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Abstract
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Antibiotic resistance is becoming an increasing concern, necessitating new ways to diagnose
and treat it rapidly and accurately. One proposed solution is the use of nucleic acid amplification
tests, capable of detecting resistance in just a few hours, as opposed to the several days that
traditional testing methods may require. One concept for such a test involves the volume-
amplified magnetic nanobead detection assay (VAM-NDA), which combines rolling circle
amplification (RCA), an isothermal amplification method, with magnetic nanoparticles (MNPs)
for the detection of the RCA products.

In this thesis, improvements have been made to the VAM-NDA. Coupling of RCA products
with microparticles allowed a greater hydrodynamic increase of the MNPs when bound to these
products, facilitating the detection of shorter products. Moreover, circle-to-circle amplification
(C2CA) was performed, a technique comprising two RCA reactions, increasing the sensitivity
of the assay and leading to a 1 attomole limit of detection.

Optimization of several reaction parameters has allowed for increased sensitivity. Of highest
relevance are the changes made to the length of padlock probes, oligonucleotides used for
target recognition. These changes resulted in faster amplification. Equally important is the work
conducted on phi29 DNA polymerase. Different manufacturers and mutants of this enzyme were
tested, resulting in an improved and faster amplification. However, a previously undiscovered
feature of this enzyme was also investigated, where phi29 amplification is competitively
inhibited by the presence of ssDNA oligonucleotides, regardless of whether digestion of those
is possible or not.

Finally, a novel detection method for RCA products was developed, where nanoparticles were
made to aggregate with the DNA products, resulting in aggregates visible to the naked eye.
This method was further optimized, and integrated with C2CA, as well as substituting MNPs
for coloured polystyrene nanoparticles. The result is a fast assay that can detect down to 100
zeptomoles of target DNA visually, in less than two hours. The use of coloured nanoparticles
also allowed multiplexing using two sets of nanoparticles with different colours, and two targets
were detected in a single sample.

In conclusion, this thesis brings a DNA detection method one step closer to its use in
the identification of antimicrobial resistance. The improvements to VAM-NDA and magnetic
detection, advances on padlock probe design, the discovery of a novel behaviour of phi29 DNA
polymerase, and the potential for naked-eye detection and multiplexing are of high relevance
for future basic and translational research.
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“People who fail to regard the truth seriously in small matters,
 cannot be trusted in matters that are great.”

-Albert Einstein.
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1. Introduction and aims

There are known unknowns. In healthcare and medical science, symptoms do
not provide the full picture of a disease or condition. When a person, animal,
or plant is sick, it is often the known unknowns that make treatment hard. Is a
disease viral, fungal, or bacterial? Is the pathogen sensitive to a specific med-
ication, or resistant to it? We are perfectly aware of these important questions,
and yet, they can be hard to answer, especially in time for an efficient treat-
ment of disease.

Common diagnosis of a disease is usually done in hospitals by cultivating
the microorganism to identify it. However, that can be quite slow, taking up
to 3 days in many cases. In the last few decades, a new concept has taken root
in how we can tackle this problem: diagnostic tests. These are quicker methods
for identifying the type and characteristics of pathogens in simpler tests. Many
strategies are used to design said tests, as the goal is to have fast, accurate, and
cheap diagnoses. However, it is hard to find a single test that combines all the
mentioned traits.

Although tests aim to detect different parts of the pathogens or indicators
of their presence, one of the most common techniques is nucleic acid amplifi-
cation techniques (NAATs). As all pathogens have some DNA or RNA, and
their identity and characteristics are encoded in specific fragments of such
molecules, nucleic acids are a great target for diagnostic tests.

This doctoral thesis aims to improve, streamline, and optimize a nucleic
acid detection technique using nanoparticles to work optimally in biological
samples. This technique provides fast results, in under 2 hours, can be used to
detect specific DNA fragments of relevance, and provides visual results,
which means that less equipment is needed.

The aims of each specific paper are listed below

Paper I: This paper aims to evaluate the feasibility of circle-to-circle amplifi-
cation for clinical diagnostics, using magnetic nanoparticles for detection. It
involves comparison with rolling circle amplification and investigation of the
stability of functionalized magnetic nanoparticles.

Paper II: This paper aims to develop a novel DNA detection method, based on
the aggregation of DNA and magnetic nanoparticles, is coupled with the
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rolling circle amplification technique to allow visual detection of DNA in
samples, without the need for readout instrumentation.

Paper III: The objective of this work is to optimize the assay and aggregation-
based detection, presented in Paper II, to work with circle-to-circle amplifica-
tion. It involves testing the method with biological samples, showing the fea-
sibility of visual detection of antibiotic resistance gene sul1.

Paper IV: This work aims to explore the possibility of performing rolling cir-
cle amplification on the surface of microbeads. The objective is to preserve
the substantial size of the products while minimizing the amplification time,
thereby reducing the overall assay time.

Paper V: This paper aims to investigate a previously undiscovered competitive
inhibition of phi29 DNA polymerase in amplification reactions, occurring
specifically between extendable and digestible DNA.

Paper VI: The objective of this study is to optimize the circle-to-circle ampli-
fication technique and aggregation-based detection for increased sensitivity.
It includes testing the aggregation using coloured polystyrene nanoparticles.
Additionally, the study allows visual detection of two DNA targets within a
single reaction.

1.1. Antibiotic resistance and the need for detection
As previously mentioned, this thesis focuses on the detection of nucleic acids,
which can be used to detect and characterize various pathogens. It is important
to emphasize the fact that the groundwork laid here has the potential for dif-
ferent applications in medical, agricultural, and environmental areas. How-
ever, the tests performed in the presented papers are primarily intended to
identify antimicrobial resistance (AMR) in bacteria. The reason for this is that
antibiotic resistance is a growing worldwide problem. This is caused by the
increase in resistance to currently available antibiotics, due to overprescription
and misuse, coupled with the lack of new drug discoveries in the antibiotic
field(1). Untimely and inaccurate treatment of patients with bacterial infections
leads to huge health and economic issues. As of 2023, the cost of antimicrobial
resistance in Europe adds up to €1.1 billion in healthcare costs alone, with 100
people dying daily because of AMR in Europe in 2020(2). Moreover, it is esti-
mated that the total cost due to AMR between 2014 and 2050 will reach $100
trillion worldwide if current trends continue, potentially causing 10 million
deaths in 2050 alone(3). Alarmingly, over 50% of antibiotic treatments are
started without any knowledge of possible resistance(4). Thus, there is a critical
need for accurate and fast detection of resistance.
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1.1.1. Detection strategies
Different methods to determine antibiotic resistance have existed for a long
time. But as our technology improves so does our capability for detection. The
most common detection method for antibiotic resistance starts by obtaining a
sample, determining the species using staining and microscopy, and then
growing the bacteria in a culture(4). In this culture, antibiotics are added to see
if the bacteria can grow with the theoretically harmful molecules. This is usu-
ally done in the traditional disk diffusion test(5), but other methods are availa-
ble(6). This process demands a substantial amount of laboratory equipment and
it can take up to 3 days(4), especially in the cases of multiresistant bacteria(7),
which usually grow slower.

Antibiotic resistance is in most cases caused by antibiotic resistance genes,
which encode proteins that modify, excrete, or destroy the antibiotic mole-
cules to reduce or negate the harmful effects on the bacterial cell(7). Detection
of the genes can occur before the expression of proteins, which makes antibi-
otic resistance gene detection a great pre-treatment asset, but other tests are
available to determine the presence of the proteins or the ability of the bacteria
to grow in the presence of antibiotics(6,8). While these tests are not to be un-
derestimated and can be a great tool, the focus of this work is on the detection
of antibiotic resistance genes. Figure 1 shows the difference between the clas-
sic laboratory pipeline for the detection of antibiotic resistance versus the an-
tibiotic resistance gene detection methods.

Figure 1: Illustration of the classic antibiotic resistance detection methods vs the new
gene detection methods.
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1.2. Biosensors and bioassays
The specific definitions of a biosensor and bioassay are not clear, and there is
still no accurate consensus on how to define them. Roughly put, a biosensor
is a device with a biological sensing element that produces a signal in the
presence of a given molecule(9). The signal is picked up by a transducer and
an output signal is generated. A bioassay is a test to determine certain charac-
teristics of a sample, in which a biological component is used(10). A biosensor
and bioassay may serve the same purpose, but one is a device that performs a
task, and the other is a test that needs to be performed. The differences and
similarities of biosensors and bioassays are represented in Figure 2.

A biosensor, in many cases, is simply a device that performs a bioassay and
generates an output signal. This thesis deals with the development and im-
provement of a bioassay, although the long-term goal has always been to in-
tegrate it into a biosensor or a microfluidic test device. A microfluidic test
device is a small, automated device that carries out reactions on its own. It
only needs the introduction of a sample at a starting point, after which the
sample travels through the channels in a pre-set form. Reagents can be deliv-
ered with the sample or preloaded in the device in dried form. Human super-
vision is not required to carry out the reactions(11).

Figure 2: A basic representation of biosensors and bioassays. Both are designed to
detect an analyte or a characteristic of one. Through a recognition element, which is
biological for biosensors and usually for bioassays as well, there is a measurable
change. In biosensors, a transducer produces a signal upon recognition, which is pro-
cessed and displayed. In bioassays, other reagents may be used and normally incuba-
tion times are required. An instrument is finally used to detect changes in the recog-
nition element or downstream steps resulting from the recognition. If the recognition
element is not biological, other biological components are used downstream for it to
qualify as a bioassay.

1.2.1. Point of care testing
Regardless of the type of test chosen, whether it be classic or antibiotic re-
sistance gene detection, both may require lots of equipment, as well as trained
personnel and clean conditions. Nowadays there is a push to move past the
need for centralized laboratories and move testing closer to the patient, using
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so-called point of care (POC) testing. This means testing that can be per-
formed at the bedside of a patient in a hospital, in a doctor´s clinic, or even at
home by the patient (12). Such types of testing require devices that can run
complex tests on their own, usually using a biosensor. Alternatively, a bioas-
say can be performed in a small testing device, often disposable, like in the
case of the COVID-19 testing using lateral flow immunoassays.

In specific cases of bacterial infections, practitioners often need to pre-
scribe antibiotics without conducting laboratory tests before treatment. For in-
stance, in urgent situations, such as sepsis, waiting for lab results is not an
option. Additionally, in rural areas and developing countries, the absence of
nearby laboratories is a great challenge. These obstacles push the science to-
wards simpler, cheaper, and faster assays and devices that can be manufac-
tured in advance and miniaturized as much as possible(13). These have been
some of the issues driving the work performed in this thesis.
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2. DNA amplification

DNA detection can be accomplished in several ways. Cutting-edge technol-
ogy makes it possible to detect DNA without any amplification, for example
by some forms of sequencing, or extremely sensitive colorimetric or fluores-
cence-based methods(14). However, when we look to detect a small fragment
of a specific sequence, amplification is usually required before the detection
step.

DNA amplification can be done in many ways, but usually requires some
similar components. Namely, it needs an enzyme that carries out a polymeri-
zation reaction of a specific fragment. The specific fragment also needs to be
recognized by something, usually a complementary sequence. This is also re-
quired for amplification, as most polymerases require dsDNA to initiate the
polymerization.

However, once we have covered these requirements, amplification can be
performed in several ways, which are described below.

2.1. Thermal cycling vs isothermal amplification
The most common DNA amplification technique is the polymerase chain re-
action, or PCR(15,16,17). This technique has become the gold standard because
it provides exponential amplification, meaning that it can generate a lot of
DNA copies from a few copies of a target. PCR is based on thermal cycling,
changing the temperature of the reaction many times(18). This is because once
the duplication of the target has occurred, a denaturalization step at high tem-
peratures (usually around 95 ˚C) is used to separate the product and template,
allowing both to become templates for subsequent amplifications(18). For this,
PCR requires a polymerase that can perform amplification at high tempera-
tures and withstand 95 ˚C while remaining viable. On the other hand, PCR has
many disadvantages, such as issues with false positives and negatives(19), but
also the requirements for trained personnel and the need for a thermal cycler,
a bulky and costly machine that usually can only be found in laboratories(20).

