements of the assay, such as the type of nucleic acid target, the time needed, the place of

testing, cost and the readout method.

2.2.2. Recombinase polymerase amplification

In 2006, Piepenburg et al. developed a novel isothermal amplification approach called
Recombinase Polymerase Amplification (RPA) to detect Staphylococcus aureus DNA without
the need for thermal denaturation of the template and thermal cycler equipment [43]. This
approach includes additional components such as a recombinant enzyme (T4 UvsX), Strand-
displacement DNA polymerase (bacillus subtilis Pol I), Single Stranded DNA-Binding proteins
(SSBs) and Polyethylene Glycol (PEG) [44]. The mechanism of the RPA process involves first
the formation of the recombinase-primer complex when the recombinase enzyme T4 UvsX
binds to the forward and reverse primer sequences in the presence of ATP, PEG and loading
factor T4 UvsY protein. Once the complex is formed, it scans the genome to find the
homologous sequences. When the target site is found, a D-ring loop structure forms through
the strand chain exchange reaction initiated by the recombinase-primer complex. This
interaction is stabilized by the SSBs proteins that bind to the displaced strands, which prevent
primer dissociation. Finally, the recombinase dissociates, leaving the 3" end of the primers, and
the synthesis of new strands starts by DNA polymerase [45]. Figure 3 shows the principle of
RPA amplification.
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Strand displacing

Forward primer ; DNA polymerase
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Figure 3. RPA principle. A) The formation of primer-recombinase complex. B) Recognition of
homologous sequences. C) Strand chain exchange. D) Single-stranded DNA binding proteins binding
to displaced strand. E) DNA polymerase binding to the 3 end of the primers and extension [46].

The whole RPA amplification process operates at a constant temperature, typically between
37°C and 42°C. However, other studies demonstrated that RPA amplification can still produce
detectable signals even at low temperatures such as 25°C [47,48]. RPA amplification is
considered as the fastest method compared to other isothermal techniques, with an reaction time
between 20 and 40 min [40]. Other studies showed the capability of RPA to amplify DNA in
less than 10 min [49,50]. In terms of sensitivity, RPA can detect as low as one single copy,
which is similar to the performance of PCR [51]. RPA can also be directly performed in several
sample types such as milk, urine, serum and pleural fluids, even in the presence of known PCR
inhibitors [45]. Another important feature is the long-term stability of its reagents. They can be
stored up to 12 weeks at 25°C with the same efficiency. In addition, it can be used in lyophilized
form, which is very beneficial for PoC testing [52]. The features of RPA amplification make it
an attractive technology for several molecular diagnostic applications. It has been widely used
for the detection of pathogens in fields such as the food industry, agriculture, water testing, and
veterinary medical diagnostics [53]. However, it suffers from some issues such as the formation
of primer dimer due to the length of primers (30-35 bp), nonspecific amplification, the need for
primer screening of several pairs, and the cost of their kits, which are currently manufactured

and sold by only one company (TwistDx, UK).
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2.3. Magnetic nanoparticles

2.3. Magnetic nanoparticles
2.3.1. Structure

In the last decade, the widespread use of nanoparticles has advanced medical diagnostics,
particularly in biosensing applications. Their characteristics such as chemical stability,
biocompatibility, and large surface area make them highly attractive materials for the on-site
detection of various target analytes [ 10]. Among nanoparticles, magnetic nanoparticles (MNPs)
have been widely used in several assays, such as DNA magnetic extraction, target enrichment,
and pathogen detection based on MNPs functioning as sensing elements [11]. What makes
magnetic nanoparticles different from other nanoparticles is their distinct characteristic, which
is being magnetic. This allows us to manipulate or separate them using an external magnetic
field, or using them as labels by measuring their selective magnetic response. The most common
type of MNPs are superparamagnetic iron oxide nanoparticles (SPION), which are synthesized
in the form of magnetite (Fe3O4) or maghemite (y- Fe3O3) surrounded by a thin amorphous

oxide layer and the shell, see Figure 4.

hell- ( Silica , Dextran , etc. )

Magnetic crystalline core
(Fe;0, or y-Fe,0,)

Amorphous layer
(magnetically inactive)

Figure 4. Single core MNP model. Adapted from Ali Pourshahidi dissertation [54].

For MNP biosensing assays, it is important to coat plain MNPs with a protective shell on the
surface to prevent them from agglomeration due to magnetostatic and van der Waals

interactions. Moreover, the shell can make them hydrophilic and biocompatible. In addition,

11



2. Background

this shell can be functionalized with different molecules such as carboxylic acid, amines and
streptavidin, which make them beneficial for immobilizing a various types of capture biological

molecules like ssDNA oligonucleotide probes, enzymes, aptamers and antibodies [10].

MNPs have advantages over other nanoparticles in biosensing assays, as they are highly
responsive and controllable when a magnetic field is applied, leading to highly selective and
rapid target detection [55]. The first advantage is that they have a high saturation magnetization,
which leads to a strong response, allowing fast detection. Moreover, their specific magnetic
response allows for accurate and efficient detection, as most of the molecules that lead to
nonspecific interaction in complex biological media are nonmagnetic. Furthermore, they
exhibit higher stability and lower background noise, compared with other optical nanoparticles

[56]. These advantages make them good candidates for reliable field detection of DNA.

2.3.2. Superparamagnetic nanoparticles

What is important in magnetic biosensing applications is the behavior of MNPs when exposed
to external magnetic field. Superparamagnetic NPs are particles that can be magnetized in the
presence of a magnetic field, and demagnetize quickly when the magnetic field is removed [55].
The explanation for that is a magnetic phenomenon called superparamagnetism (SP), which is
a unique behavior that happens to ferromagnetic and ferrimagnetic materials when their sizes

are reduced to a few nanometers in the single domain region (see Figure 5) [57].
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A Single domain region ‘ Multidomain region

° @
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Superparamagnetism

Dc
Particle diameter (nm)

Figure 5. MNP transition from superparamagnetic to multidomain region based on particle diameter.
The red arrows show the orientation of the domains [57].

At this small size and in the absence of an external magnetic field, the magnetic moments of
the material point randomly in all directions. Once a magnetic field is applied, the magnetic
moments respond and align in the same direction as the magnetic field applied, see Figure 6.
When removed, the magnetic moments flip back to random orientation due to the thermal

energy, and the net magnetic moment becomes zero [58].

He
@Y%) ||

Superparamagnetic MNPs External Magnetic Field Application

Figure 6. Magnetic moment orientations of superparamagnetic NPs in the absence (left) and presence
(right) of an external magnetic field [59].
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They exhibit non-linear magnetization curve with zero hysteresis, see Figure 7. The loss of
magnetization makes them different from ferromagnetic NPs that become permanently
magnetized after removing the external magnetic field. Having this type of MNP that can be
temporarily magnetized makes them more preferred than other MNPs types, particularly for

biomedical applications.

M

Figure 7. The magnetization curve of superparamagnetic NPs.

2.4. Frequency mixing magnetic detection

Frequency mixing magnetic detection (FMMD) is the technique employed to detect and
quantify the superparamagnetic NPs markers used in this dissertation. The core of this technique
relies on the magnetic response of superparamagnetic NPs or of magnetic beads (MBs) that
exhibit nonlinear magnetic properties by measuring the harmonic distortions in the detected
signal. The principle of FMMD is explained in Figure 8. Here, the sample containing MNPs is
exposed to a dual-frequency magnetic excitation field, a high frequency f; and a low frequency
/2. Once the MNPs are exposed to such a field, their nonlinear magnetization response leads to
a distorted time-varying magnetization, generating various new sum and difference mixing

frequencies [13].
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Figure 8. Graphical illustration of frequency mixing principle. a) The superparamagnetic NPs are
exposed to a magnetic field consisting of two frequency components high frequency (fi) and low
frequency (f2). b) The excitation frequency spectrum exhibits two distinct lines. ¢) The non-linear
magnetization curve of superparamagnetic NPs. d) The distorted time-dependent magnetization of
superparamagnetic NPs. ¢) The multi-harmonic frequency spectrum of the response signal.

This technique uses ABICAP immunofiltration columns as a vertical flow system with a
volumetric capacity of 750 pl. The ABICAP columns contain a porous sintered polyethylene
filter (PE) as a solid surface for immobilizing biological capture molecules. These columns
come with two sizes of PE filters, ¥ 5 X 5 mm and & 5 x 2.5 mm. Both sizes are suitable for
binding a large number of biological molecules. Compared to lateral flow assays, this vertical
flow system is independent of the sample volume and has a higher binding capacity, which
allows for a more sensitive and wider detection range. In addition, it provides a quantitative

result.

FMMD, with its portable magnetic reader, has been widely used as a selective technique for
quantifying MNPs in different immunoassay applications. It was used as a PoC technique to
rapidly detect of SARS-CoV-2-specific antibodies in 170 sera sample patients, obtaining a high
sensitivity of 97% and a specificity of 92% in 21 min of total assay time [60]. It was also used

to quantify plant viruses in less than 30 minutes, obtaining a wider dynamic detection range

15



2. Background

compared to ELISA [61]. Furthermore, a competitive magnetic immunoassay was applied in
FMMD to quantify Aflatoxin Bl in contaminated crops, and a detection limit of 1.1 ng
comparable to the cELISA reference method was achieved [62]. Antibiotics in milk were also
detected using the same competitive magnetic immunodetection [63]. Many other analytes were
quantified using this technique, such as proteins in human blood and bacterial antigens [64,65].
Recently, multiplex detection of different particles was demonstrated, showing the potential of
this technique to detect multiple analytes in a single assay [66—68]. The advantages of the
FMMD technique make it a promising tool for rapid and selective detection of various analytes

in research settings.
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Chapter 3

3. Reagents, instruments, and methods

This chapter provides a description of the reagents, oligonucleotide sequences, genomic DNA,
and methodologies used in the development of our magnetic biosensor assay for the detection
of Brucella DNA. Tt covers the selection of the DNA target, the design of hybridization capture
probes, and primers using several bioinformatics tools. In addition, it provides the methods
applied to PE filters, including surface functionalization and immobilization for establishing

the assay. Additionally, the labeling and measurement of MNPs by FMMD are explained.

The chapter also describes the strategies employed for DNA amplification with a specific focus
on both PCR as a reference and the isothermal RPA amplification as a point-of-care (PoC)
amplification method. It covers combining RPA amplification with FMMD magnetic detection
for the on-site quantification of amplified Brucella DNA. In addition, the experiments
performed to detect authentic Brucella genomic DNA from other unrelated genomic DNA are

explained.

Moreover, all the instruments utilized for FMMD measurement are presented, including the
magnetic reader with its sensing entity (measurement head) and the systems used for automated
measurements. Finally, the new implementation of a temperature controller into the
measurement head for performing RPA amplification directly inside the measurement head in

a temperature-controlled environment is explained.

3.1. Reagents

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), BupH MES-Buffered Saline Packs
containing 0.1 M 2-(N-morpholino) ethanesulfonic acid, 0.9% sodium chloride at pH 4.7
(MES), phosphate-buffered saline (PBS) (10 mM phosphate, 150 mM sodium chloride, pH 7.3
to 7.5), and (10%) bovine serum albumin in PBS (BSA) were purchased from Thermo Fisher
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Scientific (Erlangen, Germany). The organic compound ethylenediamine (EDA), betaine
solution, and gold nanoparticles with 40 nm size were obtained from Sigma-Aldrich Chemie
GmbH (Taufkirchen, Germany). Phusion® High-Fidelity DNA Polymerase, dimethyl sulfoxide
(DMSO), and lambda exonuclease kit were purchased from New England Biolabs GmbH
(Frankfurt am Main, Germany). All solutions were prepared in ultrapure deionized water

(Millipore, Merck, Darmstadt, Germany).

Sintered polyethylene filters (PE) with & 5 mm x 2.5 mm size and about 20 pm pore size,
ABICAP immunofiltration columns were obtained from Senova Gesellschaft fiir
Biowissenschaft und Technik mbH (Weimar, Germany). The superparamagnetic nanoparticles
(MNPs) used were both of type Synomag®-D, one has a streptavidin surface (Product code:
104-19-701) and the other has a plain surface (Product code: 104-00-701), and both have the
same hydrodynamic diameter (70 nm). The MNPs were obtained from Micromod
Partikeltechnologie GmbH (Rostock, Germany). TwistAmp® Liquid Basic kit was obtained
from TwistDx™Ltd (Maidenhead, United Kingdom). GeneRuler Low Range DNA Ladder, and
DNA Gel Loading Dye (6X) were purchased from Thermo Fisher Scientific™ (Langerwehe,
Germany). ROTI ® Prep PCR Purification, and Agarose standard powder were obtained from
Carl Roth GmbH (Karlsruhe, Germany). RedSafe DNA stain (20.000 X) was obtained from
Hiss Diagnostics GmbH (Freiburg im Breisgau, Germany).

3.2. Oligonucleotide sequences

All the designed single-stranded DNA (ssDNA) sequences, including target, non-target, control
and capture probe, along with their modifications used in this work, were synthesized by
biomers.net GmbH (Ulm, Germany), which are shown in Table 1. We used the letters “T” to
refer to the target (complementary), “P” capture probe, and “C” control (non-complementary),

followed by a number which indicates the sequence length.
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3.3. Bacterial template DNA for amplification

Table 1. The designed target and capture probe sequences with their modification.

Oligonucleotide Sequence (5’ to 3') Modification = Length
Name (6} (bp)
T (164) GCTGTAGTGGCGAATTAACTTGTGGTTTGGTATGG Biotin 164

GCAAAAAATCTTCAGCTTTAGGAGCGAAACCGAA
GGTGGAGTGGTTCCCCCATCAAGGTTTCGCGACG
CCAAGATGGAGGTTTTTTGCCATATCCCGAAGGG
ACGCAGTGTATTTTGCTTCTGAATGTG

T (50) GGTATGGGCAAAAAATCTTCAGCTTTAGGAGCGA Biotin 50
AACCGAAGGTGGAGTG

C (50) TTCAAGTAGTCCAGGAGCCGTAAGGGATTGGACA Biotin 50
CCACGTGCAGTCACAG

P (50) CACTCCACCTTCGGTTTCGCTCCTAAAGCTGAAGA COOH 50
TTTTTTGCCCATACC

P (40) CACTCCACCTTCGGTTTCGCTCCTAAAGCTGAAGA COOH 40
TTTTT

P (30) CACTCCACCTTCGGTTTCGCTCCTAAAGCT COOH 30

P (20) CACTCCACCTTCGGTTTCGC COOH 20

3.3. Bacterial template DNA for amplification

To assess our magnetic sensor's capability to detect authentic Brucella genomic DNA and
discriminate against unrelated genomic DNA, we conducted experiments using extracted
genomic DNA from different bacterial species responsible for different livestock zoonotic
diseases, which may influence the accuracy of diagnostic test. The list of bacterial species is

shown in Table 2.

19



3. Reagents, instruments, and methods

Table 2. The bacterial genomic DNA from different bacterial species.

