
UPTEC X 21005

Examensarbete 30 hp
Juni 2021

Circle-to-circle amplification 
to improve the sensitivity of 
a magnetic nanoparticle-based 
DNA detection protocol 

Anna Nilsson



 



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Circle-to-circle amplification to improve the sensitivity
of a magnetic nanoparticle-based DNA detection
protocol
Anna Nilsson

Magnetic nanoparticles have great potential in the biomedical and diagnostics field.
Due to their small size, the particles have a high surface-to-volume ratio which
enables for biofunctionalisation with different molecular probes. This makes it
possible to target them against a wide variety of biomarkers. In this project, the aim
was to develop a magnetic nanoparticle-based DNA detection method with respect
to sensitivity by employing circle-to-circle amplification, which is an extension of
rolling circle amplification, in order to increase the assay sensitivity. The method
provides high specificity due to the use of padlock probes for amplification. The
project included testing and optimising the protocol used for DNA amplification and
detection with a synthetic target, which involved testing different padlock probes,
incubation times and incubation temperatures. Lastly, the method was tested on a
biological target. It has recently been shown that specific aggregation occurs between
magnetic nanoparticles and DNA, which enables for a visual readout strategy since
the aggregates are visible to the naked eye. Initial testing of the method yielded a
sensitivity of about 100 attomoles. The achieved sensitivity after the optimisation
work was 1 attomole of both synthetic and biological DNA targets. This is an
improvement compared to the 400 attomoles that has previously been reported with
one round of rolling circle amplification. The results can be used in further
development of the naked-eye DNA detection method towards the realisation of a
commercially attractive bioanalytical device. 
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Populärvetenskaplig sammanfattning 

Användningen av nanobioteknik inom molekylärdiagnostik är mycket lovande och erbjuder 

nya vägar mot snabb diagnostik och patientnära tester. Många biologiskt relevanta molekyler 

befinner sig storleksmässigt i nanoskala, och med hjälp av nanoteknik är det möjligt att 

identifiera dessa molekyler eller enskilda celler. För att kunna föreställa sig hur stor en 

nanopartikel är kan vi jämföra med ett hårstrå. Ett hårstrå är ungefär 100 mikrometer brett, 

lika litet som en tiondels millimeter. Ett virus som är 100 nanometer stort är lika litet som en 

tusendel av bredden på ett hårstrå.  

För att kunna genomföra genomiska och epidemiologiska studier måste man kunna amplifiera 

DNA. De flesta detektionsmetoder kräver att DNA amplifieras innan analys eftersom det 

genetiska materialet i prover oftast är litet.  Ett exempel på en sådan metod är 

polymeraskedjereaktion-metoden, mer känt som PCR-metoden. Det finns idag många 

metoder förutom PCR för att detektera biomolekyler inom Life science-industrin. Betydelsen 

av detta är stor inte minst inom medicinområdet, men också för att kunna undersöka och 

åtgärda föroreningar i naturen. De flesta detektionsmetoder är laboratoriebaserade och kräver 

särskild utrustning och utbildad personal för att kunna genomföras. Metoderna är mycket 

känsliga, vilket betyder att de kan detektera väldigt små mängder av ämnet i fråga, och ger 

sällan fel testresultat, men är dyra och komplicerade att använda. Därför finns det ett behov av 

att utveckla snabbtester som kan användas nära patienten, för att snabbt kunna ställa diagnos 

och påbörja önskad behandling. En nackdel med snabbtester är att de ofta inte är lika känsliga 

som de laboratoriebaserade metoderna, men däremot kan de vara bra alternativ i resurslåga 

områden eller då diagnos behöver ställas snabbt.  

Magnetiska nanopartiklar är en typ av nanopartiklar som har stor potential inom diagnostik. 

Dessa partiklar kan förses med etiketter som gör att de snabbt kan hitta målmolekylen av 

intresse, som till exempel DNA från virus eller bakterier. I detta examensarbete används 

magnetiska nanopartiklar för att detektera förekomst av DNA. Partiklarna bildar aggregat 

tillsammans med DNA som är synliga för blotta ögat, vilket möjliggör för vidare utveckling 

av en snabb diagnostikmetod som kan användas nära patient eller kund. I detta examensarbete 

utvecklas metoden med avseende på känslighet. Ju mer känslig en detektionsmetod är, desto 

mer konkurrenskraftig anses den vara. De magnetiska nanopartiklarna som används i detta 

examensarbete är lätta att använda och billiga att producera, vilket innebär en fördel gentemot 

laboratoriebaserade tester om metoden utvecklas vidare till ett snabbtest. 
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1 Introduction 

Circle-to-circle amplification to improve the sensitivity of a magnetic nanoparticle-based 

DNA detection protocol is done as a final degree project at the master’s programme in 

molecular biotechnology engineering at Uppsala University. The project is proposed and 

performed at the Div. Nanotechnology and Functional Materials, Uppsala University. 

Today there are many methods for retrieving information about the presence of biomolecules 

in our environment (Strömberg et al., 2008a, Oropesa-Nuñez et al., 2020). Early diagnosis is 

essential for facilitating the containment of emerging infectious diseases and pathogenic 

bacteria (Kozel and Burnham-Marusich 2017, Oropesa-Nuñez et al., 2020, Strömberg et al., 

2009). Rapid methods for diagnosis are also relevant in the food industry and to confirm 

environment quality (Strömberg et al., 2009). The recent outbreak of severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2) further underscores the importance of rapid 

diagnostics for decision-making related to infection control and safety for patients and 

healthcare providers. 

There is a need for cheap, sensitive, and easy-to-use assay formats for the clinical setting to 

enable adequate patient care and to limit health related consequences (Ahrentorp et al., 2017, 

Donolato et al., 2015, Strömberg et al., 2008a, Strömberg et al., 2009, Kühnemund et al., 

2014, Strömberg et al., 2014, Teles 2011). Methods for detection of biomolecules must be 

specific, sensitive, and fast to be suitable at the POC and outpatient settings (Oropesa-Nuñez 

et al., 2020). Normally, amplification of DNA target is necessary to achieve high detection 

sensitivity (Strömberg et al., 2008a). The gold standard amplification method is the 

polymerase chain reaction (PCR). PCR provides high sensitivity but demands trained 

personnel and certain equipment for analysis. The method is also sensitive to background 

DNA contamination which can give rise to false positives (Takahashi et al., 2016, Strömberg 

et al., 2008a, Strömberg et al., 2008b, Yang and Rothman 2004). The requirement of high 

precision temperature cycling for PCR justifies a request for isothermal alternatives for 

diagnostic applications (Demidov 2016). Isothermal amplification methods do not require 

thermal cycling which makes them easier to operate and less energy consuming than PCR. 

These features make isothermal amplification methods such as RCA suitable for 

implementation in POC devices (Zanoli and Spoto 2012).  

Several approaches have been used for development of new POC technologies, where readout 

strategies are based on optical, electrochemical, acoustic, and magnetic analyses (Oropesa-

Nuñez et al., 2020). Piezoelectric methods have also been demonstrated (Teles 2011). 

Nanoparticles that are commonly used in the field of diagnostics are for example gold 

nanoparticles, iron-oxide nanoparticles, or quantum dots (Baetke et al., 2015). The project 

carried on in this thesis was aimed to develop a magnetic nanoparticle-based DNA detection 
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method in terms of sensitivity with focus on a naked-eye readout. This was done by 

employing the circle-to-circle amplification (C2CA) method, an amplification that uses two 

rounds of RCA to achieve higher amplification, and by testing and optimising protocols for 

C2CA and DNA detection.  