To bring DNA amplification and detection to other settings, we find an
alternative in isothermal amplification(20). This is done by polymerases work-
ing at a single temperature. In many cases, this can be room temperature, but
otherwise, using a simple heater to bring the samples to any desired
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temperature can easily be accomplished(21). Additionally, such heaters are
much cheaper and easier to use than thermocyclers. Isothermal amplification
often relies on polymerases capable of strand displacement(22,23). While ther-
mocycling allows for heat to separate the template and product DNA strands,
in isothermal amplification that does not happen, so a different way to separate
them or create new templates is required. Strand displacement is a feature of
some polymerases that allows them to separate dsDNA encountered down-
stream while performing amplification. A few examples of isothermal ampli-
fication techniques are rolling circle amplification (RCA)(24,25), loop-mediated
isothermal amplification (LAMP)(26), recombinant polymerase amplification
(RPA)(27), or multiple strand displacement (MDA)(28).

A simple schematic of the instrument required for PCR and thermal cycling
schedule can be found in Figure 3, panel A, while the representation of a sim-
ple heater and the temperature control for isothermal amplification can be
found in panel B of the same scheme.

2.2. Linear vs exponential amplification
A very important part of an amplification technique is the quantity of product
it generates, as usually, the detection of DNA requires a relatively large quan-
tity of DNA. An amplification that generates more total DNA will provide a
more sensitive method, with less starting DNA required for detection. A key
mechanism for generating a lot of DNA copies is if the method can create
more templates or target DNA. DNA polymerases provide amplification at a
given rate, but how many polymerases can act is mostly dependent on how
many targets can be bound and amplified simultaneously. If that number can
increase during the reaction, it is an exponential amplification method. If it
cannot, it will be a linear amplification method. The difference can be seen in
Figure 3, panels C and D.

While exponential amplification is best for sensitivity, it is not always the
best for specificity(29). Once a mistake is made and a non-target DNA fragment
is amplified, the exponential reaction will generate more and more products,
resulting in a false positive(29).

Exponential amplification is usually achieved by adding a synthetic primer
that can bind to the products of a first, linear, amplification. Doing so always
results in mostly dsDNA products, while linear amplification can result in ei-
ther ssDNA or dsDNA products depending on the specific method and setup.
Most methods aim for exponential amplification, and this is the usual case of
PCR, LAMP, and RPA. RCA has the potential to achieve exponential ampli-
fication(30,31), but often RCA is performed without the required primers for
exponential amplification, and generates ssDNA products(32,33,34).
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Figure 3: Types of amplification. Main features of A: thermal cycling, where a ther-
mocycler is used to change temperatures many times during the reaction. B: isother-
mal amplification, where a simple heater can be used as the temperature is constant
throughout most of the reaction. C: exponential amplification, where a single template
generates products that can be used as templates with complementary primers, for
exponential amplification. D: linear amplification, where a single template and primer
generate products one at a time.

2.3. Rolling circle amplification and circle-to-circle
amplification
RCA takes its name from rolling circle replication, a type of DNA replication
used by bacteria and viruses to copy circular DNA elements. In RCA, a circu-
lar template is used for amplification by a polymerase with high strand
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displacement, that polymerizes long ssDNA products of concatenated copies
of the complementary sequence to the circular template(24,25).

RCA in diagnostics is usually performed with padlock probes (PLPs), lin-
ear ssDNA oligos of around 40-120 nt that bind complementary to a target of
choice through both ends, bringing them together to form a closed circle(35,36).
Using a DNA ligase, the ends can be joined to have a truly circular molecule,
which can be used as a template, with the original target serving as a primer
to start the amplification. Using PLPs makes the reaction highly specific be-
cause hybridization with the target must be very accurate, especially at the
ends of the PLP(37). If this is not the case, the ligase will not be able to circu-
larize the molecule and the amplification will halt at the break in the template.

Standard RCA is also most often performed using phi29 DNA polymerase.
This is a DNA polymerase found in bacteriophage phi29, with excellent char-
acteristics for isothermal amplification(38,39). It works well between room tem-
perature and 37 ˚C. This enzyme has great strand displacement ability, allow-
ing it to unwind any dsDNA it encounters downstream of the amplification
start, making it perfect for circular template amplification(38). It also boasts
high processivity(40), which means that once a molecule has bound to the tem-
plate and initiated amplification, it will remain in the template for a long time.
Phi29 DNA polymerase products usually reach around 70,000 nt in length be-
fore the polymerase detaches from the template(38). Very importantly, this en-
zyme does not only polymerize DNA but also has a 3’-5’ exonuclease do-
main(41). This is used for proofreading, which entails removing newly incor-
porated but mismatched nucleotides and then continuing the polymerization.
However, this exonuclease domain is capable of digesting any unmodified
ssDNA oligos present in the reaction as well.

As previously mentioned, RCA generates long ssDNA products and the
amplification is linear, meaning it copies the same template over and over. To
generate the same products, but with exponential amplification, circle-to-cir-
cle amplification (C2CA) can be used(42). C2CA is a method consisting of
more than one round of ligation and RCA. After the first round of RCA, the
products are monomerized into linear ssDNA copies of the PLP template us-
ing a restriction oligo (RO) and restriction enzyme. The RO is used to generate
dsDNA in and around the cut sites for the restriction enzyme. Subsequently,
the uncut RO serves as the target for the monomers to hybridize with. The
monomers serve as PLPs and hybridize by bringing their ends together. An-
other RCA follows with a ligase creating a new circular template for each
monomer of the original reaction, and a new amplification creating a long
ssDNA product out of each circular template. This method provides for expo-
nential amplification, although not a very efficient one, as the products be-
come templates only a single time for every additional round of amplification.
However, it yields significantly more DNA products than the linear RCA.
While this process can be repeated more than one time, it is time-consuming
and requires intermediate steps of enzyme inactivation and digestion, which
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is why C2CA rarely involves more than two amplification reactions. A two-
round C2CA improves sensitivity around a thousand-fold over RCA while
generating the same type of ssDNA products.

In the works presented in this thesis, RCA and C2CA reactions have been
carried out using different protocols and reagents. RCA was mainly used in
Papers II, IV, and V, while C2CA was used in Papers I, III, and VI. Different
enzymes and incubation times have been used, but the underlying principles
of amplification remain the same: to generate long ssDNA for detection. The
steps for both RCA and C2CA are displayed in Figure 4.

Figure 4: The basis of RCA and C2CA for biological samples as performed in this
thesis. If isolation is not required, the magnetic capture bead is not necessary. RCA
stops after the first amplification, while C2CA involves the further digestion of the
products into a new template, and a second amplification, resulting in exponential
amplification.

2.3.1. Padlock probes
As previously mentioned, PLPs are of high importance for RCA. However,
not that much research has been done on PLP design. Before this thesis, PLPs
used in other publications were long, about 100 nt, and focused on having
strong binding to the target(43,44,45). This approach is used in some of the Papers
in this thesis such as Paper I, Paper II, and Paper IV.

However, the reason for this is unclear. Research on DNA circles has been
conducted primarily in longer dsDNA circles. dsDNA circles are relevant for
human health in bacterial plasmids, mitochondrial DNA, and viral DNA(46).
Extrachromosomal circular DNA, or eccDNA, has recently begun to be of
interest as well(47). However, all such DNAs are usually over 100 bp long, and
knowledge of smaller circular sequences is scarce. The reason for this is that
they are not stable. It has long been established that the length required for a
stable, unconstrained circle of dsDNA in B-DNA shape is around 126 bp(48).
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Padlock probes present an interesting problem. They start as ssDNA, which is
known to behave as a flexible polymer, and in fact, it is known that circular
molecules of as little as 11 nt can be amplified(49). When PLPs hybridize with
the target, they are partially dsDNA and ssDNA. But, once polymerization
happens, the PLP becomes mostly dsDNA, as the complementary sequence is
polymerized. When this happens, the dsDNA cannot stay in a stable B-DNA
double helix shape. Studies show that a 42 bp circle must adopt a U-turn struc-
tures and deform(50), and it must be assumed that all circles of dsDNA under
126 bp must undergo at least some deformation from the B-DNA shape. This
aids amplification, as phi29 and Bst polymerases show more efficiency in
polymerization on templates with more constraint, and with half-turns in the
double helix(51). 126 bp yields a whole number when divided by the 10.5
length of a double helix turn of B-DNA. However, Joffroy et al. claim that
template lengths resulting in half-turns of the double helix are better for am-
plification(51). They hypothesize that this is related to the fraying probability
of the last two nucleotides of the forming template. But this can also be ex-
plained by strand displacement. As the polymerase goes over the template af-
ter one round, it is fully dsDNA. Thus, it must unwind the downstream DNA
to generate the ssDNA template for further polymerization. This is process is
called strand displacement, and, the more tension on the DNA, the less energy
required for it. Phi29 is known to stop polymerization less when the template
is under more tension(52). Thus, a shorter template, further away from the most
efficient shape of a full double helix, increases the tension and allows the pol-
ymerase to work faster. Such findings are in line with reports that polymerases
such as Klenow fragment, which have a much weaker strand displacement
capability than phi29 and Bst, show the best performance in smaller circles of
34 nt(24). It is likely that at such small sizes, the DNA might not be as stable as
dsDNA, melting in certain regions to allow ssDNA to stabilize the shape of
the molecule.

In this thesis, Papers III and VI deal with the optimization of the padlock
probes based on the research described above.

2.3.2. Magnetic capture
A biological sample contains numerous molecules that are not of interest and
may hinder the amplification reaction if they are present. Although RCA can
be performed as previously described, magnetic capture of the DNA target of
interest is used to isolate it from any other molecules that could potentially
interfere with the amplification or detection process(53,54). In this thesis, mag-
netic capture was consistently used for C2CA, regardless of whether the target
was of a synthetic or biological nature.

For this, a magnetic microparticle (or capture bead, CB) is used. The CBs
are functionalized with DNA oligos that bind the DNA target of interest out-
side of the PLP binding site. Using a simple permanent magnet, separation of
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the CB-target complexes can be done easily. A thorough visual representation
can be found in Figure 10, in Material and Methods.
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3. Detection strategies

After the amplification process, the sample contains significantly more DNA
compared to what it did originally. Still, it is not visible, so a setup for detec-
tion is required. The earliest technologies for this purpose originated in the
1970s, such as Southern blotting(55), and the 1980s, like restriction fragment
length polymorphism (RFLP)(56). It has become apparent that two main prin-
ciples exist for detection. The first approach involves probe detection, in
which a synthetic DNA oligo modified with a label can be washed over or
incubated with the DNA of interest. If a complementary sequence is present,
it will bind to it, and subsequently, detection becomes possible using the label,
which can be radioactive, fluorescent, or another suitable marker. The second
approach involves intercalating agents, which include molecules like ethidium
bromide or more recent compounds such as Sybr Green. These molecules bind
to DNA and emit fluorescence that can be detected. Nowadays, types of such
chemicals that bind preferentially to dsDNA or ssDNA are commercially
available. Note that while DNA probes only work if the complementary strand
is present, intercalating agents bind DNA regardless of sequence. The idea
behind intercalating agents and detection probes is visible in Figure 5.

Figure 5: Main detection method principles. To the left, the use of intercalating agents
such as ethidium bromide or Sybr Green. These molecules bind to the DNA and also
deform the traditional helix shape. To the right, the use of detection probes. A com-
plementary sequence oligo binds to the DNA. The probes are equipped with detection
molecules such as biotins, fluorophores, nanoparticles, or other markers.

3.1. Gel electrophoresis
The most commonly used detection technique for DNA is electrophoresis in
an agarose gel. This is a technique used to separate DNA according to their
size. A gel made of agarose with ethidium bromide or another intercalating
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agent is prepared (57), and DNA samples are loaded into wells at the upper end
of the gel. Electrical current makes the negatively charged DNA molecules
migrate through the gel in the direction of the positively charged electrode,
which occurs at different speeds determined by the size and shape of the mol-
ecules, as well as the agarose content of the gel. Due to the fluorescent inter-
calating agent, the gel can afterward be imaged in an ultraviolet transillumi-
nator to reveal the so-called bands at different heights, where the DNA of a
similar size has accumulated. To determine the size of products, DNA ladders
have been developed, and a pre-set mix of DNA of specific lengths is to be
used as a reference. Gel electrophoresis is commonly used in combination
with PCR(58), as the size of the amplification products is known. It is also fre-
quently used in conjugation with LAMP and with other setups.

