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Abstract
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Medicine 1091. 46 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9219-9.

Molecular diagnostics is a fast growing field with new technologies being developed constantly.
There is a demand for more sophisticated molecular tools able to detect a multitude of molecules
on a single molecule level with high specificity, able to distinguish them from other similar
molecules. This becomes very important for infectious diagnostics with the increasing antibiotic
resistant viruses and bacteria, in gene based diagnostics and for early detection and more targeted
treatments of cancer. For increased sensitivity, simplicity, speed and user friendliness, novel
readouts are emerging, taking advantage of new technologies being discovered in the field of
nanotechnology.

This thesis, based upon four papers, examines two novel electrical readouts for amplified
single molecule detection. Target probing is based upon the highly specific amplification
technique rolling circle amplification (RCA). RCA enables localized amplification resulting in
a long single stranded DNA molecule containing tandem repeats of the probing sequence as
product. Paper I demonstrates sensitive detection of bacterial genomic DNA using a magnetic
nanoparticles-based substrate-free method where as few as 50 bacteria can be detected. Paper
II illustrates a new sensor concept based on the formation of conducting molecular nanowires
forming a low resistance circuit. The rolling circle products are stretched to bridge an electrode
gap and upon metallization the resistance drops by several orders of magnitude, resulting in
an extremely high signal to noise ratio. Paper III explores a novel metallization technique,
demonstrating the efficient incorporation of boranephosphonate modified nucleotides during
RCA.  In the presence of a silver ion solution, defined metal nanoparticles are formed along the
DNA molecule with high spatial specificity. Paper IV demonstrates the ability to manipulate
rolling circle products by dielectrophoresis. In the presence of a high AC electric field the rolling
circle products stretch to bridge a 10 µm electrode gap. 
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ELISA Enzyme linked immunosorbent assay 
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SQUID Superconducting quantum interference device 
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Introduction 

Molecular diagnostics has matured as a field during the last decades result-
ing in a large increase in established molecular techniques and readouts. The 
field continues to expand with new discoveries in nanotechnology and recent 
advances in microfluidics and miniaturization. Nanotechnology opens for 
new opportunities for molecular assays with novel readout methods and 
novel applications that match increasingly sophisticated molecular tools. 
Techniques able to detect and identify molecules of interest with high speci-
ficity are still required despite the large number of molecular assays devel-
oped. 

This thesis describes the development of electrical readouts for amplified 
single molecule detection. The thesis discusses detection of molecules, more 
specifically nucleic acids, various molecular tools and detection methods 
used to detect these, with a focus on rolling circle amplification (RCA). The 
thesis continues with the use of nanotechnology in molecular diagnostics 
before demonstrating the use of rolling circle products (RCPs) in the devel-
opment of electrical readouts for amplified single molecule detection.  
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Background 

Detection of molecules 
Biomolecules such as DNA, proteins and metabolites are important indica-
tors of our health status. These molecules are biomarkers whose presence 
can aid in diagnosis of disease and discovery of abnormalities and permit 
monitoring of health. The selection of relevant biomarkers is thus of utmost 
importance for achieving accurate diagnosis. Not only is the inclusion of the 
right biomarker important but also the molecular tools used for diagnosis. 
The critical step in any diagnostic assay is to recognize a specific biomarker 
and exclude others in a complex matrix. With sensitive and highly selective 
molecular tools, accurate diagnosis can be achieved at an early stage of dis-
ease and thus hopefully an effective treatment can be prescribed.  

Proteins and nucleic acids have been extensively researched resulting in a 
diversity of molecular assays. The most widely used are the classic enzyme-
linked immunosorbent assay (ELISA) [1] for protein detection and the pol-
ymerase chain reaction (PCR) [2, 3] for nucleic acid detection. Both protein 
biomarkers and nucleic acids (NA) are widely used in medical diagnostics. 
With the available databases of genomes, sequence mutations and variations 
of known diseases, it is now possible to achieve large scale analysis obtain-
ing more detailed information leading to more targeted treatments. 