Pathogen Zoonotic disease Animal Clinical symptoms
reservoir
Brucella melitensis Brucellosis Cattle, goats, Abortion, infertility,
sheep, camels stillbirth [69].
Chlamydia Chlamydiosis Cattle, goats, Abortion,
sheep, pigs epididymitis, stillbirth
[70].
Campylobacter fetus Bovine genital Cattle Abortion, infertility,
subsp. venerealis (Cfv) campylobacteriosis early embryonic death
[71].
Campylobacter fetus Bovine genital Cattle, sheep ~ Abortion, infertility,
subsp. fetus (Cff) campylobacteriosis early embryonic death
[71].
Salmonella enteritidis Salmonellosis Wild rodents, Fever, septicemia,
poultry gastroenteritis [72]
Escherichia coli (APEC)  Colibacillosis Poultry Septicemia, mortality

depletion,
[73].

thymus

3.4. Magnetic reader

To utilize the FMMD technique, a specific magnetic reader instrument was used to perform the

magnetic measurement. The magnetic reader employs a unique setup consisting of two key

components: the electronic excitation and readout circuit, and the measurement head, see Figure

9. The electronic circuit is responsible for the synthesis of low and high-frequency signals, and

for the generation of the currents to the excitation coils by means of power amplifiers. The

measurement head is the core of this setup, where the PE column filter containing MNPs is

exposed to the dual-frequency magnetic excitation field, and where the magnetic response

signal from the MNPs is picked up.
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Touch display

Readout electronics

Measurement head

Figure 9. The magnetic reader instrument.

The measurement head is the actual sensing entity comprised of low-frequency driving and
high frequency excitation coils, along with a detection coil. The design involves three coils, the
high- and low-frequency coils tightly wound together, with a differential wound detection coil
(measurement coil and reference coil) placed in the center; see Figure 10. In addition,
temperature and light sensors are included for monitoring the measurement head’s temperature
and for sample in/out tracking. An aluminum housing of 5 mm encloses all the coils and sensors
to prevent the surrounding high-frequency electromagnetic noise from being detected by the

coils.
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Aluminum housing —» ABICAP column

Light sensor

High frequency coil

Detection coil (f,=40.5kHz)

Reference coil PE filter

Low frequency coil
(f,=063 Hz)

Figure 10. The measurement head 3D assembly comprises the different coils and their positions.

For magnetic detection, the PE filter column containing superparamagnetic nanoparticles is
inserted inside the measurement head from the top opening, so that the PE filter is in the center
of the detection coil. Once the PE filter is inserted, the superparamagnetic nanoparticles are
subjected to a time-varying magnetic field comprising two distinct excitation frequencies.
Specifically, a low frequency (/2= 63 Hz with a field amplitude of 16 mT) was utilized to drive
the beads to magnetic saturation, while a high frequency (fi = 40.5 kHz with an amplitude of
1.3 mT) probed the magnetization state. Due to the non-linear and non-hysteretic magnetization
properties of the superparamagnetic particles, their response generated various new sum and
difference mixing frequencies. Among these mixing frequencies, the frequency fi + 2 /2
exhibited the highest response signal. Consequently, this frequency was selected for sensing
and quantifying streptavidin-conjugated magnetic nanoparticles. The response signal is
synchronously detected at this mixing frequency. For a given type of MNP, it yields quantitative

information about the amount of MNPs in the PE filter.

3.5. Automated measurement

In order to facilitate the measurement of multiple PE filter samples, an automated system of
taking the columns in/out of the measurement head was implemented to improve the
measurement procedure of the PE filter columns. The first system used was an old industrial

micro-robot arm system (Mitsubishi Movemaster EX RV-M1), see Figure 11A. Here, the
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robotic arm was programmed to perform precise movement from the rack to the upper opening
of the measurement head, where columns were inserted for magnetic measurement. However,
the robot turned out to be somewhat unreliable, which can be attributed to its age of
approximately 25 years. Therefore, a new robotic system was constructed by modifying a 3D
printer (Comgrow Creality 3D Printer - Ender-3), see Figure 11B. This system was programmed
to perform the same automated measurement task as the robotic arm, introducing a cost-

effective and affordable alternative to the old robot.

Robotic arm 3D printer

Figure 11. The instruments are used for automated measurement. A) The micro-robot arm system. B)
The 3D printer Ender-3 system.

To handle the columns, a grabber shape piece was designed, 3D printed and attached to the
robot arm, see Figure 12A. Then, a rotor motor was implemented to the grabber. This motor
allowed the grabber to rotate and expand its grip when inside the column, enabling it to securely
hold and extract the column from its position. This rotational capability with adjustable width
allowed to take out the columns from the rack, put them into the measurement head, and put
them back into the rack with secure holding. The grabber was attached to the robotic arm and

to the 3D printer and tested for the automated measurement, see Figure 12B and 12C.
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Additional images of the systems and of the movement of the samples can be found in the

supplementary materials, see Figures S1, S2 and S3.

Rotor motor

Figure 12. The grabber with rotor motor designed for taking ABICAP column filters. A) The 3D
model of the designed grabber. B) The grabber is attached to the robotic arm. C) The grabber is
attached to the 3D printer.

3.6. Magnetic Detection of DNA Target
3.6.1. Target selection and probe design

To identify and select a highly abundant target within the genome, the DNA repeats in the
referenced genome Brucella melitensis bv. 1 str. 16M were predicted utilizing the online in
silico tool ‘Find Repeats’ for small genomes, accessible on the Softberry website

(http://www.softberry.com). Following this prediction, repeats exceeding 5 copies in the

genome and having more than 70 bp in length were specifically chosen for subsequent
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screening. The conservation of the selected repeats across Brucella genomes was then

confirmed by subjecting them to the BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi),

using them as queries against all completed representative genomes of Brucella spp. To assess
the specificity of the identified targets, the chosen sequences were used as queries against entire
available genomic sequences in the nucleotide collection database, excluding all genomic
sequences that existed in Brucella genus. Any sequence that did not fulfill the two conditions
a) specificity to Brucella genus and b) conservation across all Brucella strains, were excluded
from further analysis. Finally, the sequence characterized with minimal variations was chosen
for DNA amplification and capture probe design to ensure the highest degree of specificity and

sensitivity.

For capture probe design, the capture probes complementary to the least variation sequences
within the selected target were designed for hybridization reaction. To determine the optimal
size, four different lengths (50 bp, 40 bp, 30 bp, and 20 bp) of capture probes were designed.
To ensure the specific binding of the capture probes to the intended target DNA, a non-
complementary DNA sequence (50 bp) was synthesized and used as control in our validation

experiments.

For the examination of secondary structures, we used the Unfold web server (DNA folding
form) to predict secondary structures for all sequences [74]. Furthermore, the online software
tool Oligoanalyzer was used to screen the potential formation of the hairpin, self-dimer, and

heterodimer structures.
3.6.2. Polyethylene filter surface functionalization

In preparation for the magnetic detection assay, the PE filters were functionalized to enhance
the reactivity of its surface, see Figure 13. The PE filters were first subjected to an oxidation
process inside a plasma oven and treated for 5 minutes to activate the surface. The plasma
conditions were controlled at 50 sccm oxygen flux and 50 W power, as recommended by [75].
The plasma oven used was the oxygen Plasma generator 100-E obtained from PVA TePla

Analytical Systems GmbH (Westhausen, Germany).
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A) B)
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Polyethylene filter (PE) Molecular structure SEM Image

Figure 13. A) Sintered polyethylene filter with & 5 mm x 2.5 mm size. B) Molecular structure of PE.
C) SEM image shows the polymer structure.

For surface amine functionalization, the activated filters were incubated in a diluted
ethylenediamine (EDA) solution at 1% concentration for 1 hour with shaking at 15 rpm speed
at room temperature. Following the incubation, the PE filters were washed with distilled water

and left to dry at room temperature.

3.6.3. Polyethylene filter preparation

To facilitate the diffusion of the solutions through the filters' pores, the PE filters were inserted
inside the ABICAP columns, placed in a desiccator, and incubated in 99% ethanol solution
under negative pressure to remove air bubbles, see Figure 14. The filters were then washed with
distilled water to clear any alcohol from the PE filter and stored at room temperature for further

use [61].
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Figure 14. A) ABICAP columns with inserted PE filters. B) Desiccator.

3.6.4. Capture probe immobilization

For the immobilization of carboxylate-modified capture probes onto the aminated surface of
PE filters, the coupling reagent EDC (10 mg) was first added to a solution containing 10 pl of
capture probes and 450 pul MES buffer for activation of the carboxyl group. Then, the activated
capture probes solution was added to the PE filters for the formation of the covalent amide bond
between the activated carboxyl groups and amine groups on the PE surface. The filters were
closed with caps at the bottom and incubated at room temperature for the desired incubation
time. After incubation, any non-immobilized capture probes were removed by washing the PE

filters with 750 pl of (1x) PBS by gravity flow.

To prevent the nonspecific binding of the MNPs and DNA sequences, the PE filters were
incubated with 500 pl of (1%) BSA substance for 1 hour, blocking the potential nonspecific

interactions.
3.6.5. DNA hybridization and magnetic labeling

For hybridization reaction between capture probes and DNA target, a volume of 10 pl of
complementary or noncomplementary 5'-biotinylated ssDNA sequences was mixed with 290 pl

of (10x) PBS buffer. The solution was added to the column filters for the hybridization reaction
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and incubated at room temperature for the desired incubation time. Subsequently, the PE filter

was then washed with 750 pl (1x) PBS buffer to remove non-hybridized DNA sequences.

After hybridization reaction, the MNPs are used as labels for sensing the hybridization between
the capture probes and target sequences. In this study, magnetic nanoparticles are functionalized
with a streptavidin shell which binds specifically to biotinylated DNA target. For the labeling
assay, 15 pl of magnetic beads of the stock solution (5 mg/ml) was added to 400 ul (10x) PBS
buffer and mixed by pipetting. The solution was added to the column filters and incubated for
the desired time at room temperature. After incubation, a washing step was performed using
750 ul (1x) PBS buffer to remove unbound magnetic nanoparticles. Finally, PE filter columns

were inserted inside the measurement head for magnetic measurement.

3.6.6. Software and data analysis

The software used to measure the magnetic response generated from magnetic nanoparticles is
(GetriggerteFFT Analysator), version V18.2, designed in LabVIEW environment by Dr. Stefan
Achtsnicht. In this software, the magnetic response measurements are presented as signal

amplitudes output, see Figure 15.

Amplitude [V]
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Figure 15. Measurement signal amplitude display.

In addition, the software tracks the temperature inside the measurement head and the readout

electronics in real time, see Figure 16.

28




3.6. Magnetic Detection of DNA Target
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Figure 16. Temperature measurement display. Green, red and blue show the temperature reading
inside the magnetic reader. White is for the measurement head temperature.

Furthermore, the software allows monitoring the insertion of the ABICAP columns into the

measurement head with a light sensor, see Figure 17.

P } X ’
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Figure 17. Light sensor display. The upper signal indicates the absence of an ABICAP column. Lower
signals indicate the presence of an ABICAP column.

The measured signal amplitudes, including the mean and standard deviation, were fitted to the
nonlinear Hill function using software (OriginPro 2019, V 9.6, Northampton, MA, USA)

according to the equation
n

y = end —— (1)

KM +x™

where y equals the measured signal amplitude (corrected for blank value measured without
sample), end is the signal in the limit of high concentration, x is the concentration of ssDNA
target, k is the value of target concentration that yields half of the maximum signal, end/2, and

n is the Hill coefficient. For 0 < y < end, equation (1) can be analytically inverted, yielding
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3

x=k( Y ) (2)

end—-y

For quantification, the inverted Hill function (2) was used to determine and quantify the
unknown concentration x of sSDNA from the measured offset-corrected signal y (obtained after

subtracting blank values from measured signals).

For the limit of detection (LOD) determination, the following equation was used:

LOD = Blank + 3 - StDev(Blank) 3)

3.7. Magnetic Detection of Amplified Brucella DNA

3.7.1. Primer design

Forward and reverse primers were designed to amplify the selected target sequence to obtain
84 bp target DNA that is complementary to the capture probes. The forward primer was
designed to bind to the adjacent sequences of the complementary capture probe to avoid the
binding of primer sequences to the probes, which may lead to false positive results, see Figure

18.

Primer design

Complementary to capture probe

Reverse primer

Forward primer

Figure 18. Schematic representation of forward and reverse primers binding sites. Created with
BioRender.com.
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3.7.2. PCR optimization

The PCR reaction conditions were optimized to select the best annealing temperature and
primer concentration to ensure an efficient amplification. Gradient PCR was first performed
using a range of annealing temperatures (55°C, 57.5°C, 60°C, 62.7°C, 65.9°C, 67°C, 68°C) to
identify the temperature at which the amplification was maximized. The PCR was performed
with a range of primer concentrations (0.5, 1, 1.5, 2 and 2.5 uM) to select the optimal ratio to
avoid insufficient amplification and the appearance of nonspecific amplification. The optimal
concentration and temperature were then determined by assessing the intensity and specificity

of PCR bands. The image processing software ImageJ was used to analyze gel bands.

Following optimization experiments, Brucella genomic DNA was amplified in 50 pL of PCR
mixture contained 0.75 uM of both forward and reverse primers, 200 uM of dNTPs, 2 pL of
DNA, 1x Phusion HF buffer, and 1 unit of Phusion DNA Polymerase. The cycling conditions
were: initial denaturation at 95°C for 10 min, followed by 30 cycles of 95°C for 30 s, 60°C for
20 s, and 72°C for 5 s, and final extension at 72°C for 10 min.

3.7.3. Agarose gel electrophoresis

A 3% agarose gel was prepared by dissolving agarose powder in 1x Tris-borate-EDTA (TBE)
buffer. Then, the gel was stained with RedSafeTM nucleic acid staining solution for
visualization of DNA fragments. 6 uL. of PCR amplicons were loaded on gel at 100 V for
1 hour. A DNA ladder with a size range between (25-700 bp) was used as a marker to estimate

the size of amplicons. The visualization was done using ChemiDoc™ XRS Imaging System.
3.7.4. Generation of ssDNA sequences

To generate the ssDNA complementary target from the dsSDNA PCR amplicons, three different
methods were tested to select the proper method that yielded a high ssDNA amount. The first
method was heat and cool, where the PCR amplicons (50 pl) were heated to 95°C for 5 minutes
to denature dsDNA, followed by rapid cooling on ice for 4 minutes, see Figure 19A. The second
method was lambda exonuclease treatment. 1 pl of lambda exonuclease enzyme and 5 pl of
reaction buffer were mixed with (50 pl) of purified and unpurified PCR amplicons and
incubated inside a thermo shaker at 37°C for 15 minutes, see Figure 19B. The last method was

streptavidin-coated magnetic beads, where the (50 pl) of biotinylated DNA amplicons were
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captured by Synomag®-D streptavidin-magnetic nanoparticles for 15 minutes, then transferred
to a MACS column placed in a strong magnetic field force for separation using MiniMACS™
Separator. While the MACS column was inside the separator, an alkaline treatment using NaOH
at 0.5 M concentration was applied for 5 minutes to break the hydrogen bonds between the
dsDNA strands. After alkaline treatment, the MACS column was removed and washed with

300 pl of 1x PBS buffer to elute the desired ssDNA strand, see Figure 19C.
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Figure 19. DNA denaturation strategies to generate ssDNA target. A) Heat and cool method. B)
Lambda exonuclease treatment. C) Magnetic separation. Created with BioRender.com.

3.7.5. Detection of PCR amplified DNA by FMMD

After obtaining the ssDNA target sequences through lambda exonuclease digestion, the
generated complementary ssDNA strands were mixed with 250 pl of (10x) PBS hybridization
buffer and then added to the PE filter. The hybridization was carried out through gravity flow,
which takes about 1.5 minutes for our PE filter. After hybridization, the PE filter was washed
out with 750 pl (1x) PBS buffer to remove unbound ssDNA target. For magnetic labeling, 15 ul
of MNPs mixed with 400 pl (10x) PBS buffer were added to the PE filter column and incubated
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for 3 minutes. Finally, the PE filter was washed with 750 puL of (1x) PBS to remove unbound

nanoparticles and inserted into the magnetic reader for magnetic measurement.