In this thesis, gel electrophoresis has mainly been used as a method to con-
firm results from other detection methods. This is because gel electrophoresis
can detect total DNA, giving information on any unwanted amplification that
might not be detected by sequence-specific probes.

3.2. Fluorescent tags
Although gel electrophoresis relies on fluorescence, several other methods
employ similar principles. In these cases, fluorescent DNA probes are used,
and detection is performed either in solution without the need for gel(59) or
through fluorescence microscopy(60,61). dsDNA dyes such as Sybr Green are
widely used in PCR, especially in quantitative PCR (or qPCR). In qPCR, flu-
orescence images are captured during the amplification process (62), allowing
real-time quantitative results.

Fluorescence spectroscopy is another commonly used method for DNA de-
tection(63). Modern spectrophotometers can perform fluorescence spectros-
copy measurements on dozens or hundreds of samples quickly, using multi-
well plates, which allows for high-throughput analysis.

Most fluorescent reagents, however, require careful handling, as exposure
to light can quickly degrade them, potentially compromising the outcomes of
numerous experiments and wasting costly compounds

Oligonucleotides coupled to a fluorescent molecule have been used in this
work to determine the stability over time of the binding of biotinylated oligos
to magnetic nanoparticles (MNPs) in Paper I.

3.3. Magnetic sensing
Several types of biosensors have been developed focusing on measuring mag-
netic properties. Biological samples are generally not magnetic, so magnetic
particles or nanoparticles are used, usually with a probe to bind to the
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biological element(64,65). Such particles can be manufactured for this purpose
with biocompatible coatings and molecules for attachment or capture of a sur-
face or molecule, such as biotin or streptavidin(66,67).

Many magnetic sensors have been developed by taking advantage of prop-
erties of magnetic materials such as the Hall effect (68,69), giant magnetore-
sistance(70), or giant magnetoimpedance(71,72). Measuring magnetic parameters
in the sensor surface offers a baseline, which is disturbed by the binding of
magnetic particles. This occurs only in the presence/absence of the DNA tar-
get of interest (or another analyte to be detected). These sensors are generally
cheap and very sensitive, making magnetic biosensors an interesting option
for the detection of biological molecules(73).

3.3.1 Brownian relaxation of MNPs and AC susceptometry
The dynamic magnetic response of suspended MNPs to an alternating mag-
netic field with angular frequency 𝜔 can be described by the complex mag-
netic susceptibility 𝜒(𝜔). The 𝜒(𝜔) for monodispersed, non-interacting
MNPs is described by the Debye theory(74)

𝜒(𝜔) = 𝑚(𝜔)
𝐻𝑎𝑐

= 𝜒0−𝜒∞
1+𝑖𝜔𝜏

+ 𝜒∞ (1)

with 𝑚(𝜔) being the complex magnetization, 𝐻𝑎𝑐 the amplitude of the AC
magnetic field, 𝜒∞ being the high-frequency susceptibility and 𝜒0 the low
field static susceptibility, and 𝜏 the relaxation time. The equation can be rear-
ranged to

𝜒(𝜔) = 𝜒′(𝜔) + 𝑖𝜒′′(𝜔) (2)

with the real and imaginary parts defined as

𝜒′(𝜔) = 𝜒0−𝜒∞
1+(𝜔𝜏)2

+ 𝜒∞ (3)

and

𝜒′′(𝜔) = (𝜒0−𝜒∞)𝜔𝜏
1+(𝜔𝜏)2

(4)

MNPs used in this work are superparamagnetic and exhibit Brownian relaxa-
tion behaviour(75), which depends on the rotation of a magnetic particle in a
liquid. The Brownian relaxation time can be defined as

𝜏𝐵 =
3η𝑉𝐵
𝑘𝑇

                        (5)

With η being the dynamic viscosity of the liquid and 𝑉𝐵 the hydrodynamic
volume of the particle.
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In AC susceptometry a time-varying sinusoidal AC magnetic field is applied
to a sample by an excitation coil. The hydrodynamic volume of the MNPs
increases when the probes on the MNP surface bind to a complementary mol-
ecule in the sample. This decreases the Brownian relaxation frequency of the
MNPs, which define the frequency of the peak in the imaginary part of the
susceptibility spectra described above This method was theoretically de-
scribed at the turn of the millennium(76) and validated later on(77).

When performing RCA or C2CA, the products are incredibly large ssDNA
molecules. The binding of these products shifts the nanoparticle's Brownian
relaxation frequency to lower frequencies due to a sharp increase in hydrody-
namic volume. This is the working principle behind the volume-amplified
magnetic nanobead detection assay (VAM-NDA)(78), which was the founda-
tion behind the work performed and reported in this thesis.

In this thesis, AC susceptometry measurements have been used as an accu-
rate method to validate and quantify the results and to provide solid compara-
tive data to optimize the methods. AC susceptometry was performed in a Dy-
nomag (RISE Acreo, Göteborg, Sweden). The basic idea behind the Dynomag
and the detection of hydrodynamic volume changes in VAM-NDA can be ob-
served in Figure 6.

Figure 6: Basic setup and results obtained using the AC susceptometer Dynomag. A:
sample tube shape, instrument, and inner workings. The sample is placed in the ma-
chine, where the excitation and pickup coils measure the magnetic susceptibility spec-
tra. Part of the coils was removed in the illustration to see the pickup coil and sample.
B: The imaginary part of the equation is plotted when the magnetic particles in the
sample are unbound. C: as B, but when some of the particles are bound to an RCA
product, the Brownian relaxation frequency becomes lower as the hydrodynamic ra-
dius of the bound particles increases. A smaller peak remains at a higher frequency,
as not all particles are bound.

3.4. UV spectroscopy
UV spectroscopy is one of the most common ways to detect the quantity of
DNA in samples. DNA absorbs light at around 260 nm wavelengths, facilitat-
ing its detection(79). However, this method lacks specificity, providing



29

readouts only related to DNA concentration. Moreover, primers, dNTPs, and
other reaction items can skew such readouts, making UV spectroscopy un-
common for the detection of amplification products unless a purification step
is performed beforehand.

There are, however, alternative ways of using UV spectroscopy in DNA
detection. These methods employ indirect detection, where a label is added to
bind to DNA and alter the absorption wavelengths, or the use of nanoparticles
that change absorption wavelengths when they aggregate, such as gold (Au)
nanoparticles(80).

One of the main advantages of UV spectroscopy, similar to fluorescence
spectroscopy, is the rapid analysis of hundreds of samples in multi-well plates.

In this thesis, UV spectroscopy and turbidity analysis have been used for
the rapid analysis of numerous samples, greatly surpassing the speed of AC
susceptometry. While not having the same accuracy as AC susceptometry, the
use of multiple measurements per well showed considerable potential for com-
parative sample analysis.

3.5. Visual
Visual detection usually involves recognizing distinct differences between a
sample where amplification has taken place and one where it has not, visible
to the naked eye. However, it can also include other visual methods such as
optical microscopy.

Visual detection is one of the most interesting detection methods for POC
testing because it requires no or little readout equipment and no readout time.
When working with microscopical molecules, obtaining results that can be
visible to the naked eye can be challenging. However, different methods have
been developed to overcome this. There are two main types of visual DNA
detection, colorimetric and aggregation-based, and they are described below

3.5.1. Colorimetric
Colorimetric changes in a sample can occur in the presence of DNA that are
so stark they can be seen by human eyes. There are two main colorimetric
detection types of DNA amplified products, aggregation of nanoparticles with
high surface-plasmon resonance (SPR) in the presence/absence of DNA, or
solution changes due to the amplification reaction.

Aggregation of particles with a colour, such as Au nanoparticles, can result
in a change of said colour. Solutions with Au nanoparticles in dispersed form
have a red hue. If they aggregate, the solution changes to a purple or blue
coloration. This is because spherical Au nanoparticles have a high SPR. SPR
is a phenomenon that occurs when light hits a metal surface, and the light
energy excites the surface electrons, resulting in an electromagnetic field(81).
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This induces a strong absorption of the light, at a wavelength dependent on
the size and shape of the particle(82). This can be used to detect DNA specifi-
cally, by having the nanoparticles functionalized with probes to bind the DNA
and aggregate(83), or unspecifically, by adding a salt. Positively charged salts
will make the negatively charged nanoparticles aggregate by neutralizing the
surface charge repelling them, unless DNA molecules of negative charge can
stabilize the particles(84,85). The basic idea of colorimetric change in Au nano-
particle solutions, when they aggregate, is displayed in Figure 7.

Figure 7: A schematic illustration of Au nanoparticle behaviour for the detection of
DNA targets. Reproduced from Wachiralurpan et al., 2018(86)

The process of DNA amplification also changes molecules within the reaction
solution, by interaction with enzymes or amplification products. Such changes
can be monitored, which makes this detection unspecific to the products gen-
erated, as only if amplification occurs is monitored, and not the product se-
quence. However, these methods offer the advantage of high sensitivity and
fast, equipment-free detection. During the amplification, DNA polymerases
use deoxynucleotides triphosphate (dNTPs), cleaving them into a deoxynucle-
otide monophosphate (dNMP) and a pyrophosphate (PPi). PPi accumulates as
the amplification proceeds, and dyes that change colour in the presence of PPi
can be used(87). Enzymes that further cleave it into single inorganic phosphates
(Pi) are called pyrophosphatases, and there are also dyes that change colour
upon binding of the Pi. If both are added to the reaction mix, Pi dyes can be
used for detection(88). Due to the release of negatively charged ions, the pH of
the solution can also change if it is not strongly buffered. This can lead to pH
colour indicators used for colorimetry(89). Lastly, DNA polymerases require
metal ions, and the addition of Mg2+ or Mn2+ is required for their function. In
LAMP, PPi precipitates with these cations, allowing the use of metal-binding
dyes. During the reaction, the precipitation of the metals will revert the colour
of the solution to the colour before metal ions were added(90,91).

Colorimetric readouts, using coloured polystyrene nanoparticles, in combi-
nation with image analysis, were used in Paper VI.
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3.5.2. Aggregation
Although it has been mentioned before the use of Au nanoparticles in aggre-
gation strategies, its outcome is primarily colorimetric. Aggregation of other
types of particles and/or DNA itself can result in visual detection.

Aggregation strategies are mostly performed with RCA, due to its ability
to produce long ssDNA products(38). These products can spontaneously col-
lapse into micrometer-sized aggregates (92). Long ssDNA products can also be
made to fold or aggregate in specific ways by altering and managing the tem-
plate DNA of a PLP. A good example is the G-quadruplex formation in RCA
products for fluorescence detection(93).

Nano and microparticles can selectively bind DNA through functionaliza-
tion with complementary DNA oligos. Alternatively, they can bind DNA un-
specifically through avidin or streptavidin interactions, or even through charge
interactions, as DNA is negatively charged and positively charged particles
may bind to it. Nonspecific aggregation of magnetic particles generating vis-
ual aggregates was described before, where micrometer-sized particles were
aggregated using a permanent magnet, and resuspension was only possible if
no RCA products were present in the solution(94). In the research preceding
this thesis, VAM-NDA has been known to generate distinct clusters and ag-
gregates of DNA and oligonucleotide-functionalized MNPs. However, these
clusters were only visible through different microscope techniques, such as
transmission electron microscopy (95) or atomic force microscopy (96)

In this thesis, aggregation plays a central role, being a prominent feature in
Papers II, III and VI. The thesis introduces and optimizes a novel detection
method based on VAM-NDA, which is capable of producing visible aggre-
gates between RCA products and nanoparticles.

3.6. Image analysis
Although image analysis is not inherently a standalone detection strategy, it is
very often coupled with other strategies, usually of a visual or optical nature.

While a lot of details could be given for image analysis and its use in diag-
nostics, it mainly involves the development of software aimed at performing
one or more of the following tasks: labelling, processing, and extracting data
from images. This is crucial in high-throughput systems, where many images
are acquired automatically, and manual processing would be very time-con-
suming. Artificial intelligence (AI) and deep learning have also emerged as
valuable tools for extracting data and categorizing images, sometimes better
than humans.