Infectious diseases, caused by viruses or bacteria, were and still are com-
monly diagnosed either by microbial culturing or microscopy [4]. These 
methods are not very sensitive or specific and are usually slow, which can 
lead to delayed diagnosis [4].  Protein and NA-based (viral DNA or RNA) 
methods for infectious diagnostics can provide detection at an early stage 
and with a shorter assay time [5]. NA-based methods also enable single nu-
cleotide variant analysis for determining antibiotic resistance, especially 
important with the growing number of antibiotic resistant strains of bacteria.  

In non-infectious diseases such as cancer or genetic disorders, NA-based 
diagnostics are used to detect genetic mutations or genome alterations asso-
ciated with the disease. This includes circulating tumor DNA in the blood 
[6]. The prognosis is quite poor for some cancers due to lack of efficient 
diagnostic methods for early detection [7, 8]. Protein biomarkers have been 
and are still used for early detection, however not all cancers excrete specific 
proteins that can be used as biomarkers at an early stage [8]. NA-based de-
tection of cancer biomarkers is extremely challenging due to only a few cop-
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ies of NA analytes from the tumor present per ml of blood. Yet, the possibil-
ity of detecting biomarkers at low concentrations in the early stages of can-
cer can lead to more successful treatments [7].  

Detection of nucleic acids 
Interest in detecting nucleic acids has rapidly increased during recent dec-
ades. Nucleic acids are difficult to detect due to their small size and usually 
present in low concentrations. Early nucleic acid based detection methods 
were typically hybridization based and performed in solution [9] or on solid 
support [10] using labels such as fluorophores or radioisotopes. The break-
through in nucleic acid detection appeared with the discovery of DNA am-
plification, where it was shown that a low number of DNA targets could be 
amplified thousand fold. 

Amplification methods 
The groundbreaking technology for DNA amplification is the polymerase 
chain reaction (PCR), developed in the 1980s [2, 3]. There are several steps 
involved in PCR which are cycled for achieving several magnitudes of in-
crease in the amount of target. PCR relies on an initial denaturing step to 
separate the double stranded target permitting annealing of two primers, one 
for each strand. Extension of the primers by polymerase copies the target 
strand two fold and results in two new copies from each target. These steps, 
requiring different temperatures, are cycled multiplying the amount of target 
by a factor of two after each cycle, resulting in an exponential amplification. 
Initially, PCR required a separate handling step for post-labelling but with 
the introduction of spectrofluorometric thermal cyclers it became possible to 
detect the formed product during amplification. Real time PCR [11] using 
real time labelling of fluorescent markers made it possible to achieve faster 
and high throughput assays. With molecular beacons [12] and TaqMan 
probes [13] for real time quantitative PCR (qPCR) [14] the specificity of the 
assay was significantly increased. PCR has revolutionized NA based diag-
nostics and will probably continue to be one of the main NA based tech-
niques due to its excellent sensitivity and specificity. However, PCR is com-
plex, needs a thermal cycler, is sensitive to contaminants, expensive and 
difficult to multiplex. PCR is also not easily transferred to point-of-care 
(POC) diagnostics. 

Since the development of PCR many amplification techniques has 
emerged such as:  
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 Nucleic acid sequence-based amplification (NASBA) [15]  
 Strand displacement amplification (SDA) [16, 17] 
 Loop-mediated isothermal amplification (LAMP) [18] 
 Ligase chain reaction (LCR) [19] 
 Rolling circle amplification (RCA) [20, 21] 
 Multiple displacement amplification (MDA) [22, 23].  

Most of these techniques are isothermal removing the need for a thermal 
cycler as in PCR. 

NASBA [15] was developed as an alternative amplification method to re-
verse transcriptase PCR (RT-PCR), amplifying 100-250 bases long RNA 
targets [24]. The main advantage is the fast reaction kinetics relative to PCR 
without the need for a thermal cycler. SDA [25] is an isothermal amplifica-
tion method resulting in exponential amplification of the target. The main 
limitation of this technique is its inability to amplify long target sequences 
[24]. LAMP, on the other hand has higher specificity, efficiency and rapidi-
ty compared to both NASAB and SDA [18].   