3.8. Magnetic Detection of RPA products
3.8.1. Primer design and primer screening

As the primer amplification performance and primer design criteria are different in recombinase
polymerase amplification (RPA) than in PCR, the primers were designed based on
recommendations for primer design consideration provided by (TwistDx, UK). A new set of
RPA forward and reverse primers specific to the selected target DNA were manually designed
to choose the best candidate primer pair. The NCBI Primer-Blast tool was used to evaluate the
specificity and the potential binding sites of the primers. In addition, the primer sequences were

aligned against all Brucella genome sequences to confirm their conservation among all Brucella

Spp.

The primer pair choice influences the assay's amplification performance. Therefore, an
experimental screening process was conducted on all primers using Brucella genomic DNA to
identify the most optimal primer pair. This screening focused on assessing their specificity and

efficiency in amplification. All the RPA bands were analyzed by (ImageJ) software.
3.8.2. RPA amplification

The RPA amplification was performed in 50 pl of total solution. The master mix was prepared
by combining 2x reaction buffer (20 ul), dNTPs (9.2 pl), 10x basic E-mix (5 pl) and (2.4 pl)
of each primer. The master mix was then vortexed and briefly spun. Then, a 20x core reaction
(2.5 ul) was added to the tube lid, mixed by 10x full inversions followed by spinning. To initiate
the RPA amplification, (2.5 pl) of magnesium acetate (MgOAc) and (1 pl) of genomic DNA
were added to the tube lid and kept separate, mixed by 6x full inversions, and spun. The reaction

tubes were placed in a heat block at 37°C for 4 minutes, mixed and incubated for 30 minutes.
3.8.3. Asymmetric RPA amplification

Asymmetric recombinase polymerase amplification (ARPA) was employed to amplify our
desired ssDNA target strand. The forward primer F2 was used as an access primer (high
concentration), while the reverse primer R1 was used as a limiting primer (low concentration),

see Figure 20. In this experiment, the master mix was prepared first by the addition of all
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components of RPA amplification except primers. Then, the mixture was added to separate
tubes containing different primer concentration ratios (1:20, 1:40, and 1:60). The ARPA
reactions were incubated at 37°C for a duration of 30 minutes. After the amplification, the
amplified products were first purified and then subjected to gel electrophoresis at 3% agarose

concentration to check the presence of the expected ssDNA strand.

Asymmetric RPA primers
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Figure 20. Schematic illustration of asymmetric RPA. Created with BioRender.com.

3.8.4. Magnetic detection of asymmetric recombinase polymerase amplification (ARPA)

amplified DNA.

After the generation of the ssDNA target by ARPA amplification, the reaction tubes (50 pL)
were immediately mixed with 250 pl of (10x) PBS hybridization buffer and transferred to the
ABICAP column with the capture probes P (50) for hybridization reaction. The hybridization
was done by gravity flow at a flow rate of ~200 uL/min, followed by a washing step with 750 pl
of (1x) PBS. The magnetic detection was done first by labelling the hybridized strand by the
addition of 15 pl of Synomag®-D magnetic nanoparticles for 3 minutes to enable the binding
of streptavidin MNPs to the biotinylated target. Secondly, the ABICAP columns were washed
with 750 pl of (1x) PBS to remove unbound MNPs. Finally, the columns were inserted in the

measurement head of a magnetic reader for performing the magnetic measurement.
3.8.5. Tailed primers and capture probe design

An alternative primer design was employed to detect the whole amplicon amplified by RPA
amplification. We designed two reverse primers (R7 and R8) with a short oligonucleotide

sequence at their 5° ends. The length of the tail sequence was 20 bp for the R7 primer and 15 bp
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for the R8 primer. A C3 spacer is incorporated between the primer and tail to stop the elongation

of amplification by the DNA polymerase enzyme, see Figure 21.
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Figure 21. Scheme of tailed primer design. Created with BioRender.com.

A new capture probe complementary to the tail sequence of two reverse primers was designed
to capture the amplicon through a hybridization reaction. As the capture probe sequence is
relatively short (20 bp), a poly-T sequence of 15 bp was additionally introduced to the 3 ends
of the capture probe. This enhances its potential binding capacity and accessibility for an

efficient hybridization with amplicons.
3.8.6. Tailed primers selection and primer dimer reduction

The two designed reverse-tailed primers (R7 and R8) were screened with the RPA forward
primers (F2, F3 and F4) to select the most specific and efficient primer pair for RPA
amplification. The selected optimal primers were then tested using different methods to reduce
the formation of primer dimers. Organic additives, such as dimethyl sulfoxide (DMSO) and
betaine, were tested at different concentrations (10, 5, 3, 1%) and (1, 0.5, 0.25, 0.1M),
respectively. In addition, primer concentration optimization was performed at concentrations
of (150, 300, and 450, 600 nm). All RPA products were then purified and loaded onto gel at
100 V for 1 hour. The intensity and specificity of the RPA products were assessed using image

processing software (Imagel).
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3.8.7. Magnetic detection of tailed RPA DNA

Once the primer dimer formation was eliminated, the RPA amplification conditions were
systematically optimized to achieve the highest amplification performance. The RPA reaction
was performed at different temperatures, from 21°C to 42°C, to determine the optimal
incubation temperature. The influence of the cofactor MgOAc concentration on RPA
amplification was investigated by varying the concentration within the range of 6 to 36 mM.
The reaction time for RPA amplification was tested to identify the best time duration to achieve

maximum product yield. The reaction times tested were 2, 5, 10, 15, and 30 min.

Following our optimized isothermal RPA conditions, the magnetic detection of amplified DNA
was evaluated on the PE filter immobilized with a capture probe complementary to the tail
sequence P (tail) at 5 uM concentration. First, the amplified DNA was mixed with 250 pl of
10x PBS buffer and pipetted to the PE filter, allowing a hybridization reaction by gravity flow.
Subsequently, the filter was washed with 750 pl (1x) PBS to remove unbound target DNA,
followed by magnetic nanoparticle labeling for 3 minutes and then a last washing step to

remove unbound MNPs

3.9. Isothermal amplification in temperature-controlled measurement head
3.9.1. Pulse width modulation temperature controller

A 2-point PWM feedback controller for LF-amplitude duty cycle adjustment and therefore
controlled heat supply was implemented in the Arduino microcontroller software of the
magnetic reader. The temperature sensor used for feedback control was a DS18B20 sensor,
mounted on the LF-coil surface inside the measurement head. The suggested control algorithm
incorporates two distinct, freely selectable error-ranges. A first, wider error-range for tuning
the temperature in the desired interval and a second, narrower error-range within which the
temperature is kept during the FMMD measurement process. This makes it generally possible
to heat up the amplification environment with maximum power fed to the LF-coil, but then

regulate the heat with e.g., only half maximum power.

The conditional equivalent logic for the duty cycle regulation within these error ranges based
on the temperature difference between the measured output temperature and the set desired

temperature input value followed the scheme in Figure 22 below:
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Figure 22. Equivalent logic for a PWM controller with differentially adjustable heating and
measurement LF amplitude, and schematic of controlled temperature using this logic.

Here, &c denotes the allowed temperature error range during heat up and tuning and &m denotes
the allowed temperature error range during the FMMD measurement. Tr, is the measured
temperature at the LF-coil surface and Tt is the set controller target temperature. The output of
this equivalent logic states the condition that determines if the LF-amplitude is turned on or off
with a first amplitude setting (Amplitude 1) or a second amplitude setting (Amplitude 2),
different from the first one. Software-wise, this logic was implemented into the Arduino
microcontroller using multi-tasking programming with a time-slicing scheduling technique to

account for the wait time of the temperature sensor and measurement readout.
3.9.2. RPA inside the measurement head

The RPA for positive control reactions was performed following the manufacturer's
recommendation in the TwistAmp® Liquid Basic kit, with slight adjustments by reducing the
reagent quantities to create a total volume of 25 pl. In the RPA reaction, a master mix was
prepared containing 3.5 pl of oligo mix primers, 12.5 ul of 2x reaction buffer, 2.5 ul of 10x
basic E-mix, 2.75 ul of ANTPs, and 1.25 pl of 20x core reaction. After mixing, 2 pl of MgOAc
and 1 pl of positive control DNA were added to start the reaction. The RPA reaction was carried

out at desired incubation temperatures and time inside the measurement head.

After the amplification, the RPA product was purified using ROTI ® Prep PCR Purification kit
through column centrifugation to remove reaction components. For the visualization of RPA
products, 10 pl of the purified amplicons were analyzed using agarose gel electrophoresis on
2% agarose gel in 1x TBE buffer at 100 V for 1 hour. The visualization was done with
ChemiDoc™ XRS Imaging System (Bio-Rad Laboratories Co., Ltd., California, USA).
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Chapter 4

4. Superparamagnetic Nanoparticle-based DNA Sensor for the

Detection of Brucella Spp.

The chapter is partly based on the original publication by the author [76].

4.1. Target selection

Selecting an appropriate DNA marker for amplification and detection techniques is crucial in
ensuring the efficiency of the assay. The choice of DNA marker can impact the overall
performance, including accuracy, specificity and sensitivity [77,78]. Thus, several key
characteristics should be taken into consideration when selecting a good target. These
characteristics include the abundance of the DNA marker with a sufficient amount within the
genome, uniqueness and conservation across target organisms. Among different DNA
candidate sequences, studies have shown that targeting the repetitive sequences that exist in
bacterial genomes provides greater analytical sensitivity compared with other DNA sequences
[79,80]. This can be explained by the natural presence of these repeats in multiple copies
throughout the bacterial genomes [81] [82]. As a result, the potential binding sites for the
primers are more frequently available compared with single copy sequence, which can lead to

more efficient amplification, resulting in higher sensitivity.

In this study, the strategy used to select a suitable DNA marker for the Brucella pathogen, which
is our present model of interest, was based on screening and targeting sequence repeats found
in multiple copies across the Brucella genome. The in-silico tool (Find repeats) was used to
predict repeat sequences in the referenced genome Brucella melitensis bv. 1 str. 16M. The tool
generated 70 repeat sequences with different lengths and copy numbers. Out of the repeats
analyzed, 38 repeats had more than five copies and 70 bp length. These repeats were then

subjected to the BLAST tool to assess the specificity and conservation across all Brucella
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Spp.

genomes. Any sequences that did not fulfill the two conditions were excluded. Among the

38 repeats analyzed, we selected the target sequence below.

5'-

AGGCTGTAGTGGCGAATTAACTTGTGGTTTGGTATGGGCAAAAAATCTTCAG
CT TTAGGAGCGAAACCGAAGGTGGAGTGGTTC-3'

The selected target sequence is highly conserved among all Brucella representative genomes,

with 5-6 copies distributed across the two chromosomes. Moreover, the percent identity

exceeds 95% among all Brucella genera, see Table 3.

Table 3. DNA target copy numbers and distribution in Brucella genome.

Brucella strains Accession Percent Number of copies
numbers identity
Chr.1 Chr.2
Brucella melitensis bv. 1 str. NC _003317.1 (95-100) % 5 1
16M NC 003318.1
Brucella abortus 2308 NC _007618.1 (95-98.8) % 4 1
NC 007624.1
Brucella suis 1330 NC _004310.3 (95-98) % 5 1
NC 004311.2
Brucella ovis ATCC 25840 NC _009505.1 (95-98) % 5 1
NC 009504.1
Brucella canis ATCC 23365 NC _010103.1 (95-98) % 5 1
NC 010104.1
Brucella microti CCM 4915 NC _013119.1 (95-98) % 5 1
NC 013118.1
Brucella ceti TE10759-12 NC _022905.1 95% 5 1
NC_022906.1
Brucella inopinata strain NZ_1T605585.1 (91-96) % 3 1

141012304

NZ_LT605586.1

Chr: Chromosome.
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4.2. Principle of DNA magnetic assay

The developed assay is based on the magnetic measurement of superparamagnetic nanoparticle
markers to selectively detect Brucella DNA using frequency mixing magnetic detection. The
detection relies on the sequence-specific hybridization event between the immobilized capture
probe on an amine-modified PE filter and its complementary biotinylated target DNA. The

principle of the targeted detection of our designed magnetic nanoparticle-based DNA sensor is

illustrated in Figure 23.
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Figure 23. Magnetic nanoparticles-based DNA sensor for the detection of Brucella DNA. The red
arrow marks the frequency mixing component that is demodulated.

In the presence of the Brucella target sequence, the designed complementary capture probe
binds selectively to the DNA target sequence, forming a hybridized structure. Magnetic
detection of this hybridization event is achieved using magnetic nanoparticles as markers.
Streptavidin-functionalized nanoparticles will bind to the target DNA by streptavidin—biotin

interaction, thus enabling detection and quantitation of the DNA target analyte.

4.3. Polyethylene surface functionalization and probe immobilization

The selection of an appropriate immobilization strategy for coupling capture probes onto solid
support is crucial for developing label-based nucleic acid assays [83]. The stability of the

probe—surface bonds, the good orientation and the specific coupling are the main factors that
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impact the efficiency of the hybridization assay. To meet these requirements, the covalent
bonding method is preferred, as it ensures a proper vertical orientation where the end of the
DNA capture probe can be specifically attached to the solid surface. In addition, it also
promotes the formation of stable bonds between the modified probe and the functionalized solid
surface [84]. In our study, we selected the well-established one-step EDC chemistry for the
covalent bonding of the capture probes onto the PE surface. EDC allows efficient crosslinking
by activating carboxyl groups, allowing them to form a stable amide bond with amine-
functionalized solid surfaces with very high efficiency [85,86]. This method ensures specific

and stable attachment of the capture probes with proper orientation on the surface.

Due to the absence of reactive sites on the surface of polyethylene filters, they need to be
modified to generate reactive functional groups. A previous study showed that PE can be
modified for the covalent immobilization of antibodies using m-aminocellulose carbamate as a
coating agent [87]. However, this modification requires the complex synthesis of ®-
aminocellulose carbamate prior to its adsorption. In our study, we employed a simpler approach
for PE modification. First, the PE filters were activated to generate reactive sites like oxygen
and hydroxyl groups, and then functionalized with two different commercial coating agents to
introduce amine groups to the PE surface that enable the coupling with carboxylate-modified
capture probes. The coating agents used are at first polyethyleneimine (PEI) and then

ethylenediamine (EDA), which are shown in Figure 24.

NH
(NHe N NH,
HaN /\/N\/\N/\/N\/\N/\/N\’/\NHQ /\/
: H H,N
HoN >N,
Polyethylenimine (PEI) Ethylenediamine (EDA)

Figure 24. The coating agents used for PE surface functionalization [88].

To validate the presence of amine groups on functionalized PE filters with the two coating
agents, we tested the PE filters with ninhydrin reagent. Ninhydrin is an organic compound used

for the analysis of amino acids, peptides and proteins to detect the amines group visually [89].
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It forms a purple color called Ruhemann’s purple (RP) when it reacts with free amine groups
[90]. In our study, the filters were immersed in a 0.2 % ninhydrin solution diluted with ethanol,
and then incubated at 80°C for 15 minutes for reaction. Following the incubation, the filters
were dried and observed for color appearance. Figure 25 shows the transition in color for
modified and non-modified PE filters. The modified filters showed a purple color with different
contrast, while no changes occurred to the non-modified filters. By comparing the modified
filters, the filters coated with PEI showed a darker color than the EDA. This is due to the
presence of a higher amount of amine group in PEI polymer as shown in Figure 24. Overall,

this result confirms the successful functionalization of the PE filters with amine groups.