Image analysis has been used in various applications, such as obtaining data
from gel electrophoresis images of DNA fragments(97), or analysing fluores-
cence in qPCR images and extracting relevant values(98). In some cases, AI
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can improve decision-making processes, such as optimizing the DNA yield
for sequencing from tumour tissue(99). One of the biggest platforms for image
analysis in the biological sciences is ImageJ(100,101), an open-source program
using Java. ImageJ is capable of the simplest analysis and processing of im-
ages while featuring many open-source plugins and the chance to implement
macros to run on any set of images.

Image analysis was used in Paper VI for analysing samples in multiple tar-
get detection based on coloured nanoparticle aggregation.
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4. VAM-NDA

VAM-NDA, published for the first time in 2008, relies on detecting changes
in the rotation of MNPs. These MNPs, exhibiting Brownian relaxation behav-
iour, are functionalized with oligos complimentary to DNA amplification
products, which results in the binding of the MNPs and DNA(78). DNA ampli-
fication is usually based on techniques like RCA or C2CA, which produce
remarkably large products(102). The MNPs are added after the DNA amplifica-
tion and bind to the DNA products. The binding process depends on factors
such as the oligo sequence and complementarity to the products, oligo surface
coverage, and particle size, resulting in the formation of different types of
clusters or aggregates(96,103). Upon the MNPs binding, the hydrodynamic vol-
ume of the particles increases, leading to a change in their Brownian relaxa-
tion. These dynamic changes, detailed in section 3.3.1, are measured using a
magnetometer.

A superconducting quantum interference device magnetometer was origi-
nally used for such purpose(78), although later on a faster and cheaper commer-
cial AC susceptometer was used(104) and an optomagnetic readout device has
been tested as well(105). Free and unbound MNPs exhibit a peak in the imagi-
nary part of the frequency-dependent magnetization spectra (𝜒′′), which value
is directly proportional to the total quantity of magnetic material in the sample.
The frequency at which this peak is depends on the size of the MNPs. The
binding of these MNPs to the large DNA products shifts the frequency peak
to lower frequencies and reduces the values of the frequency peak representing
the unbound MNPs. This allows for comparative analysis of samples by com-
paring the values of the peaks in negative control (NC) samples with other
samples(78). A visual representation of how VAM-NDA works using RCA and
how the reaction differs between positive and negative samples can be found
in Figure 8.

VAM-NDA has successfully been used to detect resistance genes in Myco-
bacterium tuberculosis(106), detection of two sequences in one sample (105), and
detection of DNA in a homogeneous assay combined with a microfluidic setup
(107).

However, the basis of VAM-NDA leaves room for improvement, as there
are unknowns regarding the RCA products and the binding behaviour of the
MNPs. As the RCA products grow, they become so large that they collapse
into micrometre-sized coils(92). This begs the question of if and how the MNPs
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bind effectively. Long ssDNA strands behave like negatively charged random
polymers, and their collapse might occlude potential binding sites. A tech-
nique used to increase the sensitivity of VAM-NDA was real-time sensing(108),
which has more potential, due to the possible binding of the products before
their collapse, and stabilization of the ssDNA by having dsDNA regions where
the probes might bind.

But the question of whether the MNPs are binding as efficiently as possible
and how the DNA coils behave remains. Most end-point sensing protocols
required a relatively long step for binding, of 20 minutes at 55 ˚C, before
measurement in the AC susceptometer(104).

Figure 8: The principle behind VAM-NDA. Hybridization and circularization of the
padlock probe only happen if the target with the complementary sequence is present.
If so, amplification and binding of particles to the products occur, resulting in low 𝜒′′
values. If hybridization and ligation do not occur, there is no template for amplifica-
tion, and the particles cannot bind any products, as they are not present. This results
in high 𝜒′′ values due to the free, unbound magnetic particles.
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5. Materials and Methods

This section aims to explain the reasoning behind some of the protocols and
materials used in this thesis from an overarching perspective that cannot be
found in the individual publications. For full protocols, please refer to the in-
dividual papers.

5.1. Synthetic oligonucleotide design and use
Synthetic oligonucleotides are used in all publications in this thesis, as they
are required for recognition, amplification, and detection. The design of these
has been performed and optimized depending on the desired functions. Below
is a description of the main types of oligonucleotides used and their sections
of relevance for their function.

5.1.1. Design and use of padlock probes
Padlock probes are used in all papers presented in this thesis, with part of Pa-
pers III and VI focusing on the optimization of padlock probes.

PLPs are linear sequences that serve the purpose of recognizing a DNA
target and hybridizing with it, bringing the 3’ and 5’ ends of the PLP together
for subsequent ligation. The importance of their design is evident, as seen in
some of the works within this thesis. The most straightforward approach for
designing a PLP involves identifying the essential regions required for its
proper functionality and the subsequent amplification products it produces. In
this work, the regions of interest include the target recognition sequence, the
restriction segment, and the detection oligonucleotide (DO) binding site. Tar-
get recognition involves binding to the DNA target, the restriction segment
consists of a sequence in the amplification product that can be cleaved by a
restriction enzyme, and the DO binding site encompasses a sequence in the
product that can be bound by probes for detection.

The temperature for ligation, amplification, digestion, and binding of the
products by the DOs will dictate the length of each region, as melting temper-
ature is determined by the sequence and length of the corresponding regions.

In this thesis, the arms (the two sides of the PLP that compose the target
recognition sequence) of the PLPs have typically been around 15 nt each, the
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restriction segment around 20 nt, and the oligo binding site within the range
of 20-30 nt. In Paper VI, the length of the PLPs was reduced to 60 nt, which
necessitated merging the target recognition sequence and the oligo-binding
site. This was necessary since shortening the probe while keeping both regions
separate and of similar length was not possible.

In the context of antibiotic resistance, several genes may provide resistance
against the same antibiotic. Through effective PLP design, it is possible to
employ several PLPs in a single reaction, each with a different target recogni-
tion sequence but having the same oligo-binding site. This can allow the de-
tection of resistance against a specific antibiotic, regardless of which of sev-
eral genes providing the resistance may be present. However, if the target
recognition and oligo binding site are merged, achieving this with a single DO
is no longer viable. Nevertheless, it is feasible to use several types of DOs
with different sequences for the functionalization of nanoparticles used in the
detection.

The design and size-related changes in the padlock probes within this the-
sis, as well as the different sites, can be found in Figure 9. This scheme also
provides the basic structure of the ROs and DOs

5.1.2. Restriction oligonucleotides
ROs bind to the RCA products, generating dsDNA in and around a sequence
recognized by a restriction endonuclease. This binding allows digestion and
monomerization of the RCA products. In this work, the restriction enzyme
AluI was used for monomerization, and thus all ROs shared the same re-
striction sequence of 5’-AGCT-3’. The same RO was used for the majority of
products, as nearly all PLPs had the same restriction segment sequence. Ad-
ditionally, the undigested ROs also serve as targets during the ligation and
amplification of the second round of RCA in C2CA.

5.1.3. Detection oligonucleotides
DOs are used for the detection of the amplification products. The DOs used in
this thesis are equipped with a biotin group at one end, usually located at the
5’ end, along with a 20-30 nt sequence, the binding site, that is complementary
to the amplification products.

The biotin and the binding site are separated by a T-tail, usually consisting
of 20 T nucleotides. This T-tail separates the nanoparticle from the amplifica-
tion product, reducing any potential steric hindrance, especially since the na-
noparticles are considerably larger than the nucleotide sequence.

Nanoparticles were functionalized with DOs by incubation in solution to-
gether for at least 10 minutes at room temperature, where the streptavidin mol-
ecules on the particle´s surface bound the biotin residues in the DOs.
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Figure 9: Design and outlook of the sequences designed in this work. To the left, it
showcases the design of longer PLPs (92-69 nt), highlighting their distinct regions.
The shorter PLPs (60 nt) are displayed in the middle, where the target binding site and
oligo binding site are merged. Note that the target binding site is not necessarily longer
in the 60 nt PLP; it just occupies a higher percentage of the sequence. To the right, the
restriction and DOs are presented. Their colours correspond to sequences within the
PLP, as these oligos bind to the products generated by RCA, which are complemen-
tary to the PLP. Thus, the restriction sequence regions of the PLP and the RO have
the same sequence, and the same occurs for the oligo binding site and DO for RCA.

5.1.4. Capture oligonucleotides
Capture oligos (COs) are used to capture and isolate the target of interest using
magnetic particles. They have a biotin group at either the 3’ or 5’ end, allowing
binding to the streptavidin-coated T1 Dynabeads magnetic microparticles,
also referred to as capture beads. The opposite end of the COs hybridizes with
the sequence of interest. A 20 nt T-tail is also included to separate the biotin
from the recognition sequence, as with the DOs. Magnetic separation allows
the isolation of the capture beads-CO-target-PLP from any remaining unhy-
bridized sequences, biological DNA fragments, or molecules. The basic struc-
ture and crucial function of the CO and magnetic separation are shown visu-
ally in Figure 10.

Figure 10: Magnetic separation of a DNA target from a larger DNA pool. The CO
hybridizes with the DNA target at one end and binds to a capture bead through a biotin
at the other end. Using a magnet, the complex containing the target DNA can be iso-
lated from the remaining DNA, which is then discarded. The DNA of interest proceeds
to the amplification step.
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5.2. RCA and C2CA
In this thesis, RCA and C2CA were performed using different enzymes, incu-
bation times, and temperatures. Presented below is a brief overview of the
selected enzymes and the reasoning behind their choice, along with the spe-
cific incubation times for each step.

5.2.1. DNA Ligases
DNA ligases are used to join both ends of the PLPs upon target recognition,
and this is required for amplification. If ligation does not occur, no circular
template can be amplified.

For RCA using synthetic targets in stock solutions, ligation was done with
T4 DNA Ligase. This ligase was used at 37 ˚C, typically for 15 minutes of
ligation. T4 DNA Ligase requires adenosine triphosphate (ATP) and performs
effectively in Thermofisher´s phi29 DNA polymerase buffer when supple-
mented with ATP. This made it a suitable candidate for the second round of
ligation during C2CA, as the ligase is added with the polymerase, and both
work in the phi29 polymerase buffer.

When conducting RCA with biological or synthetic targets in combination
with capture beads and CO, either Tth DNA ligase or Ampligase was used.
These enzymes share the same buffer and exhibit similar performance, both
capable of ligating DNA at higher temperatures. This is preferred in biological
samples, as the increase in temperature reduces the unspecific binding of the
PLPs to other DNA fragments, increasing ligation specificity. With these en-
zymes, ligation occurred faster, typically ranging from 5-10 minutes, and at
higher temperatures, such as 55 or 60 ˚C. The buffer used in this case differs
from phi29´s buffer. Therefore, a magnetic separation step was employed to
transfer the ligated products to the phi29´s buffer for the subsequent RCA re-
action. To ensure that all target molecules effectively were bound, an excess
of PLPs was used.

Both Ampligase and Tth ligase are nicotinamide adenine dinucleotide-de-
pendant, and do not require ATP.

5.2.2. DNA Polymerases
Phi29 DNA polymerase was used in all the Papers in this thesis. However, as
explained in Paper V, different manufacturers of phi29 were tested, and their
buffers differed, as did the quantity of products generated from the same initial
DNA amount, using the same quantity of polymerase units. Thermofisher´s
phi29 DNA polymerase exhibited optimal performance at 37 ̊ C, and this man-
ufacturer´s enzyme was used in all Papers in this thesis.

Furthermore, phi29 DNA polymerase mutants, equiphi29 (Thermofisher),
and phi29-XT (New England Biolabs) were also tested. Both can amplify
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DNA at higher temperatures, although most of their details and buffer com-
position are proprietary. For a detailed comparison between phi29 and phi29-
XT, refer to Paper VI.

Phi29 DNA polymerase and its mutants have an exonuclease domain that
works in the 3’ to 5’ direction. This feature provides proofreading and high
processivity, but it can be a limitation in certain applications involving
ssDNA. As Paper V shows, ssDNA is quickly digested by phi29 unless pre-
sent in high quantities or modified to avoid digestion.

In Paper V, Bst 3.0 DNA polymerase was used, primarily because it lacks
an exonuclease domain. Reactions with this polymerase are usually carried
out at higher temperatures, approximately around 60 ˚C.