2 Theory 

2.1 Magnetic nanoparticles 

The ease of synthesis of magnetic nanoparticles (MNPs) and their low-cost production have 

attracted interest for biomedical applications (Østerberg et al., 2013, Zardán Gómez de la 

Torre et al., 2011, Wu et al., 2019, Strömberg et al., 2014). The particles exhibit high 

physicochemical stability (Oropesa-Nuñez et al., 2020, Østerberg et al., 2013, Zardán Gómez 

de la Torre et al., 2011, Wu et al., 2019, Strömberg et al., 2009, Strömberg et al., 2014). 

Nanoparticles have high surface to volume ratio, which makes them ideal for 

functionalisation with different biomolecules that can be used against different targets. The 

lack of magnetic background in most biological samples offers unique advantages for 

biosensing. This also results in a high signal-to-noise ratio (Oropesa-Nuñez et al., 2020, 

Østerberg et al., 2013, Wu et al., 2019, Strömberg et al., 2009, Strömberg et al., 2014). MNPs 

can easily be made biocompatible through functionalisation and even made environmentally 

friendly (Wu et al., 2019). Typically, the magnetic cores of the particles are encapsulated by 

non-magnetic biopolymers, which in turn can be functionalized with different probes and 

adapted for integration in sensing devices for a wide range of applications (Oropesa-Nuñez et 

al., 2020). 

MNPs have previously been used in healthcare, including drug discovery and biomedicine 

(Strömberg et al., 2008b). More examples are in diagnostics and therapy, as labels for 

magnetic immunoassays, as carriers for controlled drug delivery and as tracers for magnetic 

particle imaging (Wu et al., 2019). Platforms that utilise MNPs are based on a change in the 

magnetic properties of the particles upon binding events. These platforms offer unique 

advantages regarding simplicity (Ahrentorp et al., 2017, Wu et al., 2019, Strömberg et al., 

2014). 

2.1.1 Magnetic properties of MNPs 

The magnetic moments of the MNPs rotate by two mechanisms under the influence of an 

external magnetic field. The intrinsic Néel relaxation denotes the rotating magnetic moment 

inside a stationary particle, and the extrinsic Brownian motion denotes the rotation of the 

entire particle along with its magnetic moment (Wu et al., 2019). The relaxation is assumed to 

be dominated by the shortest relaxation time and in this work the particles are dominated by 

the Brownian relaxation (Ahrentorp et al., 2017, Østerberg et al., 2013). The 
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superparamagnetic relaxation time of the magnetic bead is much longer than the Brownian 

relaxation time due to internal flipping, and thus this assumption is possible (Østerberg et al., 

2013). In the VAM-NDA, the magnetic readout is based on a measurement of the in-phase 

(real part) and out-of-phase (imaginary part) components of the AC susceptibility of the 

MNPs versus frequency using an AC susceptometer. The Brownian relaxation frequency 

𝑓𝐵 can be expressed as 

𝑓𝐵 =
𝑘𝑏𝑇

6𝜋𝜂𝑉𝐻
,  

Where 𝑘𝑏 is Boltzmann’s constant, 𝑇 is the temperature, 𝜂 is the viscosity of the carrier 

liquid, and 𝑉𝐻 is the hydrodynamic volume of the MNPs (Ahrentorp et al., 2017, Østerberg et 

al., 2013). 

The Brownian relaxation frequency is sensitive to changes in the hydrodynamic volume of the 

MNPs, 𝑉𝐻, which increases upon binding to the DNA targets or amplified products 

(Ahrentorp et al., 2017, Strömberg et al., 2009). The AC susceptometer measures the 

magnetic response of the MNPs in solution in response to the alternating current (AC) 

magnetic field at different frequencies (Zardán Gómez de la Torre et al., 2011). 

The complex susceptibility χ can be described by the Debye theory in combination with a 

Cole-Cole fitting model to account for possible polydispersity (Østerberg et al., 2013): 

𝜒 =
𝜒0−𝜒∞

1+(
𝑖𝑓

𝑓𝐵
⁄ )1−𝛼

+ 𝜒∞, 

Where the parameter α (0 ≤ α ≤ 1) equals zero for a monodisperse sample, i.e., for a sample 

containing particles of uniform size. 𝜒∞ is the susceptibility at high frequencies, which 

depends only on the amount of MNPs, and 𝜒0 is the direct current susceptibility which 

depends on whether the MNPs are dynamically active (Østerberg et al., 2013).  

2.2 Rolling circle amplification and circle-to-circle amplification 

Rolling circle amplification (RCA) is an isothermal amplification method that is based on the 

endlessness of a circular line (Demidov 2016). The target sequence is recognised and 

hybridized by a padlock probe (PLP), forming a circular molecule. This circular molecule can 

be copied using RCA (Donolato et al., 2015, Demidov 2016, Zardán Gómez de la Torre et al., 

2011, Mezger et al., 2016, Strömberg et al., 2009). A polymerase enzyme will move around 

the circle to create a single-stranded DNA (ssDNA) concatemer. The ssDNA will consist of 

tandem repeats of a sequence complementary to the PLP (Demidov 2016). Fig. 1 shows how 

a PLP binds to the target of interest, becomes circularised upon ligation, and how RCA works. 

A challenge of nucleic acid target detection assays is to be able to distinguish single 

nucleotide differences such as single nucleotide polymorphisms (Smith and Beals, 2016). Due 
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to the use of PLPs, RCA provides specificity for distinction of single nucleotide variants 

(Ruff et al., 2016, Tian et al., 2020, Pavankumar et al., 2016), and a negligible risk of false 

positives (Tian et al., 2020), which makes the method highly sensitive and specific (Donolato 

et al., 2015). The 5’ and 3’ ends of the PLP are designed to hybridise next to each other on a 

target sequence (Ruff et al., 2016). The PLP is only ligated when a complementary sequence 

is present (Donolato et al., 2015, Pavankumar et al., 2016, Ruff et al., 2016, Zardán Gómez 

de la Torre et al., 2011, Strömberg et al., 2009). There is a linker sequence between the ends 

of the PLP. The possibility to engineer the linker sequence, which is not involved in the target 

recognition, to introduce different functions into the RCA products provides an advantage to 

the method. This could include adding restriction enzyme recognition sites for 

monomerisation of RCA products or detection sites for oligonucleotide probes (Mezger et al., 

2016). The RCA molecules spontaneously collapse into micrometer-sized molecules 

(Donolato et al., 2015, Zardán Gómez de la Torre et al., 2011, Strömberg et al., 2009). One 

hour of RCA results in RCA products of about 1 µm size (Strömberg et al., 2008b). RCA is a 

simple, accurate and robust method, and therefore the most widely used isothermal 

amplification technique (Tian et al., 2020). Since RCA is isothermal, there is no need for 

thermocyclers, allowing use of cheaper and simpler instruments to perform the amplification 

than PCR-based diagnostics. During disease outbreaks, this is beneficial in low-income 

regions (Demidov 2016).  

 

Figure 1. Ligation and RCA. The PLP hybridises to a target DNA sequence, is circularised upon binding, and ligated 

by the help of a DNA ligase. Now, RCA can take place, where a polymerase synthesises a long tandem-repeated 

concatemer complementary to the padlock probe. 