Non modified EDA PEI

Figure 25. The transition in color from white to purple for the modified and non-modified PE filters
using ethylenediamine (EDA) and polyethyleneimine (PEI) coating agents.

The covalent binding of the capture probes on the functionalized PE filters was investigated.
First, the PE filter modified with PEI coating agent was tested using carboxyl-modified capture
at 10 pM concentration on PE filters with EDC, filters without EDC, and non-modified filters
to perform coupling reactions. The preliminary result demonstrated the success of surface
functionalization as the non-modified filters showed a very low magnetic signal. However, the

PE filters without EDC showed a very high signal, similar to those with EDC, see Figure 26.
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Figure 26. The signal amplitudes of target DNA in the presence and absence of the EDC crosslinker
on PE filters coated with PEL Error bars represent the standard deviation of two independent
measurements.

This high signal value, which leads to false positive results, can be explained by the nonspecific
binding of MNPs or biotinylated target DNA to the amine-functionalized surface. Therefore,
we conducted an experiment by testing only the streptavidin-coated magnetic nanoparticles on
the modified PE filter, and the result showed the same high signal amplitude, see Figure S4 in
the supplement. We concluded that the binding occurred through the electrostatic interaction
between the negatively charged functional groups on streptavidin protein and positively

charged amine groups on the PE filter.

As a result, we decided to use another coating agent that should be smaller in size and have less
amine groups (less positivity). Therefore, we selected the organic compound ethylenediamine
(EDA) which has a simple chemical structure which contains primary amine groups at the ends
as a new coating agent. Here, the same coupling strategy was performed using capture probes
at a concentration of 10 uM on both filters with EDC and without EDC. Subsequently, target
and nontarget ssDNA sequences at a concentration of 5 uM were tested for hybridization

reaction, and filters without capture probes were used as a control.

44



4.3. Polyethylene surface functionalization and probe immobilization

30 - Complementary
- Non-Complementary

Control

25 +

20 +

15 4

Amplitude(mV)

10

With EDC Without EDC

Figure 27. The signal amplitudes of target and nontarget DNA in the presence and absence of the EDC
crosslinker on PE filters coated with EDA. Error bars represent the standard deviation of three
independent measurements.

As shown in Figure 27, in the presence of EDC crosslinker, the signal amplitude of
complementary target DNA is substantially higher compared to both the nontarget and control.
In the absence of EDC, the signal amplitude showed only a slight increase compared to the
nontarget and control. This slight increase might be to the electrostatic interaction between the
negatively charged phosphate groups in the DNA and the positively charged amine groups
present on the functionalized surface. By comparing the magnetic signals of the target and non-
target DNA in the presence or absence of EDC, we assume that the attachments of the ssDNA
capture probes onto the PE filter occurred through EDC covalent bonding chemistry, rather than
electrostatic interaction. The finding also confirmed that the designed capture probes exhibited
high specificity towards the target DNA, as the average magnetic signals of nontarget DNA
were very low. Following these results, we selected EDA as a coating agent for our PE filter

surface modification.

To validate and visualize the binding and distribution of the capture probes on the PE filters,

another capture probe, having the same sequence and length but with biotin modification at the
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3’ end, was employed on modified and non-modified filters using the same EDC coupling

strategy. Streptavidin-conjugated gold nanoparticles (40 nm) were used as labels to improve
contrast for visualization under a scanning electron microscope (SEM). Figure 28A and Figure
S5in the supplement show the SEM image of the bound gold nanoparticles with the
immobilized capture probes on an amine-functionalized PE filter. However, no bound gold
nanoparticles were observed on non-functionalized PE filters, as shown in Figure 28B and
Figure S6 in the supplement. This confirms the successful binding of the probes on the

functionalized PE filters.

Figure 28. A) SEM image of gold nanoparticles bound to the immobilized capture probes on an
amine-functionalized PE filter. B) non-functionalized PE filters. Scale bar =5 pum.

4.4. Adjusting probe parameters

The quantity and distribution of bound ssDNA probes on a solid surface are key factors in
achieving efficient hybridization between the immobilized ssDNA probes and their
complementary targets [91]. Thus, optimizing probe parameters to ensure the best hybridization
kinetics is needed to avoid undesirable behavior that would influence the DNA duplex
formation, such as steric hindrance and electrostatic repulsion that occur at high probe

concentration, and signal reduction at low probe concentration [92].
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Previous reports have investigated the influence of the immobilization time on DNA target
detection, showing that a longer immobilization time may allow more capture probes
attachments to the solid surface, which enhances the hybridization efficiency by increasing the
density of probes available for DNA binding and thus increasing the signal values [93,94].
Therefore, we first optimized the immobilization time of our capture probes to find the optimal
time. Here, the immobilization was done for different duration times (15, 30, 60, 120,
180 minutes) using a capture probe at 10 uM concentration and DNA complementary target at
5 uM concentration. As shown in Figure 29, the signal amplitudes showed negligible
differences at all times tested with a relatively high standard deviation at 15 min. This indicates
that the attachments and coupling reaction of the probes on the PE filter using EDC crosslinker
is rapid. As a result, we selected 30 min as an optimal immobilization time for our further

assays.

Amplidtude (mV)

15 30 60 120 180
Immobilization time (min)

Figure 29. Effect of the immobilization time on signal amplitude. Error bars represent the standard
deviation of three independent measurements.

After the immobilization time selection, we optimized our assay's probe concentration by
testing various concentrations of the capture probes, ranging from 1 pM to 50 pM. As shown
in Figure 30A, increasing the concentration of the capture probes increased the signal
amplitude. This clearly indicated that a high amount of probe molecules bound on the PE filter
enhanced the hybridization efficiency between the probes and their target DNA, thus increasing
the signal amplitude. The signal amplitude was the lowest when a low probe concentration
(1 pM) was tested. When a very high concentration of probe (50 uM) was tested, a possible
interference due to steric hindrance was not observed, and the signal amplitude obtained was
the highest. This observation can be explained by the availability of an abundant surface area

on the PE filter to bind large amounts of capture probe. This explanation is supported by the
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SEM image in Figure 28A, which demonstrates relatively large distances between adjacent

probes distributed on the PE filter.
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Figure 30. A) Effect of probe concentration on signal amplitude. B) Effect of probe length on signal
amplitude. Error bars represent the standard deviation of three independent measurements.

For selecting a suitable probe concentration for our assay, we took into account that the assay
would be used mainly in developing countries where a low cost is an essential factor. Therefore,
a low amount of probe concentration and a high signal-to-background ratio were considered as
criteria for our selection. As a result, the 5 uM concentration was selected for further
optimization experiments as a compromise, yielding the highest signal amplitude per probe

concentration, as shown in Figure 30A.

We decided to examine another factor that has a significant impact on determining the
specificity and sensitivity of DNA hybridization: the length of the attached capture probes.
Previous studies on DNA microarrays have demonstrated a significant influence of probe length
on signal strength [95-97]. The results of these studies confirmed that using longer probes
provides higher detection sensitivity compared to shorter probes. In principle, longer probes are
easier to reach and bind to their complementary DNA sequences away from the PE filter
surface. This increases the probability of hybridization, and thus the detection sensitivity.
Additionally, higher numbers of hydrogen bonds are formed in duplex DNA, resulting in more
stable hybrids. However, long probes are more prone to cross-hybridization with non-specific
DNA sequences than short probes [98]. Thus, it is critical to find a trade-off between binding

efficiency and binding specificity by evaluating several probe lengths.
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For our magnetic DNA biosensor, we designed four probes of different lengths (20 bp, 30 bp,
40 bp, and 50 bp) to detect the conserved sequence with minimal variations within the selected
target sequence. Hybridization and magnetic sensing were conducted using target and non-
target DNA sequences at a concentration of 5 pM. Figure 30B shows the performance of the
designed probes in terms of signal amplitude. The signal amplitudes obtained were higher when
capture probes with lengths of 50 bp, 40 bp, and 30 bp were used. However, a significant
reduction of about 50% in signal amplitude was observed when a probe with 20 bp length was
used. Hence, we selected the length of 50 bp as a proper probe length for the following

experiments.

4.5. Optimization of DNA hybridization

Determining the optimal ionic composition is crucial to ensure the best hybridization
environment that will lead to a stable duplex formation. Since ssDNA capture probes are
negatively charged, the presence of cations is essential to compensate for total negative charge,
minimizing the electrostatic repulsions between immobilized probes [99]. Additionally, higher
salt concentrations ensure a more stable duplex by increasing the association rate between the
capture probe and DNA [100]. To evaluate the impact for our assay, several concentrations of
the PBS hybridization buffer were prepared (10x, 6%, 4%, and 2x), and a distilled water solution
was used as a control. A target and a nontarget sequence at 5 M concentration were mixed
with the prepared solutions and incubated for 1 h to allow the hybridization. The impact of the
ionic strength of the PBS buffer on the signal amplitude is shown in Figure 31A. Results
demonstrated that the signal amplitudes decreased with decreasing saline concentrations of the
PBS buffer. By comparing the signal amplitudes of all ion-containing solutions with that of the
distilled-water solution (without ions), we could confirm the significance of ions in enhancing
hybridization efficiency, as all solutions containing salt exhibited higher signal amplitudes.
From the result, 10x PBS buffer yielded the highest signal amplitude; thus this saline

concentration was selected as optimal for the subsequent experiments.
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Figure 31. (A) Effect of ionic buffer strength on signal amplitudes. (B) Effect of temperature on signal
amplitudes. Error bars represent the standard deviation of three independent measurements.

Assessing the assay ability to detect the desired target at different temperatures is crucial,
particularly when the goal is to develop a point-of-care (PoC) testing assay intended to be used
in the field under different environmental temperatures. Thus, we examined the temperature
impact on our DNA sensor’s signal amplitude, using both target and nontarget DNA sequences.
The DNA sequences were incubated for detection at hybridization temperatures ranging from
4°C to 50°C for 1 hour. As shown in Figure 31B, the signal amplitudes obtained were almost
equivalent at all hybridization temperatures tested. This indicated that the performance of our
developed sensor is consistent in a wide range of hybridization temperatures, which in future
PoC applications may minimize any possible influence of the external temperature both in cold

and hot geographical regions of the world.
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Figure 32. Detection time of the hybridization reaction. Error bars represent the standard deviation of
three independent measurements.

Furthermore, to investigate the detection speed and the influence of the hybridization time on
signal amplitude, we incubated DNA target and nontarget sequences for different lengths of
time. Some samples were added to the PE filters, and hybridization was carried out without
incubation by gravity flow, at a flow rate ~200 uL/min. This process took about 1.5 min. Other
samples were incubated for 5, 20, 30, 60, and 120 min after the PE filters were closed with caps
at the bottom so that the samples did not drop out of the columns. Figure 32 shows the effect of
hybridization time on signal amplitude. It can be seen that the signal amplitudes obtained were
high across all hybridization times and no significant differences were measured when the target
DNA was used. However, the signal amplitudes were very low at all hybridization times when
the nontarget DNA was used. The results highlight that our sensor works rapidly and is capable
of detecting the target DNA in 90 s of hybridization time.

4.6. Magnetic sensing optimization

To evaluate the specificity of magnetic nanoparticles binding to the biotinylated target DNA,
we tested another type of MNPs of identical size and specifications, but lacking a streptavidin
shell (plain). PE filters containing a complementary DNA target were first tested at 5 uM
concentration for hybridization reaction, and then magnetic labeling was done using MNPs with
and without streptavidin shell. As seen in Figure 33A, the signal amplitudes of the magnetic

nanoparticles with the streptavidin shell were remarkably higher than those without. This result
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confirms that the binding of the MNPs to the biotinylated target DNA is selective through

biotin—streptavidin interactions.
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Figure 33. The selectivity of the binding of MNPs to biotinylated target DNA. (b) Effect of the MNPs
incubation time on signal amplitude. Error bars represent the standard deviation of three independent
measurements.

To further ensure the maximal binding capacity of magnetic nanoparticles to biotinylated target
DNA, the magnetic nanoparticles were added to PE filter samples containing target and
nontarget sequences and tested at various incubation times (1, 3, 5, 10, and 15 min). The impact
of the magnetic nanoparticle incubation time is shown in Figure 33B. Notably, high signal
amplitudes were observed across all incubation times when the target DNA was used. In
contrast, only a very low signal amplitude, at the same level as that of the control samples, was
measured when the nontarget DNA was used. For our assay, we determined 3 min of magnetic
nanoparticle incubation time as optimal, ensuring the efficient binding of nanoparticles to DNA

target.

4.7. Analytical performance

Under the previously optimized conditions, the sensitivity and dynamic detection range of our
proposed DNA magnetic sensor were evaluated. Specifically, capture probes with a length of
50 bp were immobilized on polyethylene (PE) filters at a concentration of 5 uM for 30 minutes,
followed by blocking with BSA for 1 hour. After immobilization, serial dilutions of single-
stranded DNA (ssDNA) targets ranging from 9.8 nM to 5 uM were prepared. Triplicate samples
of each concentration were mixed with 290 pl of 10x phosphate-buffered saline (PBS). In

addition, blank samples without the ssDNA targets were prepared to determine the limit of
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detection (LOD). The samples were added to the PE filters, and hybridization was carried out
through gravity flow at a flow rate of 200 pL/min. After the hybridization, the magnetic
nanoparticles were incubated for 3 min to allow their binding to biotinylated DNA. Finally, the
samples were inserted into the measurement head of our portable magnetic reader to measure

the signal amplitudes.

After magnetic measurement, a calibration curve was generated by fitting the mean and
standard deviation of each ssDNA concentration after subtracting the background values using
the Hill function presented in Equation (1). The resultant fitting parameters are k = 0.49182,
end =0.01573 and n = 1.04392.

As shown in Figure 34, the signal amplitudes increased with higher ssDNA target
concentrations. The limit of detection was determined based on Equation (3) and was about
19 nM, with a linearity from 19.5 nM to 312.5 nM, a sensitivity of (22.1 + 1.2) mV/uM, and a
detection range from 19 nM to 1650 nM.
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Figure 34. Fitted calibration curve of the measured signal amplitudes at different synthetic ssDNA
concentrations. The LOD was determined using equation (3). Error bars represent the standard
deviation of three independent measurements.
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4.8. Reproducibility

In addition, intra and inter-day assays were performed to evaluate the reproducibility and
repeatability of the sensor using synthetic ssDNA at different concentrations. The coefficient
of variations (CV) was then calculated for each concentration, and a value of less than 10 %

was obtained, showing the good reproducibility performance of the assay Table 4.

Table 4. The coefficient values of Brucella DNA assay.

ssDNA concentration Intra-assay (n=4) Intra-assay (n=4)
Mean S.D CvV Mean S.D Cv
\% V)

5uM 0.01474 0.00121 8.22 0.01494 0.00105 7.008

1 uM 0.0099 0.00092  9.29 0.0103 0.00074 7.184

0.5 uM 0.00847 0.00065 7.6 0.0088 0.00063  7.15

4.9. Long term stability and regeneration

To evaluate our DNA magnetic assay in terms of long-term stability, we stored the PE filters
with 500 pl of 10x PBS buffer in refrigerator at +4°C for a period of 4 weeks. The hybridization
and magnetic detection for triplicate samples were performed each week. As shown in Figure
35A, no reduction was found after the first week, and only a slight reduction of about 7.42% in
the magnetic response was observed in the second week. The reduction increased to 25.48% in
the third week and 35.32% in the fourth week. This result indicates that our DNA magnetic

assay has high stability and is suitable for long term application.
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Figure 35. A) Stability of the PE filters at different weeks of storage. B) Regeneration performance of
the PE filters. Error bars represent the standard deviation of three independent measurements.