5.2.3. Restriction endonucleases
Restriction endonucleases or enzymes were used for two reasons: firstly, for
digesting RCA products into monomers as part of the C2CA process, and sec-
ondly, for digesting the biological DNA target to generate targets of suitable
length.

For the monomerization, AluI was used, with an incubation of 2 to 5
minutes, as the enzyme was added in excess for quick digestion. However, in
Paper VI, when phi29-XT was used, monomerization involved two incuba-
tions, one at room temperature and another at 42 ˚C. For all other works, a 3-
minute incubation at 37 ˚C was used.

For the digestion of DNA from biological samples in Paper III, plasmid
DNA in a stock solution was digested for 1 h. AluI and BsuRI were used in
Thermofisher´s Tango buffer. Thermofisher specifies AluI to have 100% ef-
ficiency in said buffer, while BsuRI has 50%. For this reason, the quantity of
BsuRI added to reactions containing Tango buffer was twice the quantity of
AluI.

5.3. Micro- and nanoparticles
Particles were used for both magnetic separation and the detection of amplifi-
cation products. Below is a description of the particles used and the methods
of functionalization strategies used. All the particles used in this thesis are
commercially available. A portrayal of cross-sections of all the particles used
can be found in Figure 11.

5.3.1. Dynabeads
Dynabeads MyOne Streptavidin T1 (Invitrogen) were used as capture beads
in this thesis. These Dynabeads are 1 µm superparamagnetic monodisperse
particles with a monolayer of streptavidin to allow the binding of any
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biotinylated surface or molecule. The iron content is made up of ferrites. They
are designed for nucleic acid isolation.

Dynabeads were added after ligation to bind COs present in the ligation
mix.

5.3.2. BNF nanoparticles
The MNPs used for detection in this work were nanoparticles of bionized
nanoferrite (BNF) with a diameter of 100 nm. These nanoparticles consisted
of a core-shell composition, with the core comprising 75-80% (w/w) of BNF
and a shell of hydroxyethyl starch with covalently bound streptavidin on the
surface. These are commercially available from Micromod Partikeltechnolo-
gie (product code 10-19-102).

Functionalization of the nanoparticles was carried out after three washes
with a washing buffer using a permanent magnet and the number of oligos per
particle differed from one paper to another. For more information regarding
oligo coverage, refer to Paper I.

5.3.3. Coloured polystyrene nanoparticles
Polystyrene nanoparticles (PS-NPs), with a diameter of 200 nm, dyed polymer
in Crimson Red and Cabo Blue colours, and coated with streptavidin, were
purchased from Bangs Laboratories Inc. (Fishers, Indiana, USA) (product
codes CDCB001 and CDCR001) These nanoparticles were used for detection
in Paper VI.

The PS-NPs were functionalized with around 1500 oligos per particle. De-
spite this high ratio, only a fraction of streptavidin sites was bound by oligos.
To decrease any potential unspecific binding due to free streptavidin, an ex-
cess of biotin was added after a short incubation step in the presence of the
oligos, blocking any remaining free streptavidin residues.
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Figure 11: Cross-sections of the different nanoparticles used in this work with a sche-
matic representation of the content of the different layers and surface functionaliza-
tion. Note that, in solution, particles with a magnetic core always are visually brown.

5.4. Detection of amplification products
Below is a short reasoning behind the specific setup and function of the detec-
tion techniques used in this work

5.4.1. UV spectroscopy
UV spectroscopy was used to determine the turbidity of DNA samples in clear
polystyrene 96-well plates with flat bottoms after the aggregation with MNPs.
The idea behind this type of detection method was that in samples where
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aggregates formed, the sample became clearer, allowing more light through.
While the presence of the aggregates may be visible to the naked eye, DNA
quantification was harder to do visually. In this regard, UV spectroscopy
showed less accuracy compared to AC susceptometry, as the latter measures
the binding of MNPs, while UV spectroscopy focuses on the number of nano-
particles remaining in suspension. It is important to note that nanoparticles can
bind to DNA and remain suspended in the solution. However, using a UV
spectrometer significantly reduced the time required for analysis compared to
AC susceptometry, and allowed for comparative analysis of samples.

The presence of aggregates was an issue, as they have a very dark colora-
tion. If measurements were done in the vicinity of an aggregate, the aggregate
was likely to affect the results. Although other approaches, such as removing
the aggregate, were tested, the most effective solution was to perform multiple
measurements per well. A total of 12 measurements were taken in a circular,
filled, shape, positioned 1,500 nm away from the well edge to avoid potential
optical interference from the well’s edge.

Measurements were feasible at any wavelength, yet lower wavelengths
consistently yielded higher values, making discrimination between samples
easier. For this reason, 350 nm was chosen as a low wavelength where the
presence of DNA did not interfere with the measurements.

5.4.2. AC susceptometry in the Dynomag
AC susceptometry has been performed the same way in all the Papers in this
thesis with liquid samples having a volume of 200 µL. The samples were pi-
petted into the vials and their volume was adjusted to 200 µL, regardless of
their original volume.

While the specifics of the measurement setup have changed across the pa-
pers, the objective has remained the same: recording the 𝜒′′𝑚𝑎𝑥. The relaxa-
tion frequency for the unbound BNF MNPs used throughout the thesis was
centred around 100 Hz, usually within the range of 75-125 Hz. Although the
number of points has differed across the different papers, this frequency range
was always included.

5.4.3. Gel electrophoresis
The main reason for employing electrophoresis was to validate results ob-
tained through other techniques. Gel electrophoresis provides unspecific DNA
detection, while the use of DOs ensures the detection of only complementary
sequences.

Gel electrophoresis was used sparingly due to its low detection limit in
comparison to AC susceptometry, UV spectroscopy, or visual aggregation de-
tection. When gel electrophoresis was performed, a larger quantity of DNA
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target was needed to generate enough amplification products for detection
with this technique.

Moreover, the size of RCA products is too large for pores in the agarose
gel, causing them to accumulate at the top of the lanes, with minimal move-
ment into the gel. Thus, very little information regarding RCA product size
can be found with gel electrophoresis.

For all these reasons, gel electrophoresis was mainly used to determine if
there was an increase or decrease in total DNA products in different situations
and conditions throughout the works of this thesis.

5.4.4. Limit of detection
Across the different papers, the limit of detection (LOD) has been consistently
calculated using the same approach. These LOD values were employed in the
analysis of AC susceptometry and UV spectroscopy results. The LOD is de-
fined as a threshold value, determined by calculating the mean of three NC
sample read-out values minus three times the standard deviation (SD) of the
NCs.
If the average read-out value plus the SD of a positive sample is below this
limit, it is considered detectable.
Additionally, it is worth noting that LOD has also been described as the min-
imum quantity of target DNA in a sample that is still considered detectable,
whether through instrument readouts or visually.

5.4.5. Image analysis
Image analysis was used in Paper VI to demonstrate, as a proof of concept,
that simple phone images could be used for end-point detection of samples
after multiplexed detection with coloured PS-NPs. The images were acquired
with a common smartphone, placing the tubes on a white sheet of paper, and
using a manual white balance to acquire all images with the same hue of white.

 ImageJ was used for image analysis, and the images were split into three
using the “lab stack” option in the software. This allowed each image to show
the values for each pixel in CIELAB space, a 3D space representing a lightness
gradient (L), a red-to-green gradient (A), and a yellow-to-blue gradient (B).
The values go from positive (white) to negative (black). Thus, red and yellow
colours will provide positive values in the A and B channels respectively, and
be represented by white, and green and blue, with negative values, represented
by black. A visual representation of CIELAB space and images of some neg-
ative samples converted into a lab stack can be seen in Figure 12.

Measurements were done using ImageJ of the values of single pixels in the
solution of the samples to determine the quantity of the different particles in
the solution.
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Figure 12: CIELAB space and images split by the Lab stack function in Image J. A:
a visual representation of CIELAB space, a 3D space with the axis L, A, and B. B:
NC samples containing only coloured nanoparticles imaged with a phone camera and
split into L, A and B channels. Reproduced with permission from Paper VI.
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6. Results

In this section, the overall advances from all the Papers in this thesis can be
found. For specifics, refer to each Paper individually. The majority of the work
is centred around three different yet related topics. First is the optimization of
the bioassay, which concerns methodological and procedural advances to im-
prove the performance of different aspects within the assay. Second, the dis-
covery of an inhibition of phi29 by ssDNA oligos. Third, the development of
a novel detection method employing nanoparticle aggregation instead of mag-
netic susceptibility sensing to detect the presence of amplified DNA.

6.1. Optimization of the bioassay
6.1.1. Padlock probe size
When it comes to RCA, PLPs are crucial to recognize the target and serve as
a template. Previous research indicates that the length and shape of PLPs de-
termine the efficiency of amplification, as it affects the speed of polymeriza-
tion of the template(51,52). Furthermore, reducing the PLP size results in more
repeats and binding sites in a product of equal length. Lastly, the PLP size
plays a crucial role in C2CA, as each monomer from the first amplification
serves as a new template for the second amplification. Thus, shorter PLPs
mean more targets for the second amplification.

For these reasons, in Paper III, a padlock probe against Vibrio cholerae,
initially of 92 nt, was shortened to 69 nt. This smaller PLP retained all the
required sequences needed for its function, while also falling within the pa-
rameters for best amplification bias according to Joffroy et al(51). The detection
of C2CA products using the 92 and 69 nt PLPs can be seen in Figure 13A,
showing better detection using shorter PLPs. Moreover, reducing the amplifi-
cation times by 25% for the shorter probe (equivalent to the length reduction
of the PLP, from 92 to 69 nt) still provided better results than full-time ampli-
fication using the long probe. This suggests that the changes in the probe ex-
tend beyond monomer size changes, indicating a higher amplification effi-
ciency achieved by reducing the length of the PLP.
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Figure 13: Effect of the size of padlock probe in C2CA. The graphs show AC sus-
ceptometry results comparing different PLP sizes. A: 69 vs 92 nt PLP using C2CA.
The last numbers for each sample indicate the time for the first and second amplifica-
tion reactions, in minutes. B: Comparison of different PLP sizes, from 69 to 58 nt.
Error bars represent SD. N=3. Modified with permission from Paper III and Paper VI.

Later, in Paper VI, the PLP size was further shortened to 60 nt. Since Joffroy
et al. did not test probes smaller than 67 nt(51), an analysis of different lengths
was done, revealing improved results using a 60 nt PLP, as shown in Figure
13B. While shorter probes could be a possibility, fitting the required regions
for function within less than 60 nt might pose a design problem. However,
future investigations should explore the effects of further reducing the size of
the PLPs.

6.1.2. Magnetic capture
The need for magnetic capture arises from the issues that proteins and other
molecules might pose to the amplification reaction, as well as the much larger
quantity of non-target DNA in biological samples compared to target DNA.

Moreover, it allows the transfer of the DNA target-PLP from the ligation
to the amplification step, allowing for a different buffer to be added, and re-
moving unreacted PLPs that would hinder the amplification. Different aspects
of magnetic capture have been investigated in different papers.

In Paper I, it is demonstrated that magnetic capture works efficiently to
isolate the target of choice from a large pool of DNA. A comparison between
samples with only the target to be amplified and samples spiked with 100 at-
tomoles of a large 220 kb digested plasmid can be seen in Figure 14. There
was only a slight loss of sensitivity. While this seems to point out at a slight
loss of target, there seems to be no unspecific amplification from the large
quantity of DNA added, showing the ability of magnetic capture to effectively
isolate the target of interest.
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Figure 14: Efficiency of magnetic capture. AC susceptometry results from C2CA
performed with different quantities of a synthetic target. A: Samples spiked with 100
attomoles of plasmid pUUH239.1. B: Samples containing only the synthetic target.
Error bars represent SD. N=3. Modified with permission from Paper I.

In Paper IV, Dynabeads, serving as magnetic capture beads, are also used to
increase the hydrodynamic size of the RCA products. This aims at improving
readouts by enabling shorter amplification times. The addition of 1 µm Dyna-
beads, attached to the amplification products, influences not only the hydro-
dynamic volume of the MNPs through amplification products but also through
the presence of Dynabeads. This strategy reduces RCA time without losing
sensitivity, as can be seen in Figure 15. A comparison of different RCA times
shows minimal variation when the RCA time is increased above 20 minutes.