C2CA is an isothermal amplification method consisting of more than one round of RCA (Tian 

et al., 2020, Kühnemund et al., 2014). Fig. 2 shows that by monomerising the RCA product, 

new circles are formed that are used as templates for a second RCA. This way, hundreds of 

RCA products are formed from one initial RCA product. Magnetic microparticles (T1 beads 

in section 3.2) are used to capture the formed DNA circles and in that way to wash unbound 

PLPs before amplification. A disadvantage of C2CA is that it requires multiple steps (Tian et 

al., 2020, Kühnemund et al., 2014). Therefore, automation of the process and integration of 

the assay on a device is needed to make it favourable for diagnostic applications (Kühnemund 

et al., 2014).  
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Figure 2. Illustration of C2CA. The RCA product from the first round of RCA is hybridised to a restriction oligo, 

digested by a restriction enzyme into single-stranded linear monomers and the monomers are then circularised by 

DNA ligase to become templates for the second round of RCA. Note that the black strands are of complementary 

polarity to the red (Fig. 1), blue and yellow strands. The figure is prepared with advice from Prof. Anthony Forster. 

2.3 The VAM-NDA 

There are two categories for classifying magnetic biosensors. The substrate-free technology, 

also known as “lab-on-a-bead”, is based on the recognition of the frequency-dependent 

magnetic response of the MNPs as they bind to a target. The volume-amplified magnetic 

nanobead detection assay (VAM-NDA) belongs to this category and is a promising 

technology for low-cost diagnostic devices at the POC. The second category involves 

substrate-based technologies. These instead cause the MNPs to bind to a sensor surface when 

the target is present. Upon this binding event, a signal change is induced (Strömberg et al., 

2008b, Oropesa-Nuñez et al., 2020, Strömberg et al., 2009).  

The volume-amplified magnetic nanobead detection assay (VAM-NDA) was first described 

in 2008, with an aim of being suitable at the point-of-care (POC) (Strömberg et al., 2008a, 

Strömberg et al., 2014). In the VAM-NDA, ssDNA RCA products are detected using 

oligonucleotide functionalised MNPs by relying on changes in the frequency-dependent 

(dynamic) response of the magnetic beads to an external field (Strömberg et al., 2009, 

Strömberg et al., 2014). Upon binding the rolling circle products (RCPs), the MNPs are 

immobilised. Bead immobilisation induces a drastic increase in the hydrodynamic volume 



17 

 

because of the newly formed complex, causing the complex to relax less than the free beads, 

and a change in the Brownian relaxation frequency can be recorded (Strömberg et al., 2008a, 

Østerberg et al., 2013, Strömberg et al., 2014). The concentration of RCPs can also be 

monitored as a decrease of the amplitude of the Brownian relaxation peak of free MNPs (high 

frequency peak, HFP). The VAM-NDA uses this strategy. Fig. 3 shows the AC susceptometry 

detection principle for VAM-NDA. 

 

Figure 3. The detection principles of VAM-NDA rely on frequency shifts and on a decrease in the amplitude of the 

peaks in the complex susceptibility spectra (red arrows). The peak at frequency f1 (HFP) represents free MNPs (blue). 

When the MNPs bind to DNA, the amplitude of the peak decreases and a new peak representing the immobilised 

MNPs appears at the LFP, frequency f2 (green). When all MNPs are immobilised, the HFP vanishes and a peak with 

larger amplitude appears at frequency f2 (yellow). Note that the nanoparticles are coated with DO, which is the same 

polarity as the black strands in Fig. 2. The figure is borrowed from Assistant Prof. Teresa Zardán Gómez de la Torre. 

2.4 The aggregate protocol 

The aggregate protocol has recently been described by researchers belonging to the 

Nanotechnology and Functional Materials division at Uppsala University (unpublished 

manuscript). Through development of the VAM-NDA, they have shown that specific 

aggregation occurs between RCPs and biofunctionalised MNPs, enabling visual, optical, and 

magnetic identification of RCPs in samples. The visual identification approach allows for 

qualitative detection and not for a quantitative estimation of RCPs, while optical and magnetic 

properties of the samples can be measured for comparative quantification. 
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Salts have been shown to affect the properties of DNA such as stability, biological activity, 

and solubility. The melting temperature of DNA increases with NaCl concentration, up to 1 M 

NaCl. Around 1 M NaCl concentration, this phenomenon levels off. At NaCl concentrations 

above 1 M, DNA complexes are destabilised, and their melting temperatures decrease. This is 

because the backbone charges no longer can dominate the interactions since the electrostatic 

interactions saturate. The salt may exert its effect directly via interactions with the DNA itself 

or indirectly through interactions with the solvent (Tomac et al., 1996).  

To yield aggregates, the RCPs are diluted in NaCl and incubated at high temperature. Sánchez 

Martín et al., (manuscript under revision) show that at least 500 mM NaCl is needed to form 

visible aggregates. 80 ˚C was used in the incubation step to open the collapsed RCPs and 

allow MNP binding. In this project, the samples containing RCPs were diluted in 500 mM or 

750 mM NaCl to ensure stability and to allow for the detection oligos (DO) to bind more 

strongly to the RCPs.  

3 Materials and methods 

3.1 Reagents 

The biological target is a fragment of the gene sulI present in plasmid pUUH239.2 provided 

by Dr. Linus Sandegren (Medical Biochemistry and Microbiology, Uppsala University). Said 

plasmid was digested with restriction enzymes AluI and BsuRI (HaeIII) prior to use. The 

oligonucleotides used in this work are specified in Table 1 and were purchased from Biomers, 

Ulm, Germany. The reagents (BSA, Tth ligase buffer, dNTPs, φ29 buffer, and ATP) were 

purchased from Thermo Fisher Scientific, Walthamn, MA, USA. DynabeadsTM MyOneTM 

Streptavidin T1 were purchased from Thermo Fisher Scientific. Magnetic iron-oxide 

nanoparticles of 100 nm, coated with hydroxyethyl starch and functionalised with streptavidin 

were purchased from Micromod Partikeltechnologie, Germany. 

Table 1. Oligonucleotides used in this project. Orange, blue, violet, green: target recognition sequences. Red: 

restriction enzyme (AluI) recognition site.  

Oligonucleotide Sequence  

Padlock probe Vibrio 

Cholerae C2CA (92 

nucleotides) 

5’-

taggttgagcccagggacttctagagtgtaccgacctcagtagctgtgactatcgacttgttg

atgtcatgtgtcgcaccaaatgcgattcc-3’ 

Reduced padlock 

probe Vibrio Cholerae 

C2CA (69 

nucleotides) 

5’-

taggttgagcccagggacctcagtagctgtgactatgttgatgtcatgtgtcgcaccaaatgc

gattcc-3’ 
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Target Vibrio 

Cholerae C2CA 

5’-ctctctctctccctgggctcaacctaggaatcgcatttg-3’ 

Detection oligo Vibrio 

Cholerae C2CA 

5’-ttttttttttttttttttttgtgcgacacatgacatcaac-3’ 

Restriction oligo 

Vibrio Cholerae & 

sul-I C2CA 

5’-acctcagtagctgtgacta-3’ 

Padlock probe sul-I 5’-

cgtattgcgccgctacctcagtagctgtgactatctggcattctggtgatagcctccgatgaga

tcaga-3’ 

Biological target (sul-

1) 

5’-ctgtcgattgaaacacggtgcatctgatcggacagggcgtctaagagcggcgcaata 

cgtctgatctcatcgg-3’ 

Capture oligo sul-I 5’- ttttttttttttttttttttgtccgatcagatgcaccgtgtttcaatcgac-3’ 

Detection oligo sul-I 5’- tttttttttttttttttttttggctatcaccagaatgcct-3’ 