As this assay is intended for large-scale testing, regeneration is desirable to ensure sustainability
by reducing costs, waste, and materials for each test. The regeneration was investigated for the
PE filters by employing chemical treatment using sodium hydroxide (NaOH). NaOH treatment
is a common method used to disrupted the hydrogen bond between duplex DNA [101,102].
Here, NaOH at 0.5 M concentration was used to dissociate the hybridized DNA from the
immobilized capture probe for 5 minutes. The PE filters were then washed with 1x PBS buffer
to remove NaOH. After washing, 5 uM of target DNA was added to the PE filters for
hybridization, followed by magnetic labeling for 3 minutes. For the first regeneration step, the
signal amplitude decreased after adding NaOH, indicating the dissociation of target DNA from
the capture probe, see Figure 35B. The signal amplitude increased after the rehybridization with
target DNA for the second and third regeneration steps. Noticeably, the signal amplitudes were
higher in the 2nd and 3rd generation steps than in the initial magnetic response. We assume that
this increase in signal amplitude is due to the addition of more MNPs in each step, and the
potential of MNPs to bind to the PE filter increases, and thus, signal amplitude increases. This
can be seen in the NTC samples after the addition of NaOH, in which the signal amplitude
increased. We also observed that adding NaOH affected the PE filter's flow rate. The first step's
flow rate slowed to around 4 minutes, and 10 minutes for the second regeneration step. The
slow flow rate allows more time for target DNA to hybridize to capture probe, which increases
the signal amplitudes. As a result, that regeneration test showed that the PE filters can be used
more than once. However, increasing the signal amplitude and the flow rate might be considered

before using the filter for another test.
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Overall, the analytical performance of our proposed assay showed the ability to detect and
quantify Brucella DNA at low concentrations with a broad detection range, making it suitable

for the early and accurate diagnosis of brucellosis in field applications.
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Chapter 5

5. Magnetic Detection of Amplified Brucella DNA

After the development and validation of our magnetic assay for Brucella detection using
synthetic oligonucleotide targets, we demonstrated the sensor's ability to detect and quantify
target DNA sequences with high sensitivity and specificity. However, to assess its utility in

practical applications, further evaluation with clinically relevant samples is necessary.

In this study, our objective is to evaluate the feasibility for our assay to detect DNA in real
samples by testing its performance with DNA extracted from different infected animals. These
extracted genomic DNA (gDNA) represent different bacterial species including Brucella

pathogen as well as other non-related bacteria.

The chapter is partly based on the original publication by the author [74].

5.1. Primer design and PCR optimization

Forward and reverse primers were designed to amplify the selected target DNA sequence,
yielding an 84 bp DNA fragment complementary to the capture probe P (50). The primer

sequences with their modifications are listed in Table 5.

Table 5. The designed primer sequences with their modification.

Primer Sequence (5' to 3') Modification Length
(3" (bp)

F1 AGGCTGTAGTGACGAATTAACTTGTGG Biotin 27

R1 GAACCACTCCACCTTCGGTTTCGCTCC  No modification 27

R2 GAACCACTCCACCTTCGGTTT CGCTCC  Phosphate 27



5. Magnetic Detection of Amplified Brucella DNA

The forward primer has been modified with biotin at its 5' end to enable the specific binding to
the streptavidin-magnetic nanoparticles. To ensure that the forward primer sequence, which
generates the ssDNA target strand, does not hybridize with the capture probe, the forward
primer was designed to bind to an adjacent sequence that does not contain a sequence
complementary to the capture probe, see Figure 36. As a result, the double standard PCR
amplicon amplified will consist of two strands: one target strand that contains the biotinylated
primer sequences, which is complementary to the capture probes, and the other is non-

complementary.
Primer design

Complementary to capture probe

Reverse primer

5§——3»3
Forward primer

PCR

Biotin . Complementary to capture probe .

] 1
IOV AVAVATAVAVAVAVAVAVATAAYAYAY
Target strand

3 NNANNANNNNANANNNANNAN 5
Non target strand

Figure 36. Schematic representation of the locations where primers bind within the target sequence
and the resulting amplified DNA produced from PCR. Created with BioRender.com.

In order to evaluate and optimize the amplification reaction with the new primers, we first
performed a gradient PCR reaction by testing multiple annealing temperatures ranging from
55 to 68°C. The PCR reaction was performed in 50 pl reaction tubes, with each tube containing
the new primer pairs (F1/F2) and all mixtures of PCR while varying only in the annealing
temperatures. The result showed that the band intensities of amplicons were high at all
temperatures from 55 to 65.9°C, and no bands were observed at the higher temperatures 67°C
and 68°C. Thus, we selected 60°C as a suitable annealing temperature, see Figure S7 in the
supplement. This result also confirmed the successful amplification of Brucella genomic target

DNA with the new primers, as the expected PCR fragment with 84 bp length was observed.
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After selecting a suitable annealing temperature, the primer concentration optimization was
performed to select the optimal ratio. Selecting an optimal ratio is needed for our assay as the
concentration of primers influences the yield, sensitivity and specificity. Therefore, optimizing
the primer ratio is important to maximize the yield of desired DNA amplicons, increase
sensitivity and minimize the potential for nonspecific binding. As shown in Figure 37, the
expected bands on agarose gel were observed at 0.5, 1 and 1.5 uM primer concentrations
without nonspecific amplification. However, the intensities of the bands of 0.5 pM were lower
than at 1 and 1.5 pM. When higher primer concentrations were tested, nonspecific bands were

observed at 2 and 2.5 uM. As a result, we selected 1 uM as a suitable primer concentration.

Primer concentration

M 05uM 1M 1.5uM  2uM 2.5uM

Figure 37. Optimization of primer concentrations. M: Marker.

5.2. Generation of ssDNA sequences

For the detection of PCR amplified Brucella DNA, the biotinylated ssDNA target strand, which
is complementary to the capture probe, needs to be generated from dsDNA amplicons. This
generation allows hybridization between the capture probe and ssDNA target and further
magnetic sensing. Here, we investigated three different denaturation strategies to select a
suitable method that yields a high biotinylated ssDNA amount. The first method used is heat
and cool, where the PCR amplicons are incubated at high temperature, followed by rapid
cooling. This method is cost-effective and used in many molecular biology applications as a
simple way to generate ssSDNA from dsDNA [103,104]. In our study, the PCR tubes (50 pL)

were heated at 95°C for 5 minutes to break the hydrogen bonds between the complementary
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strands, resulting in the separation of the two ssDNA strands. After separation, the tubes were
immediately cooled on ice for 4 minutes to slow down the reannealing of the two strands. The
tubes were then mixed with 250 pl of 10x PBS hybridization buffer and immediately added to

the PE filter for hybridization reaction and magnetic detection.

The second strategy used was lambda exonuclease treatment, where the PCR amplicons are
digested by lambda exonuclease enzyme by targeting the phosphorylated strand from the 5' to
the 3’ end. This strategy is widely used in aptamer selection method due to its efficient and
specific generation of ssSDNA strand [105,106]. For our PCR reaction, we used a new reverse
primer (R2) which has the same sequence as (R1) but with phosphate modification at its 5’ end.
This modification allows lambda exonuclease to digest the non-complementary strand
generated by this primer, while leaving the captured biotinylated ssSDNA target strand in the
reaction. Before the digestion reaction, some samples were purified while others were kept
unpurified to check the enzyme's activity in both reactions. For lambda exonuclease digestion,
we incubated both purified and unpurified PCR products with lambda exonuclease enzyme at
37°C with different duration times of 5, 10 and 15 minutes. Following enzymatic digestion, gel
electrophoresis was performed to evaluate the band intensities. As shown in Figure 38, a
significant change in band intensities and migration rates was clearly observed at all incubation
times. This indicated the efficient digestion of PCR amplicons using lambda exonuclease
enzyme. These changes can be explained firstly by the fact that ssDNA has lower molecular
weight, which results in faster migration through agarose gel compared to dsDNA. Secondly,
the weaker band intensity of ssDNA to dsDNA can be attributed to the lesser amount of red
safe stain incorporation into ssDNA strand [105]. Comparing the band intensities of the purified
and non-purified samples, the unpurified samples showed a weak band of the same size as
dsDNA, which might be an indication of the incomplete digestion of the dsSDNA. In addition,
5 minutes incubation time was sufficient for complete digestion. The digested PCR amplicons
were mixed with 250 pl of 10x PBS buffer and added to the PE filter for hybridization reaction

and magnetic detection.
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Figure 38. Agarose gel image of Lambda exonuclease digestion of purified and unpurified Amplicons
at different incubation times 5, 10 and 15 minutes. M: Marker.

The last strategy used was magnetic separation, where the PCR amplicons were incubated with
Synomag®-D streptavidin-coated MNPs for capturing biotinylated amplicons. After capturing,
the mixture was transferred to a MACS column placed in a magnetic separator, followed by
alkaline treatment to break the hydrogen bonds between the dsDNA strands. After the
separation of the non-biotinylated strand, the MACS column was removed from the magnetic
separator, and the biotinylated ssDNA strands bound to MNPs were eluted with 300 pL of 10%

PBS buffer in Eppendorf tubes for hybridization reaction and magnetic detection.

Following the generation of ssDNA strand from the three strategies used, the generated ssDNA
target strands were added to the PE filters to hybridize with complementary capture probes P
(50) at 5 um concentration. The hybridization reaction was carried out by gravity flow. Then,
any unhybridized DNA strand was washed away by 750 uL of 1x PBS buffer. After washing,
the PE filters were labeled with MNPs and incubated for 3 minutes, followed by a final washing
step to remove unbound MNPs. Finally, the PE filters were inserted into the magnetic reader to

measure the magnetic response.

61



5. Magnetic Detection of Amplified Brucella DNA

354

3.0 1

2.5 1

2.0+

Amplitude (mV)

=)
«

1
—

T
Magnetic Seperation Heat and Cool ~ Lambda Exonuclease
ssDNA generation methods

Figure 39. Measured signal amplitudes of the ssDNA generation methods used in this study. Error bars
represent the standard deviation of three independent measurements.

Figure 39 shows the different signal amplitudes obtained from the three strategies tested. The
signal amplitude obtained from lambda exonuclease treatment was the highest compared with
other methods, while magnetic separation was the lowest. This indicates that lambda
exonuclease yielded higher ssDNA amounts, resulting in the highest signal amplitude. In
contrast, the low yield of ssDNA amount for the heat and cool and magnetic separation methods
can be attributed to variations in their efficiency in separating dSDNA. For the heat and cool
method, the ssDNA strands favor hybridization in solution rather than on-surface hybridization
due to the mobility and accessibility of its complementary strands. In addition, the hybridization
rate in solution is faster than on solid surface [107]. For magnetic separation, the significant
reduction of signals can be explained by the possible denaturation of streptavidin molecules
from the surface of MNPs due to the harsh alkaline treatment with NaOH that has an influence
on the loss of tertiary structure [106,108]. In addition, it might also be explained by the
insufficient magnetic separation force on the small MNPs, which resulted in the loss of MNPs
through washing step. As a result, we selected lambda exonuclease digestion as a suitable

method for generating the ssDNA target strand from the amplified PCR products.
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5.3. Limit of detection and specificity

To test the ability of our assay to detect authentic Brucella genomic DNA, we conducted a serial
dilution ranging from 5 to 5 x 10° copies of the template. The diluted samples were then
subjected to PCR amplification using F1 and R2 primers, followed by gel electrophoresis for
visualization, see Figure S8 in the supplement. Subsequently, the amplicons were then treated
with lambda exonuclease to generate complementary ssDNA through the digestion of the
nontarget strand amplified by the reverse primers R2 modified with a phosphate group. Finally,
the generated target ssDNA strand was added to 250 uL of 10x PBS buffer for hybridization

reaction and FMMD magnetic measurement.

As shown in Figure 40, our assay was capable of detecting the Brucella target DNA at all
concentrations ranging from 5 to 5 x 10° copies, exhibiting high signal amplitude. However,
the signal amplitudes were notably low when five copies of the genome were tested, similar to
those observed for the non-template control (NTC). These results indicated that the assay has
high sensitivity in detecting amplified Brucella DNA, being sensitive to amounts as low as

55 copies (0.09 fM).
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Figure 40. The signal amplitudes for different copy numbers of amplified Brucella DNA. Error bars
represent the standard deviation of three independent measurements.

63



5. Magnetic Detection of Amplified Brucella DNA

Furthermore, the assay specificity was also evaluated by analyzing the PCR-amplified products
in the presence of genomic DNA from various bacterial strains, including Campylobacter fetus
subsp. venerealis (Cfv), Campylobacter fetus subsp. fetus (Cff), Ovax Chlamydia vaccine,
Escherichia coli (APEC), and Salmonella enteritidis. The selection of these bacterial species
was based on their potential to interfere with Brucella detection, as they can coexist in animal
samples subjected to examination. Notably, while the assay showed a specific high signal when
examining Brucella melitensis gDNA, all non-related bacterial genomes exhibited a very low
signal amplitude, ensuring the specificity of the primers and capture probes toward Brucella

DNA, as shown in Figure 41 and Figure S9 in the supplement.
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Figure 41. The signal amplitudes for Brucella melitensis and non-related bacterial genomic DNA
amplified by PCR. (A) Brucella melitensis at 2 ng/uL, (B) Ovax Chlamydia at 5 ng/uL, (C)
Campylobacter fetus subsp. venerealis (Ctv) at 27 ng/uL, (D) Campylobacter fetus subsp. fetus (Cff)
at 55 ng/uL, (E) Escherichia coli (APEC) at 83 ng/uL, (F) Salmonella enteritidis at 84 ng/pL. Error
bars represent the standard deviation of three independent measurements.
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Chapter 6

6. Magnetic Detection of RPA Amplified DNA

To enhance usability of our developed DNA magnetic assay for field testing, we combined
Recombinase Polymerase Amplification (RPA) with frequency mixing magnetic detection. We
chose RPA for its rapid amplification time compared to other isothermal amplification methods.
By combining RPA with our magnetic assay, which demonstrated rapid detection time within
10 minutes, we could enhance the capability of our assay in detecting Brucella pathogen by
allowing a fast amplification and magnetic detection using our portable magnetic reader at point

of care.

In this chapter, the development and integration of RPA with FMMD are introduced in detail.
We establish the RPA assay and the steps involved, such as primer design and primer screening,
to select suitable specific primer pairs. Following primer selection, we include an asymmetric
RPA technique to simplify the generation of ssDNA complementary strands without the need
for other separation methods. The design and limitations of asymmetric RPA are discussed.
Then, a new detection strategy of amplified DNA using new primers with tail sequences for
amplification and magnetic detection to overcome the issue of asymmetric RPA is presented.
In addition, the different methods used to eliminate the nonspecific binding of primers are
discussed. Finally, all optimization steps for enhancing RPA reaction, such as incubation

temperature and time and its effect on the magnetic signal, are presented.