Figure 15: RCA on a bead. Results of different RCA amplification times when the
target is coupled to a 1 µm magnetic capture bead. The increase in time does not im-
prove the sensitivity after 20 minutes of RCA time. Reproduced with permission from
Paper IV.
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6.1.3. Amplification
Several investigations have been conducted to improve RCA, with a focus on
product generation and amplification time, to improve the overall detection.

In Papers I and III, the comparison between RCA and C2CA shows a min-
imum 400x improvement in the LOD due to the second amplification. This
improvement is shown in both AC susceptometry results and visual aggrega-
tion detection. With the first amplification in C2CA being around 20 minutes,
this is a great improvement in sensitivity time-wise. Figure 16 illustrates the
comparison between the LOD for RCA (reported in Paper II) and the LOD for
C2CA (reported in Paper III).

Figure 16: Sensitivity for RCA and C2CA. AC susceptometry results for A: RCA,
taken from Paper II. B: C2CA, taken from Paper III: Dotted lines represent the LOD.
Error bars represent SD. N=3. Modified with permission.

The amplification times for both RCA and C2CA were investigated in Papers
I, IV, and VI. Initially, RCA was conducted for 60 minutes, as was the second
step of C2CA. The duration of RCA amplification and the second step in
C2CA are related to the size of the product. Larger products, up to a certain
extent, provide higher sensitivity due to the increased hydrodynamic size of
the DNA products, and enhanced aggregation of the DNA molecules. How-
ever, in Paper I, it was found that even 20 minutes for each C2CA amplifica-
tion step was sufficient for detecting 1 attomole of a synthetic target. In Paper
IV, 20 minutes of RCA provided similar results to longer amplification times,
due to the hydrodynamic size of the products being boosted by the bound
Dynabeads. However, 10 minutes showed much worse performance, as pre-
sented in Figure 15, leading to a general avoidance of RCA times shorter than
20 minutes.

After optimizing the padlock probe design, leading to an improved ampli-
fication, it was theorized that RCA time could be decreased while still produc-
ing visible aggregates of MNPs and amplification products. In C2CA, the
most sensitive results were obtained when both amplification steps were set
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for 40 minutes, maximizing the number of monomers for the second reaction
while keeping the final products at an ideal length for effective aggregation.

6.1.3.1. Enzymes for amplification
Phi29 DNA polymerase from Thermofisher (Waltham, MA, USA) has been
the enzyme used in the majority of the amplification reactions throughout this
thesis. This choice is attributed to phi29’s great strand displacement ability
and high processivity(38,40). That is why phi29 has become a staple for RCA
worldwide. In Paper V, different phi29 DNA polymerase manufacturers were
investigated, as can be seen in Figure 17A, finding Thermofisher’s as the best-
performing for RCA. This is likely caused, at least in part, by the buffer, as
the enzyme remains the same across the different manufacturers. The buffers
from Lucigen (Middleton, WI, USA) and NEB (Ipswich, MA, USA), share
the same composition, which differs from that of Thermofisher’s. The differ-
ence in performance between Lucigen’s and NEB’s phi29 was surprising and
unexplained as of yet.

Figure 17: Efficiency of different phi29 polymerases and buffers. A: different perfor-
mances of phi29 DNA polymerases from different manufacturers in their respective
buffers in RCA reactions at 37 ˚C. B: C2CA results of phi29 DNA polymerase and
phi29-XT at different temperatures, in Thermofisher´s 1x phi29 buffer. Error bars rep-
resent SD. N=3. Modified with permission from Papers V and VI.

In Paper VI, phi29-XT, a mutant introduced recently to the market by NEB at
the time, was tested with great success, as shown in Figure 17B. Phi29-XT
showed great activity in the Thermofisher´s phi29 DNA polymerase buffer,
which had been previously used to optimize all the reactions in C2CA where
multiple enzymes were used (digestion, second ligation and amplification).

6.1.4. Detection using MNPs
When it comes to the detection of amplification products, there are important
issues regarding the MNPs used for binding that had to be evaluated.
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In Paper I, the functionalization of the MNPs was examined through the
binding of fluorescent oligos to the particle surface. The results can be seen in
Figure 18. On average, MNPs demonstrated the capability to bind at least 100
oligos per MNP. Moreover, the oligos show low detachment for up to six
months when the functionalized MNPs are stored in PBS. This is highly rele-
vant for ease of use in clinical settings, where solutions of functionalized
MNPs can be prepared ahead of time.

Figure 18: Functionalization of MNPs and stability of binding over time. A: Fluores-
cence intensity of MNPs functionalized with different quantities of fluorescent oligos,
after washing. B: Coverage of oligos after functionalization, or storage for 3 or 6
months. Error bars represent SD. N=3 Reproduced with permission from Paper I.

Effective binding of the MNPs to the amplification products is crucial for de-
tection. When using AC susceptometry, detection is done on the binding of
MNPs and not the quantity of DNA directly. In Paper III, an experiment was
performed using two DOs capable of binding two different sequences within
a single repeat, as it could improve detection by doubling the potential binding
sites. Although different approaches were used in the attempt, such as having
two pools of MNPs with different DOs or using a single pool of MNPs func-
tionalized with both types of DO, no significant improvement in detection
could be seen. The results are shown in Figure 19, and the cause for the lack
of improvement may be attributed to steric hindrance caused by MNPs in close
proximity, preventing more binding in regions of the RCP too close together.
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Figure 19: Using different types and combinations of DOs in a single sample does
not improve detection. Detection of DNA products and MNPs via UV spectroscopy.
3′ and 5′ represent the two different oligos, discriminated by which end the biotin is
at. MNPs used in samples 3′+5′ were functionalized with an equal mix of both oligos.
Samples labelled 3′ /5′ contained an equal mix of two pools of MNPs, each with either
the 3’ or the 5’ DO. Error bars represent SD. N=3. Reproduced with permission from
Paper III.

6.1.5. Specificity of the assay
The specificity of the recognition of the target by the PLP and the recognition
of the products by the MNPs was tested in different papers but reflects the
overall robustness of the assay.

In Paper III, a non-complementary PLP was added to the C2CA reaction
instead of the complementary one. As seen in Figure 20A, despite the isolation
of the correct target by the Dynabeads, samples with the non-complementary
PLP showed no difference from the NCs with no target.

In Paper IV, the detection of RCA products involved the use of MNPs func-
tionalized with DOs that were non-complementary to the RCA products, to
test the specificity of the binding of MNPs to the products. No significant dif-
ference was seen between the NCs and samples containing up to 25
femtomoles of starting target-PLP complexes, which exceeded the LOD by
over 30 times.
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Figure 20: Specificity of the PLPs and DOs. AC susceptometry results from A: sam-
ples containing 0 (NC), 25, and 100 attomoles of digested plasmid pUUH239.2. Sam-
ples underwent C2CA with a non-complementary PLP. The detection was performed
using the corresponding DO to the PLP sequence. B: Samples detected with MNPs
functionalized with a DO non-complementary to the products. Samples with different
quantities of the target were amplified using RCA. The dotted line represents the
LOD. Error bars represent SD. N=3. Reproduced with permission from Papers III and
IV.

The development of the sequence-specific aggregation method is explained in
section 6.3, but specificity testing of the aggregation was performed as well.
While magnetic particle aggregation has been seen to occur non-specifi-
cally(94), the specificity of sequence-specific aggregation was tested in Paper
II, by using a non-complementary DO for the RCA products. No aggregation
was observed, even at the highest tested target quantity of 20 femtomoles. The
results of the AC susceptometry analysis are presented in Figure 21.

Figure 21: Aggregation does not occur if the DOs used for the functionalization of
MNPs cannot bind the RCA products. AC susceptometry results from different sam-
ples, where detection of different quantities of RCA products was attempted by adding
MNPs with non-complementary DOs to the products. The dotted line represents the
LOD. Error bars represent SD. N=3. Reproduced with permission from Paper II.
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6.2. Inhibition of phi29 DNA polymerase by digestible
ssDNA
6.2.1. Competition between digestion of oligos and
polymerization of DNA
While performing various experiments on biological samples, it became clear
that there was an unexpected underperformance of phi29 DNA polymerase.
Paper V describes the research into this issue, and uncovers a new behaviour
of the polymerase. As COs were used for the capture of the target in biological
samples, there was a reduction in amplification. This suggested a competition
between unbound oligos and extendable 3’ ends from the target-PLP com-
plexes. If the quantity of oligos is sufficiently large, the phi29 DNA polymer-
ase digests said oligos before initiating the RCA amplification. Several quan-
tities of ssDNA oligos were added to the reaction mix, and it was observed
that the higher the oligo quantity, the lower the amplification, as illustrated in
Figure 22.

Figure 22: ssDNA oligos hinder the amplification in RCA. An equal starting quantity
of target was supplemented with varying quantities of a ssDNA oligo. The more oligo,
the less amplification. Error bars represent SD. N=3. Reproduced with permission
from Paper V.

6.2.2. Timing of oligo addition and the effect of oligo
modifications
It was hypothesized that if there indeed was a competition between oligos and
extendable DNA targets, adding oligos after the initiation of the amplification
reaction would not reduce the amplification, as phi29 is very processive and
will not detach from the template after amplification starts. Another idea was
to block the oligos to prevent digestion, either by adding a biotin to their 3’
end or incorporating two phosphorothioate bonds at the last two nucleotides
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on the 3’ end, preventing cleavage by exonucleases. Both ideas were tested by
adding capture oligos at different time points and with different modifications.
The results are presented in Figure 23. As can be seen, while the addition of
oligos after the start of the polymerization did not hinder the amplification,
the modifications on the 3’ ends did not yield any improvement. However,
COs perform their function before amplification, and thus, addition after
polymerization start was not a viable solution.

Figure 23: ssDNA oligos competed with an extendable target for binding of phi29
DNA polymerase. The oligos did not hinder amplification when added 90 seconds
after the amplification started. However, modifications to stop the digestion of the
ssDNA oligos did not rescue the efficiency either. Error bars represent SD. N=3. Re-
produced with permission from Paper V.

All findings presented in Paper V point towards a competitive inhibition
where phi29 prefers to bind and digest ssDNA rather than extend target-tem-
plate DNA. In the cases where digestion is not possible due to the modifica-
tions, binding still occurs, and the polymerase’s high processivity likely en-
sures prolonged binding. A schematic representation of the final hypothesis
illustrating how the competition between unbound oligos and extendable 3’
ends would affect the amplification can be found in Figure 24. In the absence
of a more effective solution, the quantity of COs is reduced in later investiga-
tions, such as those in Paper VI. In these experiments, the concentration of
COs per sample is reduced 10-fold, from 2 picomoles to 200 femtomoles.
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Figure 24: Hypothesized mechanism of competitive inhibition for phi29 DNA poly-
merase between extendable dsDNA and unbound ssDNA. ssDNA oligos in the am-
plification reaction are digested preferentially to an extension of the template. How-
ever, addition of oligos after amplification start does not hinder the amplification. If 
the oligos are modified to avoid digestion, the phi29 DNA polymerase will be unable 
to either digest or detach from the oligos, resulting in the highest inhibition. Longer 
oligos produce more inhibition than shorter oligos. Reproduced with permission from 
Paper V. 

6.3. Novel detection of products by sequence-specific 
aggregation 
6.3.1. Principle behind sequence-specific aggregation 
In Paper II, a novel detection method is described. In the VAM-NDA protocol, 
the RCA products were usually incubated with functionalized MNPs for 20 
minutes at 55 ˚C before detection.(96). 
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A high-temperature incubation is required for the long ssDNA RCA prod-
ucts to open up and allow the MNPs to bind(78). Without this incubation step,
the binding of MNPs is less effective. However, generally speaking, the bind-
ing of complementary sequences is fast. This suggested that the presence of
MNPs was not required during the incubation. For this reason, tests were done
introducing the MNPs in a more concentrated solution immediately after the
heating of the RCA products. This led to the formation of visible clusters and
scattered small aggregates. It became clear that if the binding occurred instan-
taneously and not over time, the addition of MNPs resulted in the collapse and
aggregation of the RCA products with the MNPs, resulting in clusters visible
to the naked eye. Optimization of this feature followed, exploring the idea that
higher temperatures could open the RCA products faster, coupled with a high-
salt environment to counteract the negative charges of ssDNA(109) and allow
the products to open up in the liquid. Figure 25 shows the optimization of
aggregation, testing different temperatures and salt conditions for the incuba-
tion after the RCA.