 

3.2 Hybridisation and C2CA reaction on target DNA 

Hybridisation was performed with different quantities of synthetic Vibrio cholerae target and 

100 nM PLP in a hybridisation mixture consisting of 0.2 µg/µl BSA, 1× Tth ligase buffer, 250 

mU/µl Tth ligase. In the case of a negative control sample, MilliQ water was used instead of 

target. The samples were incubated at 60 °C for 5’ and thereafter 10 mg/ml of DynabeadsTM 

MyOneTM Streptavidin T1 were added. The samples were washed once with washing buffer 

(3 mM EDTA, 6.7 mM Tris-HCl pH 8, 0.067% Tween-20, 67 mM NaCl). The first RCA 

reaction was performed in a mixture containing 0.2 µg/µl BSA, 125 µM dNTPs, 1× φ29 

buffer, 100 mU/µl φ29 polymerase, MilliQ water at 37 °C for 20’ followed by inactivation of 

enzymes at 65 °C for 5’. Digestion of the RCA products was performed in 0.2 µg/µl BSA, 1× 

φ29 buffer, 120 mU/µl AluI, 120 nM restriction oligo (RO) and MilliQ water at 37 °C for 10’ 

followed by 65 °C 5’. The second RCA reaction was performed in a mixture containing 0.2 

µg/µl BSA, 0.68 mM ATP, 14 mU/µl T4 DNA ligase, 1× φ29 buffer, 50 µM dNTP, 60 mU/µl 

φ29 polymerase and MilliQ water at 37 °C for 60’ followed by inactivation of enzymes at 65 

°C for 5’.  

For the biological samples, C2CA was performed replacing the synthetic target with the 

appropriate quantity of digested plasmid. Hybridisation/ligation was divided into two parts. The 

digested plasmid was denatured at 95 °C for 5’ with 100 nM PLP and 50 nM CO to allow 

binding of the oligos to the ssDNA target molecules. Ligation was performed on the denatured 

sample at 55 °C for 5’ (0.2 µg/µl BSA, 1× Tth ligase buffer, 250 mU/µl Tth ligase, MilliQ 
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water). Afterwards the PLP-CO complex was captured by DynabeadsTM MyOneTM Streptavidin 

T1 beads via a biotin bond on the CO. Any leftover plasmid was washed out once with washing 

buffer (3 mM EDTA, 6.7 mM Tris-HCl pH 8, 0.067% Tween-20, 67 mM NaCl).  

3.2.1 Enzyme inactivation 

Inactivation times of the polymerases and ligases operating during RCA were first 1’ at 65 °C, 

and digestion was performed 1’ at 37 °C followed by inactivation of the restriction enzyme at 

65 °C for 1’. During optimisation work, enzyme inactivation was extended to 5’ and digestion 

was extended to 10’.  

3.3 Binding of MNPs and analysis 

3.3.1 Functionalisation of magnetic nanoparticles with DO 

Magnetic iron-oxide nanoparticles at a concentration of 10 mg/ml were washed thrice with 

washing buffer (3 mM EDTA, 6.7 mM Tris-HCl pH 8, 0.067% Tween-20, 67 mM NaCl) 

using a permanent magnet. The MNPs were resuspended in washing buffer and single-

stranded DOs complementary to the RCPs were conjugated to the beads to final concentration 

of 240 nM. This corresponds to a 60-fold excess of oligonucleotides, which has been found to 

give optimal detection sensitivity according to Strömberg et al (2014). The final concentration 

of the MNPs was 4 mg/ml. The solution was incubated at room temperature for at least a 

minute before use.  

3.3.2 Aggregate protocol 

Samples containing the RCPs were diluted to desired concentrations with a 500 mM or 1 M 

NaCl solution and incubated at 80 °C for 20’. Immediately after incubation, 5 µl of 4 mg/ml 

functionalized MNPs were added to the sample, and the tube was lightly vortexed. The 

aggregates formed at room temperature after about two minutes. The samples were lightly 

vortexed again and pipetted into vials for AC susceptibility measurements. Solution was spun 

down to collect condensed water, which was pipetted down into the vials. 

3.3.3 VAM-NDA protocol 

20 µl of samples containing RCPs were mixed with 20 µl of 2 mg/ml functionalised MNPs 

and incubated at 55 °C for 20’. The samples were lightly vortexed, and solution was spun 

down to collect condensed water. The samples were pipetted into vials for AC susceptibility 

measurements. 

3.3.4 AC susceptometry  

Samples were pipetted into vials and PBS was added to bring the volume to 200 µl. The 

frequency-dependent magnetic measurements were conducted in a commercially available 

AC susceptometer (DynoMag®, Acreo, Sweden) at the frequency range of 5 Hz to 250 kHz. 

The acquired volume susceptibility data can be normalised to account for sample variations. 

This is done by dividing both the in-phase (real) and the out-of-phase (imaginary) part with 
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the constant value of the real curve at high frequencies (Strömberg et al., 2014). This value 

corresponds to the number of particles in the sample. However, such a procedure was not 

considered necessary since the variations were low, showing negligible differences between 

most replicates. To ensure that no background subtraction of the susceptibility data was 

necessary, different negative controls including a sample with PBS and without MNPs, and a 

sample containing MNPs and 1 M NaCl were analysed (Fig. 4).  

3.4 Absorbance measurements 

Triplicates of three different types of samples were placed on a 96-well plate: blanks 

consisting of 1 M NaCl, negative samples with MNPs (no RCPs), and samples containing 

RCPs and MNPs. Samples were filled up with PBS to a total volume of 200 µl/well. 

Absorbance measurements were performed at 350 nm with 10 ms settle time, multiple reads 

per well (4x4 filled) and 1500 µm away from well edges using an Infinite® 200 (Tecan, 

Sweden). The blanks were subtracted from the samples before the mean and standard 

deviations were calculated. 

3.5 Imaging of DNA samples 

An Olympus BX60 optical microscope was used together with an OMAX A3580U3 camera 

to photograph the aggregates. After absorbance measurements, a picture was taken of the 96-

well plate using a mobile phone camera.  

3.6 Limit of detection 

The limit of detection was defined as three times the standard deviation subtracted from the 

out-of-phase peak value of the negative sample. Samples are considered detectable if the sum 

of the average of each sample plus its standard deviation is smaller than the limit of detection. 

3.7 Agarose gel electrophoresis 

Agarose powder was dissolved in 1x Tris-borate-EDTA (TBE) buffer (0.1 M Tris base, 0.1 M 

boric acid, 2 mM EDTA) to make a 2% gel. The GeneRuler 10 kb DNA Ladder, DNA Gel 

Loading Dye (6x) and SYBR™ Safe DNA Gel Stain were purchased from ThermoFisher 

Scientific. 
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4 Results 

4.1 Before optimisation 

4.1.1 Negative controls 

To ensure that the salt used for incubations and that the PBS used for the AC susceptometry 

measurements did not contribute to the AC susceptibility spectra, different types of negative 

controls (samples without RCPs) were compared. The negative control amplified through the 

C2CA protocol, which contains MNPs (green), showed negligible differences to a control 

consisting of only NaCl and MNPs (violet). The results also show that PBS (without MNPs) 

is at zero in the complex susceptibility spectra (blue). Therefore, no background subtraction 

was considered necessary (Fig. 4). The negative control run through the C2CA verifies that no 

contamination has occurred.  