6.1. RPA primer design and screening

RPA amplification has a constant amplification temperature between 37°C and 42°C, which
makes primer design criteria different from PCR that mainly based on the primers' melting
temperature (Tm) [109]. RPA amplification requires longer primer, usually between 30-35 bp
length [110]. However, several studies have shown that shorter primers below 25 bp and even

PCR primers were able to amplify their desired products [111-113]. The long RPA primer is
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important for the T4 UvsX protein to form a stable nucleoprotein filament complex that binds
to the complementary DNA sequences. However, the longer the primer, the higher the potential
to form a secondary structure or primer artifacts. In addition, there is no bioinformatics software

for RPA primer design.

Although RPA amplification requires only two primers compared to other isothermal
amplification methods like LAMP, an experimental primer screening for several designed

primers is recommended to select the optimal primer candidate.

Based on our previous results of PCR amplification, the primer pair (F1/R2) designed to
amplify Brucella DNA generated a product of 84 bp, which is considered as a suitable length
based on the recommendation of the manufacturer (TwistDx) for keeping the amplicon length
less than 500 bp. In order to keep the product length and to perform primer experimental
screening, we designed new forward primers (F2 and F3) with longer sizes, the sequences are

listed in Table 6.

Table 6. The designed Forward primer sequences with their modification for screening.

Primer Sequence (5’ to 3) Modification (5') Length
(bp)

F2 CTGTAGTGACGAATTAACTTGTGGTTTGG Biotin 29

F3 AGGCTGTAGTGACGAATTAACTTGTGGTTTGG Biotin 32

RPA amplification was performed by screening the forward primers F1, F2 and F3 against the
reverse primer R1 using Brucella genomic DNA. The primers were added to separate tubes at
600 nM final concentration. Then, the master mix containing 2x reaction buffer (20 ul), dANTPs
(9.2 pl), 10x basic E-mix (5 pl) and 20x core reaction (2.5 pl) were added to the tubes. To
initiate the RPA reaction, 2.5 ul of magnesium acetate and 1 ul of Brucella gDNA (0.02 ng/ul)
were added to each tube. The tubes were then placed in a heat block at 37°C for 30 minutes.
After RPA amplification, we purified the RPA amplicons with a column-based purification kit
and analyzed them by gel electrophoresis at 2% concentration to evaluate the primers’

performance.

As shown in Figure 42, the PCR primer pair (F1/R1) and the RPA primers (F2/R1) and (F3/R1)

were successfully able to amplify the DNA target with their amplicon expected sizes. However,
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nonspecific amplification products were observed in all primer pairs tested. This appearance of
nonspecific bands is common in RPA amplification due to the mismatch tolerability and lower
constant temperature of amplification, where the primers have lower binding stringency
compared to PCR [53]. This lower binding stringency allows the recombinase enzyme to form
the nucleoprotein complex on template DNA, even when the primers are partially bound on
different genomic locations. Another explanation is that our selected target DNA is a repeat
sequence, which makes the probability of having multiple DNA fragments that have partial
sequences within the genome high compared to a single copy target. For primer pair selection,
F2/R1 showed fewer DNA fragments and was therefore selected for the next optimization

experiments.

M F1/R1 F1/R1 NTC F1/R1 F2/R1 F3/R1 M

Figure 42. Screening of primer pairs by RPA amplification. M: Marker

After primer pair selection, we performed RPA amplification using a lower concentration of
primers (F2/R1) to evaluate the effect on the appearance of nonspecific products. The
concentrations tested were 150 nM, 240 nM and 480 nM. Figure 43 shows the effect of different
concentrations of primers on the nonspecific amplification products. The appearance of
nonspecific products decreased when lower concentrations of primers were tested. However,
nonspecific bands with 300 bp were still observable and exhibited higher intensities than the

expected size of 84 bp.
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M 150 nM 240nM 480 nM

300

50

Figure 43. Optimization of RPA primer concentrations. M: Marker.

While these nonspecific products could impact the specificity of the amplification, our capture
probe P (50) is only complementary to the ssDNA target sequence with 84 bp size. This ensures

that the probe hybridizes to our ssDNA without interfering with other nonspecific products.

6.2. Asymmetric RPA amplification

In the previous experiments, lambda exonuclease treatment was selected as a suitable method
for generating the ssDNA strand from PCR amplicons, as its signal amplitude was the highest.
However, this method needs an additional enzymatic digestion step after amplification, and
additional incubation time. This makes it unsuitable for PoC testing since it increases the

complexity and increases the time needed for the assay.

To perform a simpler and more suitable method, we have selected Asymmetric Recombinase
Polymerase Amplification (ARPA) to generate our ssDNA target strand in the field. ARPA is
an amplification technique that uses different concentration ratios of forward and reverse
primers [110,114]. In the ARPA reaction, the forward and reverse primers anneal on template
DNA to amplify a dsDNA product at the initial amplification phase. While the amplification
continues, the primer with a lower concentration is consumed, and the remaining primer with a
higher concentration continues to generate the targeted ssDNA strand, see Figure 44. In this

technique, our ssDNA target will be generated in the same reaction tube during the
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6.2. Asymmetric RPA amplification

amplification without the need to post-process the DNA products by lambda exonuclease

treatment.

Asymmetric RPA
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Figure 44. Principle of asymmetric RPA. Created with BioRender.com.

In our assay, the forward primer (F2) is the primer that generates the complementary ssDNA
strand to our capture probe P (50). So we have chosen it as an access primer, while reverse
primer (R1) acts as limiting primer. After that, we performed the asymmetric RPA using primer
ratios at 1:20, 1:40 and 1:60 of forward and reverse primers for 30 minutes at 37°C. After
ARPA amplification, we analyzed the amplicons by gel electrophoresis at 2% agarose
concentration. Figure 45A shows the gel image of the product bands generated by ARPA. It
can be seen that all three primer ratios tested showed nonspecific bands with different sizes.
This suggests the low efficiency of the primers in specifically amplifying our target ssDNA
using asymmetric RPA. However, the impact on the magnetic signals of these amplified

products were not evaluated.

To evaluate it, we mixed the ARPA amplified products with 250 ul of 10x PBS buffer and
transferred them to the ABICAP columns with the capture probe P (50) at 5 pM concentration
for the hybridization reaction. Then, the MNPs were added to the PE filters for 3 minutes
incubation time, followed by FMMD measurement using our magnetic reader. Figure 45B
shows the signal amplitudes obtained from the ARPA amplified products at primer ratios of
1:20, 1:40 and 1:60. The magnetic measurement of all ARPA products showed a very low signal
amplitude compared to the signal obtained from the positive control amplified product by PCR.
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Figure 45. A) The gel image of primer ratios tested for asymmetric RPA. B) The signal amplitudes for
asymmetric RPA products generated by different primer ratios. Error bars represent the standard
deviation of three independent measurements.

Based on the results, the primers showed low efficiency in specifically amplifying our desired
target ssDNA. This inefficiency might be due to the reasons we mentioned before, such as the
repetitive nature of the target sequences and the lower binding stringency of primers at
isothermal conditions. Moreover, the asymmetric RPA technique itself is prone to produce
undesired amplification products due to the primer imbalance, as highlighted in a previous study
[115]. Therefore, we conclude that amplifying our target ssDNA using asymmetric RPA
strategy with the primer pair (F2/R1) is not suitable for our assay. Thus, new primers should be

designed that might offer higher specificity.

We screened our selected DNA target sequence to find potential reverse primers. Then, four
new reverse primers were designed to amplify products that contain complementary sequences

to our capture probe P (50). The new reverse primer sequences are listed in Table 7.
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6.2. Asymmetric RPA amplification

Table 7. The designed reverse primer sequences with their expected amplicon sizes for screening.

Primer Sequence (5" to 3') Expected Length
amplicon size (bp)

R3 CACTCCACCTTCGGTTTCGCTCCTAAAGCTG 81 31

R4 GGCGTCGCGAAACCTTGATGGGGGAACC 107 28

R5 CTCCATCTTGGCGTCGCGAAACCTTGA 116 27

R6 CACATTCAGAAGCAAAATACACTGCGTC 166 28

To evaluate the primers’ efficiency, we performed RPA amplification using the new reverse
primers R3, R4, R5 and R6 against the forward primer F3. Five tubes were prepared with the
new reverse primers and forward primer F3 at 480 nM final concentration. The same protocol
was applied for RPA reaction as mentioned earlier. All tubes contained a mix of 20 pl of 2x
reaction buffer, 9.2 ul of ANTPs, 5 pl of 10x basic E-mix, 2.5 pl of 20x core reaction mix and
Brucella gDNA (0.02 ng/ul). The incubation time was 30 minutes at 37°C. After amplification,
the amplified products were purified and analyzed by gel electrophoresis at 2% agarose

concentration to evaluate primer efficiency.

Figure 46 shows the performance of the newly designed reverse primers. From the gel image,
all primer pairs were successfully amplified with their expected amplicon size with different
band intensities. In addition, all of them showed a nonspecific product with a size of about 300
bp except the primer pair (F3/R6), which produced a specific amplification product with a size
of 166 bp. By evaluating the band intensities of expected amplicon size for all primer pairs, it
is clear that increasing the product size from 81 bp to 166 bp increases the intensity of the bands.
It is unclear why this behavior is observed in our results. We assume this might be related to
the DNA polymerase activity, as it favors longer distances between primers to synthesize
strands without frequently dissociating from the DNA template. In addition, more templates
available for the polymerase to work on results in more efficient amplification for longer DNA
products. Overall, the primer pair (F3/R6) showed optimal efficiency and specificity in our
RPA amplification, compared with other pairs. Thus, this pair was selected for the next
experiments. An additional image for validation of the specificity of the primer pair (F3/R6)

can be found in Figure S10 in the supplement.
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Figure 46. The agarose gel image of RPA products amplified by the new reverse primers.

Before we perform asymmetric RPA amplification for the selected primer pair (F3/R6), the
impact of the new product with a size of 166 bp, which is longer than our previous amplicon
size of 84 bp, needs to be evaluated in terms of hybridization efficiency and magnetic signals.
The amplicons with a size of 166 bp were digested by lambda exonuclease enzyme to generate
the ssDNA target strand complementary to our capture probe P (50). Then, the digested
amplicons were mixed with 250 pul of 10x PBS buffer and added to the PE filters for
hybridization reaction for 1 hour. Finally, the MNPs were added to hybridized strands for
sensing the magnetic response. As shown in Figure 47, the signal amplitude of the product size
of 166 bp was very low, compared with the previous product size of 84 bp. This indicates the
lower hybridization efficiency of the new product size of 166 bp. This can be explained by the
fact that longer ssDNA sequences have the potential to form more secondary structure than
shorter sequences, which can hinder the probe's ability to hybridize with the complementary
sequences. In addition, it might be that the lambda exonuclease treatment efficiency is lower

with longer strands, leading to incomplete digestion of the amplicons.
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Figure 47. The signal amplitudes of the different sizes of ssDNA target. Error bars represent the
standard deviation of three independent measurements.

To address that, we evaluated the hybridization efficiency using a synthesized oligonucleotide
sequence T (164) that has the same sequence but with two base pairs shorter, due to the
maximum oligonucleotide length that the manufacturer can produce, see Table 1 in the material
and methods chapter. Here, we performed the hybridization at 5 uM concentration of T (164)
and 5 pM of capture probe P (50) for 1 hour, and then magnetic measurement was done by
FMMD. As shown in Figure 47, the signal amplitude of the synthesized T (164) was slightly
higher than the digested RPA amplicon with a size of 166 bp. However, both exhibited very
low signal amplitudes compared to those obtained from the PCR positive control with a size of
84 bp. This validates that the target length of 166 bp is unsuitable for hybridization with our
capture probe P (50). In addition, the secondary structure analysis of the sequence confirms the

high potential to form a secondary structure, see Figure S11 in the supplement.

In conclusion, the primer pair (F3/R6) showed specific amplification without any nonspecific
bands. However, the great length of the amplified target sequence resulted in lower
hybridization efficiency, which influenced the magnetic signals. This result indicates that even
if it works properly, generating this ssDNA by asymmetric RPA will not be suitable for our
assay using this specific primer pair. Therefore, a new strategy that maintains the use of the
primer pair (F3/R6) but employs a different detection method of amplicon with the size of
166 bp is needed to enhance our assay performance. The new strategy will be addressed in the

next section.
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6. Magnetic Detection of RPA Amplified DNA

6.3. Detection of whole amplicon

Several studies have modified the two primers to produce dual-labeled amplicon that can be
captured at one end and detected at the other. This is usually done by modifying one primer
with labels such as 5-FAM antigenic label, Digoxigenin (DIG), or Fluorescein Isothiocyanate
(FITC), which allow the amplicon to be captured by anti-FAM, anti-DIG, and anti-FITC
antibodies immobilized onto the membrane [116]. Once the amplicon is captured at one end, it
can be detected through other labels, such as biotin from the second modified primer, which
streptavidin-nanoparticles can bind, enabling visual detection [117-119]. Another strategy is
based on using primers with additional oligonucleotide sequences (tail) at their end. This tail
sequence is used to hybridize with a complementary probe to capture the amplicon at one end,
while the other end can be used for detection [120,121]. Comparing the two strategies, tail
primers have several advantages over antibody labeling. Firstly, they are cost-effective,
reducing the need for the high-cost antibodies and additional reagents. Secondly, they are more
specific through the nature of the sequence complementary between ssDNA strands. In
addition, they have reduced variability which leads to more consistent and reliable results. Thus,

tail primers were selected as a suitable strategy to detect our amplified Brucella DNA.

Principle of detection

C3 stopper
NANANNNNANNNNNANNNAN 7
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5 >3
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Figure 48. Principle of tailed-primer RPA amplification. Created with BioRender.com.

The new strategy is based on the detection of whole RPA amplified amplicon through the
hybridization between a tail sequence and a capture probe immobilized onto our PE filter, see

Figure 48. Here, we added short ssDNA tail sequences with different sizes at the 5° ends of the

74



6.3. Detection of whole amplicon

reverse primer (R6). We incorporated a C3 spacer as a stopper between the tail and reverse
primer sequences to prevent polymerase elongation [122]. The same modification of the
forward primers with biotin is kept for MNP labeling. For the hybridization reaction, we
designed a new capture probe complementary to the tail sequences, and added a poly (T)
nucleotide with a size of 15 bp to the 3" ends to increase its length. The addition of poly (T)
sequences improves the binding capacity and accessibility of the probe to the amplicon tail,
which increases the hybridization efficiency. The new capture probe and tail primers are listed

in Table 8.

Table 8. The new tailed-reverse primer and capture probe sequences.

Oligonucleotides Sequence (5' to 3") Length (bp)
R7 AGCGTGCAGGGAGAGTGGTA-C3-CACATTCAGAAGCAAAATACACTGC 45
RS AGCGTGCAGGGAGAG-C3-CACATTCAGAAGCAAAATACACTGCGTC 43
P (Tail) CTCTCCCTGCACGCT-TTTTTTTTTTTTTTT 30

The new RPA-tailed primers (R7 and R8) were screened against all forward primers F2, F3,
and F4, to select the suitable primer pair. All primers were at 480 nM final concentration. Each
tube contained a mixture of 20 pl of 2x reaction buffer, 9.2 ul of dNTPs, 5 pl of 10% basic E-
mix, 2.5 pul of 20% core reaction mix and Brucella gDNA (0.02 ng/ul). The samples were
incubated in a heat block for 30 minutes at 37°C. Following RPA amplification, the products
were purified and analyzed using gel electrophoresis with 2% agarose concentration. Figure 49
shows the amplification efficiency of the screened-tailed reverse primers. All primer pairs with
the tailed primer R8 successfully amplified the expected product size with different intensities.
However, no products were generated from all primer pairs with the tailed primer R7. We also
observed the appearance of primer dimer in all primer pairs tested with high intensity. From the
results, the tailed primer R8 has more efficiency in amplifying our target Brucella DNA, and
the primer pair F4/R8 showed the highest intensity. Thus, this primer pair was selected for the

next experiments.
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Figure 49. The agarose gel image of RPA products amplified by the tailed-reverse primers R7 and R8.