Figure 25: Optimizing aggregation. Absorbance readouts from samples of a single
RCA reaction diluted and treated at different temperatures and salt conditions. A: Op-
timization of temperature. B: Optimization of NaCl concentration. Error bars repre-
sent SD. N=3. Reproduced with permission from Paper II

Optimal conditions were found with temperatures between 70 and 80 ˚C, as
well as with NaCl concentrations between 0.5 and 1 M. NaCl concentrations
above 1 M have been known to hinder dsDNA formation(110), which is required
for the hybridization of the DOs attached to the MNPs and the RCA products.
Subsequent tests show that an RCA of 60 minutes, followed by a 20-minute
incubation at 80 ˚C with 1 M NaCl, resulted in visible aggregates with starting
target quantities as low as 0.4 femtomoles. These samples required no readout
instrumentation for qualitative analysis. NaCl also affects DNA aggrega-
tion(111), and something that has been a question throughout this thesis is how
the aggregates are formed. The addition of the MNPs may form the aggre-
gates, bringing many RCA products together, as one MNP may bind several
RCA products. It is however also quite possible that the DNA aggregates par-
tially in a high salt environment on its own, and the addition of MNPs simply
allows visualization. Results demonstrate that the binding of MNPs is slightly
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more effective using the novel aggregation protocol compared to the tradi-
tional VAM-NDA protocol. These findings are presented in Figure 27A and
B.

In Paper III, C2CA was performed, followed by the aggregation of the re-
sulting products. The LOD exhibited a 400-fold improvement compared to
single RCA detection. For this biological target, a fragment of the resistance
gene sul1 present in the resistance plasmid pUUH239.2(112) (GenBank acces-
sion number CP002474.1), could be visually detected in quantities as low as
1 attomole.

Figure 26 displays images, where the aggregates can be seen visually under
the microscope, in 96-well plates, and the reaction tubes. Figures 26A and B
show aggregates from an RCA reaction, while C shows C2CA results from
biological samples. In panels A and B, the samples were spun down for pipet-
ting, and the aggregates are more compact because of this, while in panel C
the pictures are taken after aggregation occurs.



58

Figure 26: Aggregates formed by sequence-specific aggregation of MNPs and RCA
products. A: aggregates from RCA products in a 96-well plate. B: Representative im-
ages of aggregates from panel A imaged under a microscope. C: aggregates from
C2CA products of a biological target, sul1. Reproduced with permission from Papers
II and III.

6.3.2. Improvement in detection through sequence-specific
aggregation
Following the discovery of the properties of RCA products that facilitated ag-
gregation with functionalized MNPs, important objectives of this thesis in-
cluded improving, understanding, and using the aggregation phenomenon.
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In Paper II, one of the key features is the qualitative visual detection of
DNA products. However, given the different appearance of the positive sam-
ples compared to the negative samples, alternative quantification methods
were explored. AC susceptometry provides valuable information into MNP
binding but lacks in readout speed, taking 20 min to measure each sample.
(113). This makes it unideal for diagnostic applications. A shorter analysis was
achieved previously by focusing on the frequency points where the maximum
observed value of 𝜒′′𝑚𝑎𝑥 was for the MNPs, reducing the measurement time
to 2 minutes per sample(114). However, this still required the handling of many
samples individually and prolonged analysis for a large batch of samples. For
relative quantification, UV spectroscopy can be performed on aggregated
samples. Quantification of such samples was feasible due to the dark colora-
tion of the MNPs. Upon aggregating, the solution becomes clearer. This
method proved promising as a fast comparative analysis tool for such samples,
and this was demonstrated in Paper II. Despite its lower accuracy compared
to AC susceptometry because the binding and aggregation do not fully corre-
late, UV spectroscopy can be used to analyse several samples rapidly, making
this technique relevant for clinical samples. In addition, UV-vis spectropho-
tometers are commonplace in laboratories, facilitating a wider adoption of the
sequence-specific aggregation detection method.

While Figure 26A visualizes the aggregates in a 96-well plate, Figure 27
shows the results from AC susceptometry and UV-vis spectroscopy using both
the aggregation method and the previous VAM-NDA incubation with the
MNPs at 55 ˚C. The results when using the VAM-NDA showed much worse
results in UV spectroscopy analysis compared to aggregated samples. UV
spectroscopy also provided worse results than AC susceptometry for samples
using the aggregation protocol, with the LOD being 1 femtomole instead of
0.4 femtomoles. Regardless, UV-vis is of high value, as it allows much faster
analysis of samples.
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Figure 27: Differences in detection between previous VAM-NDA protocol and se-
quence-specific aggregation. A and B: AC susceptometry results using sequence-spe-
cific aggregation and normal VAM-NDA incubation, respectively. C and D:  absorb-
ance readouts at 350 nm using sequence-specific aggregation and normal VAM-NDA
incubation, respectively. The dotted lines represent LOD. Error bars represent SD.
N=3. Modified with permission from Paper II.

In Paper III, modifications were made to the aggregation procedure to fit the
increased volume and smaller tubes used for C2CA and biological samples.
The main improvement involved coupling the incubation to open the RCA
products with the inactivation of the polymerase. A single incubation of 5
minutes at 70 ˚C and 0.5 M NaCl proved as reliable as the previous 20-minute
incubation. The absence of cooldown to room temperature suggested that the
RCA products were already in a semi-open state during amplification, ena-
bling faster preparation for aggregation. A 2-minute 70 ˚C incubation after the
addition of MNPs was also included due to the faster cooling of the PCR tubes.
Overall, this optimization reduces the aggregation procedure by 15 minutes
compared to the VAM-NDA incubation. The visual results can be seen in Fig-
ure 26C. This makes the sequence-specific aggregation detection of RCA
products a much more viable strategy for POC diagnostics.

6.3.3. Detection of amplification products using coloured
polystyrene nanoparticles
After the optimization of the amplification process described in Paper VI, col-
oured PS-NPs were used for aggregation with the RCA products. These PS-
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NPs differ from the MNPs in their composition, being non-magnetic, made of
polystyrene, containing a higher amount of streptavidin per particle, and being
twice the size, of 200 nm in diameter. Instead of a brown coloration, these PS-
NPs contain dyes in red and blue colours.

These coloured PS-NPs showed better aggregation behaviour than the
MNPs for visual qualitative analysis, and the visualization of aggregates was
considerably easier due to their lighter coloration. However, the lack of AC
susceptometry readouts from them makes them less ideal for quantitative stud-
ies. Nevertheless, an LOD of 100 zeptomoles was achieved with naked-eye
detection. Different quantities of a synthetic target detected with these PS-NPs
can be seen in Figure 28.

Figure 28: Single target detection using coloured NPs. The top row shows images
taken with a smartphone camera, while the bottom row shows pictures taken with a
system camera. Reproduced with permission from Paper VI.

6.3.3.1. Multiplexing and image analysis
In Paper VI, both types of coloured PS-NPs were used for multiplex detection
of targets in a single sample. Two different synthetic DNA targets, each with
different DOs, were amplified using a single C2CA reaction, in a single tube.
The aggregation step was slightly modified to ensure proper formation of the
first aggregate before introducing the second set of PS-NPs. This modification
aimed to prevent subsequent mixing from breaking the already-formed aggre-
gates. This approach allowed for the visual detection of 500 zeptomoles of
two different targets within one sample. The results can be seen in Figure 29A.

However, after the aggregation process, it was sometimes challenging to
determine whether one or both types of NPs had aggregated. An end-point
analysis is of interest, especially with the idea that this bioassay might be per-
formed by a microfluidic chip. Image analysis of the solution’s colour shows
great promise for this task. Images of the samples were captured with a phone
camera using a white balance to facilitate comparisons. ImageJ software was
used to split these images into a Lab stack. Single-point measurements of the
solution were taken in the A and B channels of the stack. The A and B values
were added to yield a total value that correlates with the colour of the solution.
Positive values up to 60 indicated red hues, negative values down to -25
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represented blue hues, and values around 17 indicated purple hues. The im-
ages analysed in this manner and the results of the A+B values are displayed
in Figure 29B and C, respectively.

While this method serves as proof of concept, it has some weaknesses, such
as the single-point analysis, which can give different values depending on
where in the sample the point is selected. However, it provides a foundation
for the analysis of the samples, showing a good correlation of A+B with the
colour of the solution when using red and blue NPs. In many cases, the results
are easily recognizable without the need for such analysis. However, in cases
where when the DNA quantity is low and few PS-NPs form aggregates, image
analysis could increase the sensitivity of the assay.

Figure 29: Detection of two targets in one sample. Multiplexing using blue and red
NPs. A: NCs and 500 zeptomoles of two targets detected by the addition of first red
and then blue NPs, or first blue and then red. B: Different quantities of two targets to
observe the hue of the solutions and the aggregates. Samples with 0 attomoles of both
targets as NCs containing only NPs. C: Graph showing A+B CIELAB values of the
samples in panel B, plotted with each bar matching the colour of the solution. Repro-
duced with permission from Paper VI.
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7. Conclusion and future perspectives

The work presented in this thesis expands on the VAM-NDA technique, mov-
ing forward on several fronts to align the method with clinical applications
and overcoming certain obstacles toward that goal.

Firstly, optimization has been performed in most steps in the assay. The
high sensitivity of VAM-NDA is demonstrated in Papers I and IV. Amplifi-
cation times have been shortened in those papers and resulted in a highly sen-
sitive magnetic bioassay. Shortening the PLPs also improved the results, es-
pecially in C2CA.

The stability of functionalized MNPs, demonstrated in Paper I, proves their
long-lasting viability for clinical use. Moreover, all the nanoparticles in this
thesis are commercially available, with the PS-NPs presented in Paper VI hav-
ing a shelf life of 1 year, longer than the 3 months of MNPs.

Optimization of the amplification reactions and reagents across all papers,
but mostly Papers V and VI, contribute to cost reduction.

In Paper V, a previously undiscovered feature of phi29 DNA polymerase,
a competitive inhibition of the enzyme by ssDNA oligos, was investigated.
This is of high importance, as many laboratories use this enzyme with large
quantities of oligos in the reaction mix, and there are ways to improve the
reactions based on the discovery and results presented in Paper V.

Furthermore, the sequence-specific aggregation detection method, devel-
oped in Papers II and III, has been coupled with RCA and C2CA to detect
biological samples. This allows for visual detection with sensitivity compara-
ble to VAM-NDA, eliminating the need for read-out instrumentation. This
makes this method more attractive to end-users. It even allows the use of com-
mon UV-vis spectrophotometers for comparative analysis of samples. Build-
ing on that, a visual LOD of 100 zeptomoles was achieved in Paper VI for
single samples. A visual LOD of 500 zeptomoles was achieved for multi-
plexed samples, detecting two targets within one sample.

However, much work remains to be done. The newly discovered features
of phi29 described in Paper V complicate the RCA optimization for biological
samples. Careful tailoring of phi29 polymerase and oligo quantities is re-
quired. Further research on this could improve the sensitivity of the assay.

While visual multiplexed detection has proven viable, issues remain in de-
tection when samples have low DNA target amounts, necessitating more op-
timization work for clinical settings. The proposed methodology based on
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image analysis described in Paper VI could be developed into a simple soft-
ware to be used in phones, enabling immediate analysis, suitable for point-of-
care testing.

A priority for this technology to get into the market in the near future would
be the integration of the methodology into a microfluidics chip. This would
pose challenges, but the success of integrating other isothermal amplification
techniques, including C2CA, suggests the feasibility of the developed
method(115,116).