 

Figure 4. The out-of-phase (imaginary) component of the ACS signal versus frequency for samples with zero RCP 

concentration (negative samples). Errors bars are based on N=3 except for PBS where N=1. Circle-to-circle amplified 

negative control with MNPs (green), 1 M NaCl with MNPs (violet), PBS in absence of MNPs and RCPs (blue).  

 

4.1.2 Visual limit of detection 

The visual readout from performing a C2CA and and incubating 4000 amol, 400 amol, and 40 

amol respectively of synthetic VC target are shown in Fig. 5. Disperse aggregation was seen 
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at 0.04 fmol, and the naked-eye limit of detection was initially determined to be in the range 

between 0.4-0.04 fmol. The 92 base VC PLP was used (Table 1).  

 

Figure 5. Determination of the LOD before optimisation work. RCA images (lower) are borrowed from Assistant 

Prof. Teresa Zardán Gómez de la Torre. The aggregates were imaged under a microscope (4x objective). 

Measurements of the out-of-phase part of the AC susceptibility spectra (Fig. 6A) of the 

aggregates show that RCPs were present in all samples. The out-of-phase components show a 

decrease in HFP amplitude with increasing number of RCPs. This is due to a decrease of the 

number of free MNPs as the number of MNPs immobilised to the RCPs increase (Fig. 6A). 

VAM-NDA was performed as reference, and shows that for the 4000 amol sample, the MNPs 

relax at lower frequencies (Fig. 6B). For the 4000 amol sample incubated in the aggregate 

protocol, the HFP has vanished, indicating that all MNPs were immobilised to RCPs (Fig. 

6A).  
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Figure 6. The measured out-of-phase (imaginary) AC components versus frequency of samples of the aggregate 

protocol (A) and of samples of VAM-NDA (B). N=1. Samples have different amounts of circle-to-circle amplified 

synthetic VC target. 
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4.2 Optimisation work 

4.2.1 dsDNA evaluation with AluI enzyme 

The theory was that dsDNA in the RCPs could affect the visual LOD, since the DO only 

binds to ssDNA. This could mean that less RCPs will be detected which would result in 

smaller aggregates. Initially, the RO amount specified by the given method is thought to have 

been insufficient for hybridising to all the restriction sites in the target DNA sequence, since 

the DNA concentration was probably too high. The hypothesis is that the RCPs from the first 

round of RCA was not cut in all restriction sites, resulting in not only monomers in the sample 

but also dimers or even trimers. The concatemers will be complementary to the RCPs created 

in the second round of RCA, which opens the possibility for base pairing between leftover 

products from the first RCA and newly synthesized products from the second RCA. This 

would result in a sample containing both ssDNA and dsDNA.  

The restriction enzyme AluI cuts dsDNA at the specific palindromic site 5’-AG^CT-3’ 

(ThermoFisher Scientific 2021). Two samples were prepared, where one was digested with 

the restriction enzyme after the C2CA, and the other was not. Both samples were incubated 

the same way as per the aggregate protocol afterwards. Practically, the digestion of the RCPs 

was done by incubating 10000 amol of RCPs with the restriction enzyme at 37 ºC for 10’ 

followed by inactivation of enzymes at 65 ºC for 5’. The purpose was to see whether the 

aggregate size was affected to some extent. No aggregates were seen in the samples with cut 

RCPs, as is shown in Fig. 7, suggesting that dsDNA was not present. Most likely, the small 

aggregate structures seen in the image of the cut RCP sample in Fig. 7 pertain to the part of 

the sample that was ssDNA. Fig. 7 shows that there was disperse aggregation in the sample 

with uncut RCPs. For this experiment, the 92 nucleotide (nt) PLP was used (Table 1) and 

10000 amol of target DNA were used for the C2CA.  

 

Figure 7. Image 1 and 2: uncut RCPs (the same sample imaged twice to show disperse aggregation), and 3: RCPs cut 

with restriction enzyme. 100 amol of RCPs were incubated as per the aggregate protocol for both samples. The 

aggregates were imaged under a microscope (4x objective). 

Fig. 8 shows the imaginary part of the AC susceptibility spectra for uncut and cut RCP 

samples, each containing 100 amol of RCPs. For the cut RCP sample, the peak is shifted 

towards lower frequencies. The reason could be that more binding sites for the DO-

functionalised MNPs are exposed when the dsDNA is cut into monomers, allowing for more 
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MNPs to be immobilised. To overcome an eventual inhibitive effect of dsDNA on 

aggregation, the strategy was later to use a lower target concentration for ligation, to extend 

RCA inactivation and digestion times. The results suggest that dsDNA was initially present 

(Fig. 7 and 8). 

 

 

Figure 8. The out-of-phase part of the AC susceptibility spectra for uncut and cut RCPs.  

It is important to mention that the products of each step in the C2CA have not been analysed 

on a deeper level in this project due to time restrictions. For example, agarose gels could be 

used to ensure that the DNA is single stranded after the first and second RCA. Additionally, 

the amount of DNA could be quantified after each RCA. Despite this fact, the decision was 

made to visualise the uncut and cut RCPs from section 4.2.1 on a gel. To confirm what the 

bands correspond to, the product from each step in the C2CA would need to be analysed. The 

theory is that the aggregation is inhibited to some extent, since disperse aggregation is seen 

for the uncut RCPs when incubating 100 amol of RCPs (Fig. 7). Since the visual LOD for one 

round of RCA is 400 amol as shown in Fig. 4, the theory was that it should be possible to 

improve the LOD with C2CA further, since each RCP should yield hundreds of new RCPs in 

the second round of RCA as described in section 2.2. The theory was, that if the gel 

electrophoresis showed that the RCPs had been cut, this would mean that there was dsDNA in 

the RCPs. This could mean that dsDNA contributed to inhibiting aggregation. 

For the gel electrophoresis, the theory was that the DNA would be present in a wide size 

range due to the digestion which was done for 10’ and because the uncut RCPs are estimated 

to be about 70 kilobases while the monomers are only 92 nt. Fig. 9 shows the result of 
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running a 2% agarose gel of the uncut and cut DNA samples in section 4.2.1. Three different 

amounts of the uncut and cut RCPs were loaded on the gel to increase the possibilities of 

getting good resolution of bands. The gel confirms that the RCPs become smaller, and the 

smear suggests many different sizes. The faint bands lower than 250 nt of dsDNA are thought 

to be ssDNA monomers or dimers (the monomers should be 92 bases), but authentic ssDNA 

markers were not loaded. As there are differences between the uncut and cut RCP samples, 

there should have been dsDNA in the sample, although it cannot be ruled out that the smaller 

sizes were caused by physical shearing of the enormous ssDNA. Aggregation was also 

inhibited to some extent (Fig. 7) 

 

Figure 9. Agarose gel of uncut and cut RCPs. Lanes 1 and 8: ladder of size range 250-10000 nt. Different quantities of 

the uncut and cut RCP samples were loaded onto the wells, 5 µl, 10 µl, and 15 µl. Lanes 2-4: uncut RCPs. Lanes 5-7: 

cut RCPs. The position of the bromophenol blue dye is indicated. A phone camera was used to photograph the gel.  

 

4.2.2 NaCl concentration 

To evaluate whether the NaCl concentration of choice affected the visual and magnetic 

readout, two different NaCl solutions of different concentrations, 500 mM and 1 M, were 

used to dilute the C2CA samples. The 69 nt PLP was used for these experiments (Table 1). 