To investigate the impact of the new strategy on our FMMD measurement, we performed a
hybridization reaction and magnetic detection using the RPA products amplified by the primer
pair (F4/R8), and we used a non-template control (NTC) as a negative control. The samples
were added into the PE filter containing the complementary capture probe P (tail) at 5 uM
concentration for hybridization by gravity flow at a flow rate of ~200 uL/min. After
hybridization, the PE filters were washed with 1x PBS to remove unbound RPA products. For
magnetic detection, we incubated the PE filter with MNPs to allow their binding to biotinylated
amplicon for 3 minutes. Finally, the PE filters were inserted into the measurement head of our

portable magnetic reader to measure the signal amplitudes.
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Figure 50. The signal amplitude of the RPA products amplified by the tailed-reverse primers. Error
bars represent the standard deviation of three independent measurements.

As shown in Figure 50, the signal amplitude of the RPA products is slightly higher than the
signals obtained from NTC and markedly higher than control. This indicates the efficient
hybridization of the whole amplicon through the tail sequence and its complementary capture
probe. However, NTC samples showed a very high signal amplitude compared to negative
control. This can be explained by the non-specific interactions and the formation of stable
secondary structures, such as primer dimers. The addition of tail sequences to the reverse primer
increased its size and thus the potential of primers to interact with each other particularly at low
temperatures such as 37°C increases, leading to primer dimer formation. When these primer
dimers form, they bind to capture the probe through the tail sequence at one end, and MNPs
bind to the biotinylated primer at the other. This leads to false positive results, which make it
difficult to distinguish between true signals from the Brucella target DNA and artifacts caused

by the primers. As a result, it reduces the reliability and specificity of our assay.

6.4. Reduction of primer dimer formation

In previous studies, primer dimer formation was observed in isothermal amplification
techniques that require long primers (30-45 bases) and a high concentration of primers such as

LAMP and RPA [123-125]. It influences the specificity and sensitivity of the amplification,
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6. Magnetic Detection of RPA Amplified DNA

which causes false positive results, reduced efficiency and signal loss [126]. For LAMP
amplification, several strategies based on destabilizing nucleic acid structure using chemical
additives were used to prevent it and to improve the overall amplification specificity [127,128].
For RPA amplification, one method is widely used based on a probe system. In this system, an
additional specific probe modified with tags such as biotin or FAM at the 5’ end, and a blocking
modification at the 3’ end is designed to anneal to the amplicon between the binding sites of the
primers [123,129]. Once the probe anneals to the amplicon, site-specific cleavage (THF
cleavage) of the probe by endonuclease nfo enzyme occurs. This generates two fragments, one
blocked short fragment and another long fragment that can be extended [119]. Another method
is the use of a self-avoiding molecular recognition system (SAMRS), which involves
incorporating SAMRS nucleotides such as 2-aminopurine-2'-deoxyriboside (A*), 2'-deoxy-2-
thiothymidine (T*), 2'-deoxyinosine (G*), and N4-ethyl-2'-deoxycytidine (C*) into the primers
[130]. This system has been employed to prevent the primer dimer formation in RPA
amplification when dual labeled amplicon is required, particularly with RPA-based lateral flow
biosensors [46,131]. One more strategy is the use of organic additives such as dimethyl
sulfoxide (DMSO) and betaine [132]. These additives disrupt the hydrogen bonds and lower
the melting temperature of the dsDNA [128]. Several studies showed the successful elimination
of the primer dimer and the nonspecific products in several RPA amplification assays using
those additives [133,134]. Comparing these strategies, organic additives are relatively
inexpensive, simple to use, and do not require modification to primers or additional probe

sequences.

In our assay, we evaluated three methods that may influence primer dimer formation. The first
method was based on adjusting the primer concentrations at 150, 300, 450, and 600 nM. The
second was based on performing RPA amplification using betaine at different concentrations
(0.1,0.25, 0.5, and 1 M). The last method was based on using DMSO at different concentrations
(1, 3, 5, and 10%). Brucella genomic (0.02 ng/ul) and non-template samples were used to
evaluate the effect of all three methods on the amplification efficiency and primer dimer
reduction. All RPA reactions were incubated at 37°C for 30 minutes. Following the
amplification, all RPA products were purified and loaded onto gel at 100 V for 1 hour, and then

the intensity of bands was assessed using ImageJ.

Figure 51 shows the gel images of the methods used to reduce primer dimer formation using a
template and non-template DNA. For the primer concentration optimization results on template

DNA, all RPA products appeared at all concentrations tested with lower intensities at
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6.4. Reduction of primer dimer formation

concentrations 150 nM and 300 nM, see Figure 51A. For primer dimer, the intensities decreased
with decreasing primer concentration from 600 to 300 nM, while no primer dimer was observed
at 150 nM concentration. The same results were obtained when different primer concentrations
were tested on samples without DNA but with a weak band observed at 150 nM concentration,
see Figure 51B. By comparing the bands at a primer concentration of 150 nM with and without
template DNA, we assume that the primers were consumed during the RPA amplification in
the presence of template DNA, which led to the complete elimination of primer dimer. In the
absence of a DNA template, the chances of primers binding to each other are higher, and thus,
the weak band was observed. The results indicated that low primer concentration reduced

primer dimer formation.
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Figure 51. Agarose gel images show the effects of primer concentration optimization, DMSO, and
betaine on primer dimer formation. A) The effect of primer concentration optimization on template
DNA; B) Non-template DNA. C) The effect of betaine on template DNA; D) Non-template DNA. E)
The effect of DMSO on template DNA; F) Non-template DNA.

For betaine results on template DNA, the bands showed inconsistency and low intensities at all
concentrations tested; see Figure 51C. For primer dimer formation, the intensities decreased
with increasing betaine concentration from 0.1 M to 1 M. In the absence of template DNA, the
intensities of primer dimer bands decreased with increasing betaine concentration from 0.1 M
to 0.5 M. No band was observed at the highest concentration of 1 M, see Figure 51D. These

findings suggest that the betaine has a significant impact on RPA amplification efficiency, as it
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6. Magnetic Detection of RPA Amplified DNA

reduces the yield of desired product and primer dimer formation even when low concentration

is tested.

For DMSO results on template DNA, the bands were observed at all concentrations, while the
intensities decreased with increasing DMSO concentration from 1 to 10%. In addition,
increasing the concentration of DMSO reduced primer dimer formation at 5% concentration
and eliminated it at 10 % concentration, see Figure 5S1E. DMSO also eliminated the primer
dimer formation for non-template samples at the highest concentration of 10%, see Figure 51F.
These results indicated that DMSO is efficient in eliminating primer dimer formation at 10%
concentration for samples with and without template DNA. However, it reduced the yield of
the desired products. To discuss these results, adding betaine and DMSO to RPA reactions
completely prevented the primer dimer formation in NTC samples. However, the primer
concentration optimization method reduced it with very low intensity but without complete
elimination. We also found that all of them reduced product yield and band intensities. Betaine
has the highest influence on amplification efficiency, as it reduced and inhibited the reaction

even at low concentrations, like the findings of other studies [135,136].

To evaluate their effect on magnetic signals, we performed three RPA amplifications, followed
by hybridization and FMMD measurement using our magnetic reader. We have selected the
primer concentration at 150 nM for the first RPA amplification. In the second amplification,
we added 10% DMSO to the reaction. For the final amplification, we added 1M betaine to the
reaction. The selection of these concentrations was based on our previous results where we had
the lowest primer dimer formation, see Figure 51. All RPA amplifications were conducted on
samples containing Brucella gDNA, and on non-template DNA samples. After amplification,
the RPA products were mixed with 250 pl of 10x PBS buffer, and then transferred to the PE
filter to hybridize with the complementary capture probe P (tail) at 5 uM concentration by
gravity flow. Finally, the MNPs incubated 3 minutes for magnetic labeling and then for FMMD

measurement.

As shown in Figure 52, the signal amplitude of RPA amplified in the presence of gDNA was
high when the primer concentration was tested at 150 nM, while the signal amplitude was
slightly lower in the absence of gDNA. For DMSO-RPA products, the signal amplitude was
markedly higher in the presence of gDNA compared to NTC samples. Betaine-RPA products
also exhibited higher signal amplitude compared to NTC samples. Noticeably, a reduction in

signal amplitude for target DNA was obtained in all optimization methods, compared to signal
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6.4. Reduction of primer dimer formation

amplitude shown in Figure 50. The reduction was about 23.57% for the primer optimization
method, 23.07 % for DMSO, and 45.06% for betaine. This can be explained by their impact on
the amplification yield in which the band intensities of the desired products decreased at those
concentrations, see Figure 51. For NTC samples, lowering the primer concentration to 150 nM
was inefficient in eliminating the primer dimer formation, as the signal amplitude was not
significantly reduced. However, adding 10% DMSO and 1 M betaine eliminated the primer
dimer formation, and the signal amplitude was very low in both, with 92.07% and 93.30%

reduction percentages, respectively.

I Template
14 - [ Non template control

Amplitude (mV)

Primer (150 nM) 10% DMSO 1M Betaine

Figure 52. The effect of methods used for reducing primer dimers on signal amplitude. Error bars
represent the standard deviation of two independent measurements.

Based on these results, the signal-to-background ratio resulting from the addition of 10%
DMSO or 1M betaine to the RPA reaction is higher than that obtained using the primer
concentration method. The reduction of primer formation and signal amplitude for NTC
samples was similar in DMSO and betaine. However, the signal amplitude obtained from
DMSO-RPA products was higher than that of betaine. Thus, we have selected DMSO-RPA for

further optimization experiments.
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6.5. Reaction conditions optimization of tailed-RPA amplification

After the elimination of the primer dimer, we optimized the reaction factors that influence the
RPA amplification performance and magnetic sensing. We optimized reaction temperature,
Magnesium Acetate (MgOAc) concentration, and incubation time to achieve optimal efficiency

for our assay.

Optimizing the RPA reaction temperature is important for achieving consistent amplification
and optimal enzyme activity. The recommended RPA reaction temperature for recombinase
and polymerase enzymes to exhibit optimal activity is between 37°C and 42°C. However,
numerous studies investigated temperatures outside this range, and they found that the
minimum temperature necessary to yield a reliable positive result is above 30°C [110,137,138].
Interestingly, other studies demonstrated that RPA amplification can still produce detectable
signals even at low temperatures such as 25°C [47,48]. Therefore, we investigated the effect of
reaction incubation temperature on our RPA amplification to select the optimal temperature for
our assay. The tubes were incubated for RPA amplification at 21, 30, 37, and 42°C reaction
temperatures for 30 minutes. NTC samples at 37°C were used as a negative control. After
amplification, all tubes were added to PE filters for hybridization reaction and magnetic
measurement. Figure 53 shows the effect of amplification temperature on signal amplitude. The
signal amplitude obtained from the target DNA was higher than the signal amplitude of NTC
at all incubation temperatures. This indicates that RPA products can be detected even at low
incubation temperatures such as 21 and 30°C. However, the signal amplitude at 37°C was the
highest among all incubation temperatures. Thus, it was selected as an optimal incubation

temperature for our assay.
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Figure 53. Effect of RPA incubation temperature on signal amplitudes. Error bars represent the
standard deviation of two independent measurements.

MgOAc reagent is another important factor that has an influence on the sensitivity and
specificity of RPA amplification. MgOAc is a cofactor for UvsX recombinase and Bacillus
subtilis Pol T (Bsu) polymerase enzymes [139]. Magnesium ions (Mg?*") enhance enzyme
performance by stabilizing enzyme-DNA complexes and facilitating catalytic activity during
amplification. The manufacturer (TwistDx) recommends a final concentration of 14 mM
MgOAc for optimal RPA amplification. However, the studies have demonstrated that
increasing the concentration of MgOAc above 14 mM enhances the yield of RPA products and
thus enhances the overall sensitivity of the assay [140,141]. Therefore, we optimized our RPA
amplification by testing MgOAc at 6 mM, 14 mM, 24 mM, and 36 mM concentrations. For
each concentration, Brucella gDNA and NTC samples were tested. All RPA amplifications
were incubated at 37°C for 30 minutes. After amplification, all tubes were added to PE filters
for hybridization reaction and magnetic measurement. As shown in Figure 54A, the signal
amplitudes of Brucella gDNA samples increased with higher MgOAc concentrations.
Noticeably, the NTC samples exhibited higher signal amplitude at concentrations of 24 mM
and 36 mM than at 6 mM and 14 mM. This indicates that increasing the concentration of
MgOAc enhanced the polymerase activity. However, this enhancement might lead to an
increased activity of (Bsu) DNA polymerase on the primer dimer. Another explanation is that
when we increased the concentration of MgOAc, which contained Mg?", the ionic strength of

the reaction mixture increased, and thus, the nonspecific interaction between primers increased,
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6. Magnetic Detection of RPA Amplified DNA

which led to a more stable primer dimer formation. Similarly, other studies have reported that
increasing the concentration of MgOAc produced nonspecific amplification products, which
resulted in poor resolution for distinguishing between target DNA signals and background
signals [142,143]. From this result, the signal-to-background ratio was the highest at 14 mM

MgOAc concentration, and thus, we decided to keep it as a suitable concentration for our assay.
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Figure 54. A) Effect of MgOAc concentration. B) Effect of reaction time on signal amplitude. Error
bars represent the standard deviation of three independent measurements.

To determine the optimal RPA incubation time that produces the highest RPA product yield
and magnetic signals, we performed RPA amplifications at different incubation times. The
reaction tubes were incubated for RPA amplification at 2, 5, 15, 30 minutes at 37°C. After
amplification, all tubes were transferred to PE filters for hybridization reaction and magnetic
detection. As shown in Figure 54B, the signal amplitude increased gradually with increasing
incubation time from 2 to 15 minutes. However, longer incubation time such as 30 minutes
showed similar signal amplitude as at 15 minutes, indicating that increasing incubation time to
more than 15 minutes does not enhance the amplification efficiency. Although the incubation
times of 2 and 5 minutes were enough to produce detectable magnetic signals, 15 minutes

showed the highest signal amplitude, and was thus selected as an optimal time for our assay.