Unlike NASAB, SDA and LAMP, LCR is a ligase dependent amplifica-
tion method that amplifies the target molecule by the ligation of two com-
plementary pairs of synthetic oligonucleotide primers, hybridized in close 
proximity to each other on a target DNA strand [26]. Like PCR, this method 
requires a thermal cycler for annealing primers to the target strand and for 
strand separation of the newly formed DNA fragment and target strand. The 
requirement of a ligation reaction provides higher specificity compared to 
PCR [27].  

RCA is a highly specific isothermal amplification technique relying on 
the DNA polymerase phi29 and a ligation step [20, 21]. Unlike the previous 
mentioned amplification techniques, RCA allows localized amplification 
[28] and the synthesis of a continuous long single stranded DNA molecule. 
This amplification method is the technique used in this thesis and is dis-
cussed further in the coming section. Phi29 DNA polymerase is also used in 
isothermal MDA [23], commonly used for amplification of total genomic 
DNA via random primers.  

All of the above mentioned methods have advantages and disadvantages. 
The key is to choose the appropriate molecular tool for the required task. For 
example, large scale analysis and genotyping require highly sophisticated 
molecular tools able to discriminate a large set of sequences with single nu-
cleotide variants.  

The detection or readout methods are almost as important as the molecu-
lar tool with the ability to aid in sensitivity, precision and multiplexability.   
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Detection methods 
A widely used method for nucleic acid detection is fluorescence. Fluores-
cence offers high sensitivity and a wide range of ready available fluoro-
phores with various lifetimes, stability, sensitivity and excitation and emis-
sion properties. Different fluorescent probes and techniques have emerged 
such as TaqMan probes and molecular beacons for increased specificity. 
TaqMan probes are synthetic oligonucleotides containing a fluorophore in 
one end and a quencher in the other. As mentioned earlier, these are com-
monly used in qPCR where a fluorescent signal is achieved through the re-
lease of the fluorophore as the oligonucleotide is digested by the polymerase 
[13].  Molecular beacons are hairpin shaped synthetic oligonucleotides with 
a fluorophore in one end and a quencher in the other. Upon hybridization, 
the proximity of the quencher to the fluorophore is removed, resulting in a 
fluorescent signal from the fluorophore [12]. Fluorescence has further in-
creased in sensitivity with the development of brighter and more stable 
probes such as quantum dots. Advances in microscope technology has fur-
ther led to both simpler and more advanced instrumentation enabling easy 
measurements of fluorescence and imaging with nanometer resolution [29]. 
Despite this, fluorescence still needs advanced and expensive equipment if 
not to compromise in sensitivity.   

Other common  readout methods are array-based, and with the develop-
ment of microarrays [30] it is possible to produce low and high density ar-
rays containing a few hundred up to millions of spots. These are very suita-
ble for multiplexing and genotyping but are limited in sensitivity and speci-
ficity [31]. The labelling used in combination with arrays are typically fluo-
rescence, silver precipitation [32] or other colorimetric techniques [33].  

Electrical methods have gained a lot of research interest in recent years. 
There are several types of electrical readout. Many detect a change in con-
ductance either directly related to the DNA or through a label. The majority 
of these are based on DNA hybridization where a change in electrochemical 
properties is monitored directly on an electrode [34] or nanowire [35]. The 
signal is generated either with or without the use of a label [34, 36]. Other 
electrical detection methods rely upon nanoparticle amplification. Park et. al. 
[37] and Urban et. al. [38] demonstrate an electrical readout based on DNA 
hybridization and metal enhancement. There, oligonucleotide functionalized 
gold nanoparticles hybridize in an electrode gap immobilized with capture 
probes. The gold particles are enhanced by metal deposition forming a con-
tinuous metal layer closing the circuit and giving rise to an electrical signal.  