No apparent differences in the size of the aggregates were observed between the two salt 

concentrations, indicating that both concentrations of NaCl can be suitable for incubation in 

the aggregate protocol (aggregates not shown). However, AC susceptometry measurements 

improved when using 1 M NaCl and 80 °C during the incubation step (Fig. 10A). The same 

was not observed for samples incubated in 500 mM NaCl (Fig. 10B). Thus, the decision was 

made to use 1 M NaCl and 80 °C. 
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Figure 10. Comparison of magnetic readout from samples containing 80 amol of RCPs but diluted in solutions with 

different NaCl concentrations, 1 M NaCl (A) and 500 mM NaCl (B). 

 

4.2.3 Padlock probes and temperature of incubation in the aggregate protocol 

The experiment shown here was performed post-optimisation of the enzyme inactivation 

times and digestion time. The theory was that the PLP design could affect how many 

monomers produced in the digestion step could form templates for the second round of RCA. 

The result of comparing two different PLPs at different temperatures is shown in Fig. 11. The 

out-of-phase part shows that more binding sites for the DO were available with the 69 nt PLP 
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(Table 1) and 80 °C incubation temperature. The temperature might affect the number of 

binding sites exposed for the DO. 

 

Figure 11. Comparison of two PLPs at different incubation temperatures in the aggregate protocol. All samples 

contained 10 amol synthetic VC target. The out-of-phase (A) and in-phase (B) parts of the AC susceptibility spectra 

are shown. Error bars represent standard deviation and are based on N=3. 

The 69 nt PLP worked better also for aggregation at both temperatures, which is demonstrated 

by the size of the aggregates (Fig. 12B, 12D). The 92 nt PLP resulted in smaller aggregates 

compared to the shorter PLP (Fig. 12A, 12C). No significant differences in aggregate size 

between the temperatures are seen, suggesting that both 70 °C and 80 °C works well for the 

aggregation. The same was found in section 4.2.3 (the NaCl experiment) where the aggregates 

had similar size at different temperatures and salt concentrations. However, in the salt 

experiment, more MNPs were bound according to the complex part of the AC susceptibility 

spectra (Fig. 10A and B). It is possible that the temperature affects the number of binding 

sites exposed for the DO or other still-not-understood parameters.  

 

Figure 12. Comparison of PLPs at different incubation temperatures in the method A) 92 nt 70 °C, B) 69 nt 70 °C, C) 

92 nt 80 °C, D) 69 nt 80 °C. The aggregates were imaged under a microscope (4x objective). 
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4.3 After optimisation 

4.3.1 Limit of detection 

Optimisation work concluded that the quantity of RO was insufficient for high target 

concentrations in the C2CA. To improve the assay, the quantity of target was lowered in the 

reactions, but another strategy could have been to use more RO during the digestion step. 

Inactivation and digestion times were extended to ensure that enzymes were properly 

inactivated, and that digestion was complete. Inactivation of the enzymes is important to 

inhibit their activity so that they do not interfere with the subsequent steps of the assay. 

Optimisation work also showed that the 69 nt PLP produced RCPs with a higher number of 

DO binding sites than the 92 nt PLP. The LOD of the experiment (Fig. 13 and 14) is 

calculated to 4.0·10-4 as explained in section 3.6. The average peak value of the 1 amol 

sample plus its corresponding standard deviation is 3.56·10-4. Thus, 1 amol of synthetic target 

is detectable with the aggregate protocol, as can easily be seen in the complex susceptibility 

spectra in Fig. 13. The aggregates are shown in Fig. 14.  
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Figure 13. The out-of-phase (A) and in-phase (B) components of the AC susceptibility spectra. Errors bars represent 

standard deviation based on N=3, except for one 5 amol sample that was discarded due to pipetting errors. 

 

 

Figure 14. Visual LOD (aggregates) after optimisation work. The aggregates were imaged under a microscope (4x 

objective).  
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4.3.2 Absorbance 

There is a change in the turbidity of the solution when MNPs bind to RCPs. This causes a 

change in absorbance which allows for a third readout strategy of the method, apart from 

magnetic measurements and naked-eye detection. An absorbance measurement of samples 

containing three different amounts of RCPs was done. The 69 nt PLP and the synthetic VC 

target were used in the C2CA (Table 1). The large standard deviations were likely due to 

small pipetting errors. The results show that 1 amol could be detected, which is in line with 

AC susceptometry results (Fig. 13) and naked-eye detection (Fig. 14). Aggregate formation 

makes the solution more transparent than in the negative control samples (Fig. 15B).  

 

Figure 15. The RCPs can be quantified using an absorbance reader. Absorbance values at 350 nm of samples of the 

aggregate protocol (A). Aggregates on 96-well plate (B). Error bars represent standard deviation and are based on 

N=3. The plate (B) was imaged using a phone camera.  

4.4 Biological samples 

As a final step, the optimised method was evaluated with a "biological" target instead of a 

synthetic target. For this work, a digested plasmid was used. The results show that the sul1 

gene was unequivocally detected with the method, even at 1 amol of target, which is the same 

results as with the synthetic target. The large error for 5 amol and 10 amol might be due to a 

pipetting or vortexing error (Fig. 14). The aggregates for 1, 5 and 10 amol samples are shown 

in Fig. 15. The large aggregate at 1 amol (Fig. 17) together with the decrease of the amplitude 
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in the complex susceptibility spectra (Fig. 16) indicate that the method also works well when 

tested on a biological sample.  

 

 

Figure 16. The out-of-phase part of the AC susceptibility spectra for the biological sample on a digested plasmid.  

 

 

Figure 17. Visual readout (aggregates) for the digested plasmid. The aggregates were imaged under a microscope (4x 

objective). 

5 Discussion 

This project aimed to develop a DNA detection method with respect to sensitivity by 

employing the C2CA method. The theory was that aggregate formation was inhibited to some 

extent when the target sequence was amplified in the unoptimised C2CA protocol due to 

incomplete digestion of the RCPs from the first round of RCA. Incomplete digestion can 

result from an insufficient amount of RO and short digestion time. Enzymes that are not 
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properly inactivated can also interfere with another enzyme in a subsequent reaction step. By 

using lower target concentration for ligation, extending enzyme inactivation and digestion 

time, evaluating two different PLPs, and investigating the temperature effect on aggregate 

formation, the visual LOD was improved from between 400 amol and 40 amol to 1 amol. 

Optimisation work was done on a synthetic target. The method was finally tested on a 

digested plasmid, which resulted in the same LOD as the synthetic target. Further 

development of the method sensitivity could include analysis of the products of each step of 

the C2CA to explore evaluation points on a molecular level. In addition, the process of 

aggregate formation is not yet fully understood and should be further investigated. For 

example, aggregation is highly dependent on temperature and does not occur at room 

temperature, and the process seems to be inhibited to some extent by dsDNA.  

5.1 Limit of detection 

Initially, digestion was performed for 1 min at 37 °C followed by 1 min inactivation at 65 °C. 

Here, the theory was that 1 min was not enough time for the restriction enzyme to cut the 

RCPs at all restriction sites, at least for high target concentrations. Therefore, digestion times 

were extended to 10 min at 37 °C followed by inactivation of the enzyme for 5 min at 65 °C. 

Thus, the hope was that the RCPs were cut at all restriction sites. Furthermore, by ensuring 

that the enzymes were inactivated by extending the inactivation time, they would not interfere 

with another enzyme in a subsequent step of the assay. 

Initial testing of the method yielded a compact aggregate at 400 amol (0.4 fmol) but not at 40 

amol (0.04 fmol) (Fig. 5, C2CA). The improvement compared to previous results with one 

round of RCA was not noteworthy and therefore the possibilities for improvement were 

explored. Here, the theory was that RCPs partly consisting of dsDNA could inhibit aggregate 

formation, because DOs only bind efficiently to ssDNA. To improve the aggregate formation 

and LOD, a lower target concentration was used for ligation.  