Lastly, basic research into the formation of the aggregates and the behav-
iour of long ssDNA products under exposure to high heat and high salt condi-
tions could benefit this work, improving the aggregation process and opening
new avenues for different detection methods and research areas.
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8. Popular summary

Bacterial infections present a common problem and can happen in many dif-
ferent settings, such as homes, hospitals, and outdoor environments. However,
treating bacterial infections has become increasingly harder due to the devel-
opment of antibiotic resistance, where bacteria develop immunity to drugs de-
signed to kill them or inhibit their growth. Bacterial resistance is a growing
problem and the lack of new antibiotics further complicates the problem. For
this reason, it is extremely important to know if bacteria are resistant to one or
another antibiotic before starting treatment.

Unfortunately, the current process for determining resistance is time-con-
suming, taking days for laboratories to know if the bacteria are resistant to one
or several antibiotics. There is a need for tools to detect resistance faster.

Queue in nucleic acid testing! Nearly all forms of antibiotic resistance are
given by genes that encode proteins to neutralize the antibiotics. Bacteria can
pass genetic elements containing these genes between themselves, leading to
the fast spread of resistance. Nucleic acid testing offers a solution by detecting
the presence of these genes.

In this thesis, a method for nucleic acid testing has been optimized, bringing
it closer to practical application in laboratories, clinics, outbreak settings, or
even at home. The technique relies on amplifying specific fragments of genes
that produce antibiotic resistance. For this, a technique is used, called rolling
circle amplification, that generates long DNA molecules from each fragment,
and the larger DNA molecules can then be detected. Nanoparticles that can
bind to the DNA molecules are used for detection. In some cases, the nano-
particles used have been magnetic (MNPs), while in others, they were made
of polystyrene and dyed with colour (PS-NPs).

In Papers I and IV, MNPs were used for the detection of said products, with
a focus on optimization strategies to shorten reaction times. The analysis in-
volves measuring variations in magnetic properties resulting from the binding
of the MNPs to the amplification products.

Papers II and III describe a new naked-eye detection method where MNPs
form aggregates with amplification products. This method makes interpreta-
tion of results easy, with no read-out instrumentation required, as simple eye-
sight can determine if the samples are positive or negative. The method was
proved to be as effective as the magnetic analysis described in Papers I and
IV.



66

Paper V uncovers a mechanism, unknown until now, of a polymerase used
to amplify DNA, called phi29 DNA polymerase. This is an enzyme that pol-
ymerizes new DNA from a template, and is used around the world for rolling
circle amplification. However, it also has a domain to digest DNA that it can-
not use as a template. The polymerase has a bias towards this and prioritizes
the digestion of DNA over polymerization. These insights have the potential
to help researchers in overcoming challenges when using this enzyme, leading
to improved test performance

Paper VI showcases improvements in various parts of the assay, such as
reducing materials, and using a new polymerase, all of which improved the
results. The introduction of red and blue-dyed PS-NPs enhances the detection,
resulting in colourful and easy-to-see products. It was also proven that by us-
ing these PS-NPs, the detection of two genes in one sample was possible.

In summary, this thesis contributes to the development of existing methods
and introduces new approaches for the detection of antibiotic resistance. This
brings these methods closer to practical use in laboratories and clinics for the
detection of antibiotic resistance. It is very important to say that, while this
method has mostly focused on bacterial detection and antibiotic resistance de-
tection, it could easily be used for the detection and characterization of other
pathogens. This includes viruses, fungi, and more, in a variety of samples,
including water, food, or any other type of sample. The method that provides
visual results has great promise for developing a test that provides easily in-
terpretable results, similar to the antigen COVID-19 tests. Lastly, the discov-
ery of interesting behaviour in DNA molecules and proteins opens the door to
new and exciting avenues for research in the future.
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9. Resumen popular

Las infecciones bacterianas son un problema común y pueden ocurrir en mu-
chos lugares, como en casas, hospitales, o al aire libre. Tratar estas infeccio-
nes, sin embargo, solo se convierte en algo más difícil, debido al incremento
en la resistencia a antibióticos, las medicinas que se usan para eliminar las
bacterias, o parar su crecimiento. La resistencia a antibióticos sigue en au-
mento y no estamos desarrollando nuevos antibióticos. Por este motivo, es
muy importante saber si las bacterias que causan una infección son resistentes
a un antibiótico u otro antes de comenzar un tratamiento.

Sin embargo, esto no ocurre frecuentemente. De hecho, pueden pasar días
hasta que un laboratorio sepa si las bacterias en una muestra son resistentes a
un antibiótico u otro. Necesitamos herramientas para detectar esta resistencia
más rápido.

Para ello tenemos los test de ácidos nucleicos. Casi todas las formas de
resistencia a antibióticos provienen de genes que las bacterias tienen que pro-
ducen proteínas para neutralizar a los antibióticos. Los test de ácidos nucleicos
ofrecen una solución, detectando directamente la presencia de estos genes.

En esta tesis, un método usado para un test de ácidos nucleicos ha sido
optimizado, haciendo que este cerca de poder usarse en laboratorios, clínicas,
zonas de brotes de infección, o incluso en casa. Esta técnica se basa en la am-
plificación de fragmentos de genes. Para ello se ha usado una reacción llamada
amplificación por circulo rodante. Después de esta amplificación, en la mues-
tra habrá moléculas de ADN muy largas, que pueden ser detectadas más fácil-
mente. Esta detección se ha hecho con nanopartículas, en ciertos casos mag-
néticas y en otros de poliestireno con tintes que les dan color.

En los artículos I y IV, nanopartículas magnéticas se usaron para la detec-
ción de los productos, y se optimizaron las reacciones para reducir su dura-
ción. Las muestras fueron analizadas con un instrumento que mide si las na-
nopartículas magnéticas estaban unidas a los productos de la amplificación.

Los artículos II y III describen una nueva técnica donde las nanopartículas
forman agregados con los productos de la amplificación. Este nuevo método
hace que la interpretación de resultados sea fácil, ya que no requiere instru-
mentación ya que simple vista vale para saber si las muestras son positivas o
negativas. Además, se mejoró la técnica y dio resultados tan buenos visual-
mente como los de los análisis magnéticos de las muestras en los artículos I y
IV.
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El articulo V descubre un mecanismo hasta ahora no descrito, de la poli-
merasa usada para amplificar el ADN. Esta enzima crea nuevo ADN de una
cadena molde, y se utiliza en todo el mundo para la replicación pro circulo
rodante. Sin embargo, tiene una región dedicada a la digestión de cadenas de
ADN que no se puedan usar como molde. LA polimerasa tiene una preferencia
por esto, digiriendo el ADN antes de proceder a la polimerización. Estos des-
cubrimientos tienen el potencial de ayudar a muchos investigadores que utili-
zan esta polimerasa, ayudando a crear tests y métodos con más rendimiento.

En el artículo VI, varias partes de la técnica fueron mejoradas, resultando
en el uso de menos materiales, una nueva polimerasa que dio mejores resulta-
dos, y otros cambios. También se utilizaron nuevas nanopartículas de colores
rojo y azul para la detección, y como consecuencia los resultados son más
visuales y fáciles de ver cuando se usan estas nanopartículas. Además, se de-
mostró que detectar dos genes en una sola muestra es posible, usando nano-
partículas de diferentes colores.

En conjunto, esta tesis contribuye al desarrollo de métodos ya existentes, e
introduce nuevas vías de detección de resistencia a antibióticos. Esto hace que
los métodos que se han descrito en estos artículos estén más cerca de poder
ser usados en laboratorios y clínicas para la detección de resistencia a antibió-
tico. Sin embargo, es importante mencionar que, aunque estos métodos y téc-
nicas han sido utilizados para la detección de bacterias y sus resistencias, tam-
bién se pueden utilizar para la detección de cualquier patógeno que contenga
ácidos nucleicos y para la determinación de sus características. Esto puede
incluir virus, hongos, etc., y su presencia en agua, comida, u otras muestras.
La técnica que produce resultados visuales podría ser usada para desarrollar
un test que dé resultados fáciles de interpretar, como el test de antígenos contra
la COVID-19. Por último, el comportamiento de varias moléculas y proteínas
se han descubierto que podrían llevar a nuevos descubrimientos de alto interés
en el futuro.
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10. Populärvetenskaplig sammanfattning

Bakteriella infektioner utgör ett vanligt problem som kan förekomma i olika
miljöer, inklusive i hemmet, på sjukhus och i utomhusmiljöer. Emellertid har
behandlingen av sådana infektioner blivit allt mer utmanande på grund av ut-
vecklingen av antibiotikaresistens, där bakterier utvecklar immunitet mot lä-
kemedel utformade för att döda dem eller hämma deras tillväxt. Den ökande
antibiotikaresistensen och bristen på nya antibiotika försvårar situationen yt-
terligare. Av denna anledning är det viktigt att veta om bakterier är resistenta
mot ett eller flera antibiotika innan behandling påbörjas. Den nuvarande pro-
cessen för att fastställa resistens är tidskrävande, och det kan ta flera dagar för
laboratorier att få ett svar. Det finns därför ett påtagligt behov av snabbare
diagnostiska verktyg för att upptäcka antibiotikaresistens.

Här kommer nukleinsyratestning in i bilden! Nästan alla former av antibi-
otikaresistens orsakas av gener som kodar för proteiner som neutraliserar an-
tibiotika. Dessa generna kan överföras mellan bakterier, vilket leder till snabb
spridning av resistens. Nukleinsyratestning erbjuder en lösning genom att
upptäcka närvaron av dessa gener.

I denna avhandling har en metod för nukleinsyratestning optimerats för att
ta oss ett steg närmare praktiska tillämpning, såsom i laboratorier, kliniker,
vid sjukdomsutbrott eller till och med i hemmet. Tekniken bygger på amplifi-
ering av specifika genfragment som utvecklar antibiotikaresistens hos bakte-
rier. För detta används den så kallade rullande cirkel-amplifieringen, vilken
genererar långa DNA-molekyler från varje fragment. Dessa DNA-molekyler
kan sedan detekteras, och för detta ändamål används nanopartiklar som kan
binda till dessa molekyler. I detta arbete användes i vissa fall magnetiska
nanopartiklar, medan i andra fall användes färgade polystyrenpartiklar.

I artiklarna I och IV användes magnetiska nanopartiklar för detektion av
dessa molekyler, med fokus på att optimera olika strategier för att förkorta
reaktionstiderna. Analysen involverade mätning av förändringar i magnetiska
egenskaper som uppstår på grund av bindningen mellan partiklarna och DNA-
produkterna.

De två följande artiklarna (II och III) beskriver en ny metod för visuell de-
tektion, där magnetiska nanopartiklar bildar aggregat med DNA-produkterna.
Fördelen med denna metod är att den förenklar tolkningen av resultaten då
inget särskilt avläsningsinstrument behövs; det är möjligt att med blotta ögat
avgöra om proven är positiva eller negativa. Detektionsmetoden visade sig
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vara lika effektiv som den magnetiska analysen som användes i de första två
artiklarna.

Artikel V avslöjar en tidigare okänd mekanism hos polymeraset som an-
vänds för att amplifiera DNA. Detta är ett enzym som polymeriserar nytt DNA
utifrån en specifik DNA-sekvens och används över hela världen för rullande
cirkel-amplifiering. Polymeraset har visat sig ha en tendens att prioritera ned-
brytning av DNA framför polymerisation. Dessa resultat kan vara till hjälp för
forskare att övervinna utmaningar i användningen av detta enzym och därige-
nom förbättra testprestandan

Förbättringar i analysen och användningen av ett nytt polymeras presente-
ras i artikel VI, vilket resulterade i förbättrade resultat. Användningen av fär-
gade polystyrenpartiklar förbättrade detektionen genom att producera färg-
glada och synliga DNA-produkter. Dessutom visades det att genom att an-
vända dessa partiklar var det möjligt att detektera två gener i ett och samma
prov.

Sammanfattningsvis bidrar denna avhandling till utvecklingen av befintliga
metoder och introducerar nya tillvägagångsätt för detektion av antibiotikare-
sistens. Trots att denna metod har fokuserat på detektion bakterier och antibi-
otikaresistens, kan den enkelt användas för detektion och karakterisering av
andra patogener som virus och svampar i olika typer av prover. Metoden, som
ger visuella resultat, har potential för att vidareutveckla ett test som ger lätt
tolkbara resultat, liknande antigen COVID-19-testerna.

Slutligen öppnar upptäckten av intressanta beteende hos molekyler och
proteiner upp för nya och spännande forskningsområden i framtiden.
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