6.6. Limit of detection and specificity

The limit of detection of our RPA-FMMD assay was determined under the previously
optimized condition using a serial dilution ranging from 5 to 5 x 10° copies of the Brucella

gDNA. The RPA amplification was conducted in a total volume of 50 pL. To prepare the
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6.6. Limit of detection and specificity

reaction mixture, we mixed 20 pL of 2x reaction buffer, 9.2 uL of dNTPs, 5 uL of 10x basic
E-mix, 5 ul of DMSO and 2.4 pL of each primer. Then, 2.5 pL of 20% core reaction was added
to the tube lid and mixed. Finally, the RPA amplification was initiated by adding 2.5 puL of
magnesium acetate (MgOAc) and 1 uL of each prepared genomic DNA. The reaction tubes
were incubated at 37°C for 15 minutes. After the amplification, the reaction tubes were added
to PE filters containing the complementary capture probe P (tail) at a concentration of 5 uM for
hybridization through the tail primer, using gravity flow at a rate of approximately 200 pL/min.
Following hybridization, the PE filters were washed with 1x PBS to remove non hybridized
RPA products. For magnetic detection, the PE filters were incubated with MNPs for 3 minutes
to enable binding to the biotinylated RPA products. Finally, the PE filters were placed into the
measurement head of our portable magnetic reader to measure the signal amplitudes. As shown
in Figure 55, all concentrations ranging from 5 x 10° to 5 x 10° were detected by our RPA-
FMMD assay. However, concentrations below 5 x 10° have shown very low signal amplitudes,
similar to non-template controls. Based on the result, 5 x 10° copy numbers which correspond

to approximately (9 fM) was determined as the limit of detection of our assay.
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Figure 55. The signal amplitudes for different copy numbers of RPA-amplified Brucella DNA. Error
bars represent the standard deviation of three independent measurements.
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Evaluating the specificity of the RPA-FMMD assay in the presence of genomic DNA from
different bacterial species is important to ensure accurate Brucella detection without cross-
reactivity. Therefore, our RPA-FMMD assay specificity was further assessed by testing its
performance against genomic DNA extracted from various pathogenic species, including
Campylobacter fetus subsp. venerealis (Cfv), Campylobacter fetus subsp. fetus (Cff), the Ovax
Chlamydia vaccine strain, Escherichia coli (APEC), and Salmonella enteritidis. The
amplification and magnetic detection were conducted under the optimized conditions
established in the previous section. As shown in Figure 56, the signal amplitude was high only
for the Brucella gDNA target, while all non-target bacterial genomes showed a very low signal
amplitude. This low signal amplitude obtained from all bacterial species confirms that the RPA-
FMMD assay is specific and accurately identifies Brucella in the presence of potentially

interfering bacterial species.
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Figure 56. The signal amplitudes for Brucella melitensis and non-related bacterial genomic DNA
amplified by RPA. (A) Brucella melitensis at 2 ng/uL, (B) Ovax Chlamydia at 5 ng/uL, (C)
Campylobacter fetus subsp. venerealis (Ctv) at 27 ng/uL, (D) Campylobacter fetus subsp. fetus (Cff)
at 55 ng/uL, (E) Escherichia coli (APEC) at 83 ng/uL, (F) Salmonella enteritidis at 84 ng/pL. Error
bars represent the standard deviation of three independent measurements.
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6.7. Performance comparison to existing methods

We created a table to compare our magnetic biosensor performance with the existing diagnostic
methods used to detect Brucella pathogen. It includes conventional methods and new advanced
techniques. We covered the key parameters such as assay time, safety, stage of infection, cost,

sensitivity and specificity, see Table 9.

Table 9. Comparison of the properties of our magnetic biosensor with those of existing methods

Method E?:flitnt ?islﬁ’y Safety f;?f;::fn Cost Sensitivity/LOD Specificity Ref.
Blood culture  Living bacteria BZZE;O Low iiﬂz;to i\(/)l(;-(liiegrgte 10-90% 100% A[1243]y,35,1
Roscbengal  Antibodies  Minutes Moderate oo '©  Low 75-100% 39-100% [_41';1]45
sgeiutimation | Antbodies (L Modere (pERD RS 75-96% o9 (¥

ELISA Antibodies Hours  Moderate 2CWeto  Moderate o0 o0 98.4% [152]
Chronic to High

Quantum dot  Antibodies 2h Moderate é}cllrl;ilt: High 96.15% 94.12% [153]
. . I Acute to o o
Colorimetric Antibodies Hour Moderate Chronic Moderate  98.33% 100% [154]
. Early to Moderate o N [35,155,
PCR DNA Hours  High Chronic to High 93-100% 98-100% 156]
. . . Early to Low to o [157,15
Colorimetric DNA 2h High chronic Moderate 3.32 pg/mL 100% ]
Early to 27 * 1070
Electrochemical DNA lh High Chrgnic Moderate mol dm™ 100% [159]
* Less . Early to Low to o This
FMMD-PCR DNA than 1 h High Chronic Moderate 0.09 M 100% study
This
25 . Early to Low to o
FMMD_RPA — DNA minutes High Chronic Moderate oM 100% study
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Chapter 7

7. RPA Amplification in Temperature-Controlled Measurement

Head

To improve the FMMD technique in terms of field nucleic acid testing, the integration of RPA
amplification is vital advancement as it increases the mobile capabilities and functionalities of
the portable magnetic reader without the need for any sample-preprocessing infrastructure. The
magnetic reader sensor unit, referred to as Measurement Head (MH), consists of a nested
configuration of coils that generates low and high frequency excitation signals, LF and HF
excitation, respectively, and picks up the sample’s magnetic response signal. The thermal
energy in the MH is mainly produced by the resistive heat of the low frequency excitation coil,
which is essential for FMMD signal acquisition. The peak current through the LF-coil is 240
mA, yielding a power dissipation of approximately 2.4 W, whereas the HF-coil current of 20
mA led to just 7 mW of heating power, 350-fold lower than the LF power. Thus, the LF
excitation chain generates enough heat to be used as a temperature control input, and the HF
power is negligible. We hypothesize that this thermal energy can be utilized to drive various
biological assays, or isothermal amplification sample-pretreatment in the field, if controlled
properly. Combining isothermal amplification with FMMD allows sensitive and selective
magnetic detection and quantification of DNA in a single device without the need of additional

instrumentation for the amplification process.

To investigate the practicability of this endeavor, we apply a simple pulse width modulation
(PWM) control approach to regulate the temperature of the measurement head and to maintain
it constant at a desired pre-set temperature. We utilize temperature feedback from the LF-coil
surface, switch the LF coil current on and off by means of duty cycle control, and perform RPA
inside the MH, directly at its sample position, and assess the basic performance from the

controller perspective and from the perspective of its utilization for RPA.



7. RPA Amplification in Temperature-Controlled Measurement Head

The chapter is partly based on the original joint publication by the author and Max P. Jessing
[160].

7.1. Controller performance

To test the feasibility of RPA amplification in the measurement head, it was necessary to
examine the reliability of the temperature controller in a controlled test (lab) setting. While
performing any NA amplification before as well as during FMMD signal acquisition, the
sample to be amplified or measured is inside the sample bore of the MH. However, due to
geometrical restrictions, sample and temperature sensors cannot be installed simultaneously at
the current stage. Therefore, the temperature sensor used for feedback control was positioned
on the surface of the LF-coil in the MH, a small distance from the center of the sample position.
To help visualize this, a schematic of the measurement head, the temperature sensor and sample

position, and the principle of the power to temperature conversion can be seen in Figure 57.
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Figure 57. Schematic of the measurement head cross section, including the temperature sensor
position. A) Uncontrolled low frequency power input step. B) Uncontrolled Temperature output
corresponding to the input depicted in A. C) pulse width modulated low frequency power input. D)
Adjustable temperature output corresponding to the PWM input depicted in C.[160]

Due to the distinct control and amplification positions, it is important to not only characterize
the controller and controllable temperature ranges at the position of the feedback sensor, but
also to test the temperature at the sample position that is not directly controlled. The feedback
sensor behavior was characterized for 10 different feedback temperature settings (30, 37, 38,

39,40, 41, 45, 48, 50, 53°C) set in ascending (heating) and descending (cooling) order between
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7.2. RPA amplification

room temperature and 53°C (Figure 58A, solid lines). The corresponding temperatures at
sample position were recorded with an epoxy-passivated temperature sensor in DI-water

simultaneously (Figure 58A, dashed lines).
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Figure 58. Linear dependency of controller temperature vs. sample position temperature. The standard

deviation bars in are scaled by 20x and indicate the stability of the temperature control at sample
position.[160]

To determine the sample position temperature for any feedback controller setting, first a
“calibration” was performed. The temperature relation at the region of interest (sample position)
was plotted against the temperature at the more accessible LF-surface location, which is suited
for controlling (Figure 57B). This way, a linear relationship of Ts (sample temp.) and T¢

(feedback temp.) could be ensured to select the necessary amplification temperatures at the

sample position easily.

7.2. RPA amplification

As proof of concept, we conducted RPA amplification using the positive control template and
oligo mix primers provided in the TwistAmp® Liquid Basic kit, which is expected to produce
an amplicon of 289 bp. In our study, we tested the RPA amplification across a range of
temperatures, including 21°C, 30°C, 37°C, 38°C, 45°C, and 50°C. This range of temperatures
was chosen to investigate the amplification efficiency both within and outside the optimal
operating temperature range of RPA. This way, we could assess how the variation of

temperature, when being controlled by PWM, affects the performance of RPA amplification
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7. RPA Amplification in Temperature-Controlled Measurement Head

from a biological perspective. The RPA amplification was performed both inside our
temperature-controlled measurement head and in a water bath as a reference method. The

temperature ranged from 30°C to 50°C, and the incubation time was 30 minutes.

Figure 60 shows the gel image of the RPA products amplified inside our measurement head
and in a water bath, controlled to different temperatures. From the gel image, we confirm the
successful RPA positive control amplification, as the expected amplicons with the size of
289 bp were observed at 37°C and 38°C in both our measurement head and water bath. When
the amplification was tested outside the operating temperature of RPA, such as at low
temperatures (21°C and 30°C) and at high temperatures (45°C and 50°C), no bands were
observed. This can be explained by the decreased activity of the enzymes at lower temperatures
and enzyme denaturation at higher temperatures, which result in inefficient amplification and
therefore in absence of bands on the agarose gel. From this result, we conclude that our
implementation of a PWM controller regulated and controlled the temperature of the
measurement head sufficiently, as the bands were observed at optimal temperature range of

RPA (37°C and 38°C), while no bands were observed at low and high temperatures.

Measurement Head Water Bath

700

300

150

Figure 59. Gel image of RPA amplification inside measurement head and water bath at different
incubation temperatures. M: Marker.[160]

To validate the temperature stability at the sample position in terms of the amplification
performance, we performed RPA at different incubation times ranging from 10 to 30 minutes.
Similar to previous investigations, the amplification was performed inside our measurement
head and in a water bath at 38°C. After the amplification, the amplified products were purified
and loaded into the gel for 1 hour. As shown in Figure 61, the band intensities for the RPA

products amplified inside the measurement head and in the water bath were similar at all
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7.2. RPA amplification

incubation times. This confirms that the stability of the temperature controlled by PWM inside
the measurement head and the water bath control performance are similar in terms of their

potential for successful RPA.
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Figure 60. Gel image of RPA amplification inside measurement head and water bath at different
incubation times. M: Marker.[160]

After the demonstration of the amplification inside our temperature-controlled MH using the
positive control template and oligo mix primers, we performed another RPA amplification
using authentic Brucella gDNA and our designed primers (F3/R6) at 600 nM concentration.
The RPA amplification was tested at the optimal range of RPA amplification temperatures,
including 37, 38, 39, and 40°C for 30 minutes. As shown in Figure 62, all RPA products were
observed at all temperatures tested with high intensities. This validates that our setup can

efficiently run RPA amplification at the optimal range of temperatures for actual assays.
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37°C 38°C 39°C 40°C

166 bp

Figure 61. Gel image of RPA amplification inside measurement head at different incubation
temperatures. M: Mark.
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Chapter 8

8. Conclusions and future directions

In conclusion, we developed a new magnetic nanoparticle-based biosensor for detection and
quantification of Brucella DNA by utilizing the unique non-linear and non-hysteretic
magnetization characteristics of superparamagnetic NPs through frequency mixing magnetic
detection technology. The use of superparamagnetic NPs as sensing elements allows the precise
quantification of DNA hybridization events on a functionalized polyethylene filter. We
successfully achieved a rapid detection time of less than 10 minutes and sensitive detection of
Brucella DNA. The proposed magnetic biosensor, optimized and tested on synthetic and
amplified gDNA, exhibited a high selectivity, robustness, and reproducibility, allowing for the
reliable detection of Brucella DNA. A detection range from 19 nM to 1650 nM was found.
When tested with products amplified from Brucella genomic DNA, the detection limit was as

low as 55 copies.

The developed MNP biosensor has been enhanced in terms of portability and usability for PoC
testing of Brucella DNA. The enhancement comes from the effective integration of the RPA
amplification method with FMMD using the small-handled magnetic reader. The RPA-FMMD
assay combines the unique properties of superparamagnetic NPs with the fast DNA
amplification of RPA. The RPA-FMMD assay demonstrated a limit of detection of 9 fM with
high specific detection of Brucella genomic DNA. The total assay time is less than 25 minutes,

making it fast and suitable for field testing.

The feasibility of performing recombinase polymerase amplification in the measurement head
of the magnetic reader device prior to FMMD signal acquisition at continuously constant
ambient conditions was presented using a PWM approach with the inherently generated heat
from the LF excitation coil of the system. This simple implementation has proven to be a

valuable addition to the mobile functionality of the FMMD device for the RPA-based sample



8. Conclusions and future directions

preparation. For such an improvement, we could perform RPA amplification and magnetic

sensing in our magnetic reader without additional devices.

The developed assay is a promising PoC method with several interesting features for DNA
detection. The assay can be easily applied to detect any type of microbial pathogen and is not
limited to Brucella. In addition, the inexpensive portable readout unit, the affordable magnetic
nanoparticles, and the disposable polyethylene filters make it an attractive solution to perform
large-scale field screening and ensure the accessibility of the technology to low-/middle-income
countries. Moreover, the assay can be integrated with several isothermal amplification methods

to enhance its practicality in the field.

Future work should focus on selecting a suitable PoC DNA extraction method that can be
performed without using lab equipment. One of the methods could be using magnetic bead
DNA extraction that allows for rapid purification of DNA in a highly efficient and specific
manner. Another method is using magnetic ionic liquids (MIL), which are solvents with
magnetic properties that bind to gDNA, and can be separated by an external magnet. Another
improvement could be done by performing solid phase RPA amplification either on PE filter or
on the shell of MNPs. By performing such an amplification particularly inside the temperature-
controlled measurement head, it will improve the robustness and reliability and thus its possible

contribution to global health care.
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Figure S1. The micro-robot arm system, magnetic reader and 96 well rack.
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Figure S2. The 3D printer ender-3 system, magnetic reader and 96 well rack.
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Figure S3. The movement of grabber.
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Figure S4. The signal amplitudes of MNPs in the absence of DNA on PE filters coated with PEL
Error bars represent the standard deviation of two independent measurements.
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Figure S5. SEM images of gold nanoparticles bound to the immobilized capture probes on an amine-
functionalized PE filters.
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Figure S6. SEM images of gold nanoparticles bound to the immobilized capture probes on non-

functionalized PE filters.
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Figure S7. The Annealing temperatures of PCR.
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Figure S8. Agarose gel images for the PCR of amplified Brucella DNA (84 bp) with different copy
numbers. Lane 1: 5x10°. Lane 2: 5x10°. Lane 3: 5x10* Lane 4: 5x10°. Lane 5: 5x10%. Lane 6: 5x10".
Lane 7: 5x10°. Lane 8: Non-template control.

Figure S9. Agarose gel images for the PCR of Brucella DNA and non-related bacterial genomes (A)
Brucella positive control, (B) Brucella melitensis at 2 ng/uL, (C) Ovax Chlamydia at 5 ng/pl, (D)
Campylobacter fetus subsp. venerealis (Cfv) at 27 ng/ul, (E) Campylobacter fetus subsp. fetus (Cff) at
55 ng/ul, (F) Escherichia coli (APEC) at 83 ng/ul, (G) Salmonella enteritidis at 84 ng/ul, (H) Non-
template control.
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Figure S10. The RPA products amplified by F3/R6 primer pair.
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Figure S11. Secondary structure of the ssDNA with the size of 166 bp.
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