To increase the melting temperature of the RCPs, the RCPs were diluted in NaCl in the 

aggregate protocol. Both 500 mM and 1 M NaCl were evaluated, which both resulted in 

similar sizes of the aggregates, suggesting that either is suitable for the method (Fig 7). The 

69 nt PLP was found to improve both visual and magnetic detection compared to the 92 nt 

PLP (Fig. 9 and 10). When the PLPs were compared, RCA inactivation was extended to 

ensure enzymes were inactivated, and digestion was extended to minimise the risk of having 

concatemers in the sample. Since the project was about improving assay sensitivity in 

combination with making it competitive for POC applications, there is a need to minimise 

assay time. Thus, it is still likely that digestion was incomplete. Since the shorter PLP has a 

shorter linker sequence than the longer PLP, the synthesised product will also be shorter. 

When the longer PLP is used, each additional nucleotide will increase the risk of base pairing 

with the RCPs, or another PLP molecule. The concatemers will likely also be circularised, but 

some parts might not be, and those parts can hybridise to the RCPs formed during the second 
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RCA, resulting in a sample consisting of a mix of dsDNA and ssDNA. If binding sites for DO 

are already partly hybridised to the concatemers, the DO cannot bind. 

Two different temperatures were tested during optimisation work. This was done since it was 

not known what temperature the method required to open the collapsed RCPs. Results from 

comparing the NaCl concentrations (Fig. 10A and B) and the PLPs (Fig. 11) showed that the 

number of detected RCPs was slightly higher in 80 °C than in 70 °C. However, aggregate size 

was similar in both temperatures, both for the NaCl concentration experiment (aggregates not 

shown) and for the PLP comparison (Fig. 12). In this method, it is both necessary to expose 

the samples to high temperature to open the collapsed RCPs, while the function of the salt is 

to stabilise the RCPs by increasing the melting temperature of the DNA. The theory is that the 

salt is needed so that the high temperature needed for aggregation does not denature the 

RCPs. On the other hand, a salt concentration higher than 1 M would destabilise the DNA 

complexes, as described in section 2.5.  

The lowest amount of target evaluated in this project was 1 amol, both for the synthetic and 

biological target. Most likely, even smaller amounts can be detected, considering the large 

aggregate (Fig. 12 and 15) and the drop in peak amplitude (Fig. 11A and 14A) for 1 amol. 

Thus, no difference in sensitivity was found when comparing synthetic and biological 

samples. The method allows for multiple readouts, which makes it more competitive. Apart 

from magnetic readouts and naked-eye detection, absorbance measurements can be used as 

another readout method. This makes the method more competitive since most health care 

centres have access to the necessary equipment, making it suitable at the POC in low-income 

areas.   

5.2 Conclusions and future work 

The results suggest that PLP design has a major impact on aggregation. The results showed 

that the PLP size has an impact on both magnetic and visual readouts, but aggregation does 

not seem to change significantly between 70 °C or 80 °C with the evaluated sequences. 

However, the number of binding sites available for the MNPs was likely increased in 80 °C, 

resulting in the change seen with AC susceptometry (Fig. 11). Furthermore, the NaCl 

concentration used for dilution during incubations in the aggregate protocol works equally 

well for a visual readout with 500 mM and 1 M (aggregates not shown). AC susceptometry 

results of the uncut and cut RCP samples show that more MNPs are immobilised for cut RCP 

sample (Fig. 8). This might be a result of more binding sites being exposed as the RCPs are 

cut into monomers or smaller concatemers. Visual evaluation (Fig. 7), magnetic 

measurements (Fig. 8) and evaluation of the gel (Fig. 9) support the theory that dsDNA was 

present, since the aggregates disappeared, the AC susceptibility spectra showed that more 

monomers were available for binding to MNPs in the cut RCP sample, and the gel indicated 

that the RCPs had been cut. For the biological sample, one of the incubation temperatures 

tested with the synthetic target was chosen, 70 °C in this case. Future work on improving the 
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assay sensitivity could include analysing each reaction step in the C2CA to discover 

evaluation points.  

Integrating the method on a device would make it commercially attractive at the POC setting. 

This requires ease of use and short turn-around-time. Today, given the current amplification 

times used, the assay takes about three hours to perform. Further work on improving the 

method could include repeating the digestion step and adding an additional step of 

amplification. However, repeating the digestion means that more reagents need to be added, 

which makes it more complicated. Theoretically, one round of RCA should be easier to 

integrate on a device since it does not require another addition of reagents. However, C2CA 

has already been implemented on devices in other works such as described in Kühnemund et 

al (2014), where C2CA was integrated on a microfluidic chip. Their approach was to 

manipulate droplets that serve as micro-reaction chambers, in combination with shuttling 

magnetic particles between these droplets. 

Loop-Mediated Isothermal Amplification (LAMP) is another isothermal amplification 

technique which could be a possible competitor to this method since it can be combined with 

RCA. In LAMP, multiple primers are used to generate stem-loops, and in combination with 

RCA it will have the advantages of the speed of the LAMP reaction together with the 

specificity of the PLPs. The reactions will only occur if the primers and the PLP are present 

(Ruff et al., 2016). Several detection methods for detection of the amplified product with 

LAMP have been demonstrated. For example, visualisation can be done by the naked eye due 

to a change in solution turbidity caused by magnesium pyrophosphate precipitate in a method 

described in Mori et al (2001). However, the advantage of using the method described in this 

master project compared to LAMP could be that it only requires the use of one PLP and there 

is no need for designing multiple primers. Furthermore, LAMP is extremely vulnerable to 

false-positive amplification, even though it is a very sensitive method (Bao et al., 2020).  

In conclusion, C2CA provides high specificity due to the use of PLPs. The aggregate protocol 

allows for multiple readouts such as magnetic, visual or absorbance. There is a change in the 

turbidity of the solution when oligonucleotide-functionalised MNPs bind to RCA products, 

which is suitable for absorbance measurements using a plate reader, spectrophotometer or the 

like. Since most health care centres have access to such a device, the method is even more 

useful. The method can detect as low as 1 amol of synthetic and biological target and the 

results suggest that there is room for further improvement of the detection limit.  

 



37 

 

6 Acknowledgements 

First, I would like to thank my main supervisor, Assistant Prof. Teresa Zardán Gómez de la 

Torre, for giving me the opportunity to do this project. Thank you for being so helpful and 

supportive during the laboratory work and for sharing some of your experience and 

knowledge with me. I would also like to thank my daily supervisor Darío Sánchez Martín for 

always answering my questions happily, for great discussions throughout the project, and for 

being so helpful with the laboratory work.  

I would also like to thank my subject reader, Prof. Anthony Forster. Thank you for taking 

time to review my project and sharing your valuable advice. Thank you also for lending me 

the equipment for the gel electrophoresis. I would also like to thank Nicola Freyer for helping 

me with the gel electrophoresis and showing me around the lab. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

References 

Ahrentorp F, Blomgren J, Jonasson C, Sarwe A, Sepehri S, Eriksson E, Kalaboukhov A, 

Jesorka A, Winkler D, Schneiderman J, Nilsson M, Albert J, Zardán Gómez de la Torre T, 

Stromme M, Johansson C. 2017. Sensitive magnetic biodetection using magnetic multi-core 

nanoparticles and RCA coils. Journal of Magnetism and Magnetic Materials 427: 14-18. 

Baetke SC, Lammers T, Kiessling F. 2015. Applications of nanoparticles for diagnosis and 

therapy of cancer. British J. Radiol. 88: 1054.  

Bao Y, Jiang Y, Xiong E, Tian T, Zhang Z, Lv J, Li Y, Zhou X. 2020. CUT-LAMP: 

Contamination-Free Loop-Mediated Isothermal Amplification Based on the CRISPR/Cas9 

Cleavage. ACS Sensors 5: 1082-1091. 

Demidov VV. 2016. Introduction: 20+ Years of Rolling the DNA Minicircles – State of the 

Art in the RCA-Based Nucleic Acid Diagnostics and Therapeutics. In: Demidov VV (ed). 

Rolling Circle Amplification (RCA), pp. 1-7. Springer International Publishing Switzerland, 

Boston.  

Donolato M, Antunes P, Zardán Gómez de la Torre T, Hwu ET, Chen CH, Burger R, Rizzi G, 

Bosco FG, Strømme M, Boisen A, Hansen MF. 2015. Quantification of rolling circle 

amplified DNA using magnetic nanobeads and a Blu-ray optical pick-up unit. Biosensors and 

Bioelectronics 67: 649-655.  

Kozel TR, Burnham-Marusich AR. 2017. Point-of-Care Testing for Infectious Diseases: Past, 

Present, and Future. J. Clin. Microbiol. 55: 2313-2320.  

Kühnemund M, Witters D, Nilsson M, Lammertyn J. 2014. Circle-to-circle amplification on a 

digital microfluidic chip for amplified single molecule detection. Lab on a Chip 14: 2983-

2992.  

Mezger A, Kühnemund M, Nilsson M. 2016. Rolling Circle Amplification with Padlock 

Probes for In Situ Detection of RNA Analytes. In: Demidov VV (ed). Rolling Circle 

Amplification (RCA), pp. 99-105. Springer International Publishing Switzerland, Boston.  

Mori Y, Nagamine K, Tomita N, Notomi T. 2001. Detection of Loop-Mediated Isothermal 

Amplification Reaction by Turbidity Derived from Magnesium Pyrophosphate Formation. 

Biochemical and Biophysical Research Communications 289: pp. 150-154. 

Oropesa-Nuñez R, Zardán Gómez de la Torre T, Stopfel H, Svedlindh P, Strömberg M, 

Gunnarsson K. 2020. Insights into the Formation of DNA–Magnetic Nanoparticle Hybrid 

Structures: Correlations between Morphological Characterization and Output from Magnetic 

Biosensor Measurements. ACS Sensors: 3510-3519. 



39 

 

Pavankumar A, Engström A, Liu J, Herthnek D, Nilsson M. 2016. Proficient Detection of 

Multi-Drug-Resistant Mycobacterium tuberculosis by Padlock Probes and Lateral Flow 

Nucleic Acid Biosensors. Analytical Chemistry 88: 4277-4284.   

Ruff LE, Fecteau JF, Uzri D, Messmer BT. 2016. Combining Isothermal Amplification 

Techniques: Coupled RCA-LAMP. In: Demidov VV (ed). Rolling Circle Amplification 

(RCA), pp. 57-63.  

Smith JH, Beals TP. 2016. Detection of Vascular Disease-Related Single Nucleotide 

Polymorphisms in Clinical Samples Using Ramified Rolling Circle Amplification. In: 

Demidov VV (ed). Rolling Circle Amplification (RCA), pp. 67-83.  

Strömberg M, Göransson J, Gunnarsson K, Nilsson M, Svedlindh P, Strømme M. 2008a. 

Sensitive Molecular Diagnostics Using Volume-Amplified Magnetic Nanobeads. Nano 

Letters 3: 816-821. 

Strömberg M, Zardán Gómez de la Torre, Göransson J, Gunnarsson K, Nilsson M, Strømme 

M, Svedlindh P. 2008b. Microscopic mechanisms influencing the volume amplified magnetic 

nanobead detection assay. Biosensors and Bioelectronics 24: 696-703.  

Strömberg M, Zardán Gómez de la Torre, Göransson J, Gunnarsson K, Nilsson M, Svedlindh 

P, Strømme M. 2009. Multiplex Detection of DNA Sequences Using the Volume-Amplified 

Magnetic Nanobead Detection Assay. Analytical Chemistry 81: 3398-3406.  

Strömberg M, Zardán Gómez de la Torre T, Nilsson M, Svedlindh P, Strømme M. 2014. A 

magnetic nanobead-based bioassay provides sensitive detection of single- and biplex bacterial 

DNA using a portable AC susceptometer. Biotechnology Journal 9: 137-145. 

Takahashi H, Okamura Y, Kobori T. 2016. Use of DNA CircLigase for Direct Isothermal 

Detection of Microbial mRNAs by RNA-Primed Rolling Circle Amplification and 

Preparation of φ29 DNA Polymerase Not Contaminated by Amplifiable DNA. In: Demidov 

VV (ed). Rolling Circle Amplification (RCA), pp. 37-46. Springer International Publishing 

Switzerland, Boston.  

Teles FSR. 2011. Biosensors and rapid diagnostic tests on the frontier between analytical and 

clinical chemistry for biomolecular diagnosis of dengue disease: A review. Analytica Chimica 

Acta 687: 28-42.  

ThermoFisher Scientific. 2021. AluI (10 U/µL). WWW-document 2021: 

https://www.thermofisher.com/order/catalog/product/ER0011#/ER0011. Accessed June 1 

2021.  

https://www.thermofisher.com/order/catalog/product/ER0011#/ER0011


40 

 

Tian B, Gao F, Fock J, Dufva M, Hansen MF. 2020. Homogeneous circle-to-circle 

amplification for real-time optomagnetic detection of SARS Cov-2 RdRp coding sequence. 

Biosensors and Bioelectronics 165: 112356.  

Tomac S, Sarkar M, Ratilainen T, Wittung P, Nielsen PE, Nordén B, Gräslund A. 1996. Ionic 

Effects on the Stability and Conformation of Peptide Nucleic Acid Complexes. Journal of the 

American Chemical Society 24: 5544-5552. 

Wu K, Jinming L, Diqing S, Renata S, Jian-Ping W. 2019. Magnetic Nanoparticle Relaxation 

Dynamics-Based Magnetic Particle Spectroscopy for Rapid and Wash-Free Molecular 

Sensing. ACS Applied Materials & Interfaces 11: 22979-22986.  

Yang S, Rothman RE. 2004. PCR-based diagnostics for infectious diseases: uses, limitations, 

and future applications in acute-care settings. The Lancet Infectious Diseases 6: 337-348.  

Zanoli LM, Spoto G. 2012. Isothermal Amplification Methods for the Detection of Nucleic 

Acids in Microfluidic Devices. Biosensors 3: 18-43. 

Zardán Gómez de la Torre T, Mezger A, Herthnek D, Johansson C, Svedlindh P, Nilsson M, 

Strømme M. 2011. Detection of rolling circle amplified DNA molecules using probe-tagged 

magnetic nanobeads in a portable AC susceptometer. Biosensors and Bioelectronics 29: 195-

199. 

Østerberg FW, Rizzi G, Zardán Gómez de la Torre T, Strömberg M, Strømme M, Svedlindh 

P, Hansen MF. 2013. Measurements of Brownian relaxation of magnetic nanobeads using 

planar Hall effect bridge sensors. Biosensors and Bioelectronics 40: 147-152. 

 

 