The advantage of electrical detection is the ease of use, not requiring any 
expensive or advanced instruments. Rapid advances in nanotechnology and 
miniaturization also permit electrical detection to become an alternative 
method to fluorescence-based detection methods, rivaling in size, speed, 
sensitivity and specificity. With the ability to manufacture large arrays of 
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small electrodes, multiplexing and high throughput becomes possible on a 
portable scale [39].  

Less common methods increasing in usage are surface plasmon resonance 
(SPR) [40] and Raman-based spectroscopy [41, 42]. SPR measures changes 
in the refractive index caused by the interaction of the molecule at the sur-
face while Raman-based spectroscopy looks at the vibrational output of the 
molecule.  

Rolling circle amplification 
RCA was developed in 1998 [20, 21] and relies upon a hybridization and 
ligation event of a padlock probe prior to amplification. 

 
Figure 1. Rolling circle amplification. (I) A single stranded synthetic DNA sequence 
forms the padlock probe. (II) Upon recognition of a target, the padlock probe circu-
larizes and hybridizes in a head-to-tail fashion on the target. (III) The padlock probe 
forms a closed circle in the presence of a ligase. (IV) Continuous amplification using 
phi29 DNA polymerase produces a long single stranded DNA molecule with tandem 
repeats of the padlock probe. 

Padlock probes 
A padlock probe is a single stranded synthetic DNA sequence comprised of 
two target complementary ends and a non-target complementary backbone 
[43]. The target complementary ends are 15-20 nucleotides long and the 
backbone around 40-50 nucleotides long. Upon recognition of two adjacent 
target regions the padlock probe becomes circularized, hybridizing in a jux-
taposed position. For amplification, the circularized padlock probe needs to 
be closed which is achieved by the use of a DNA ligase. The specificity of 
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padlock probe is thus achieved through the requirement of two adjacent oli-
gonucleotide hybridization events on a target strand and a DNA ligation 
reaction [43, 44].  

Padlock probes, also known as molecular inversion probes, have further 
developed to achieve detection of DNA with partially known sequences for 
SNP genotyping [45] or in situ sequencing [46]. This is achieved through 
near but not completely adjacent hybridization of the two target complemen-
tary ends of the padlock probe. The resulting gap of one to a few nucleotides 
in length is then filled using DNA polymerase, i.e. gap filling, closing the 
circle and enabling amplification.   

Ligation of padlock probes 
DNA ligases seal the 3’OH and 5’PO4 ends of a nick resulting in the for-
mation of a phosphodiester bond. When combined with padlock probes, 
seals the padlock probe and forms a closed circle. DNA ligases are grouped 
into two families discriminated by the requirement of ATP or NAD+ to drive 
the formation of the phosphodiester bond [47]. The ligation reaction discrim-
inates between single nucleotide differences preventing formation of circular 
padlock probes when there is a mismatch [48]. This allows for multiplexing 
to interrogate large sets of DNA variants without cross reactivity [45].  

Amplification during RCA 
When circularized, padlock probes are amplified in an isothermal RCA reac-
tion catalyzed by phi29 polymerase generating long tandem-repeated single-
stranded DNA molecules [20, 21]. Phi29 polymerase has a strong strand 
displacement activity which permits efficient amplification. The 3’ to 5’ 
exonuclease activity also facilitates highly accurate DNA synthesis. The rate 
of RCA is about 90 kb DNA per hour in a highly processive DNA polymeri-
zation reaction, making a 45 µm long single stranded product containing 
approximately 1000 repeats of the padlock probe. These products tend to 
collapse into 700 nm sized dense globular structures [49].  

The backbone of the padlock probe is typically designed to contain a de-
tection sequence and/or a restriction sequence for labelling or further ampli-
fication. The presence of these detection sites permits the generated rolling 
circle product (RCP) to bind roughly 700 labelled probes [50] producing a 
strongly fluorescent molecule with a high signal to noise ratio. These RCPs 
represent a single molecule making digital detection possible [51]. Alterna-
tive detection probes such as magnetic beads [52] and gold nanoparticles 
[53] have been used for other readout formats such as volume-amplified 
magnetic nanobead assays [54] and surface enhanced Raman scattering spec-
troscopy [55]. 
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Circle-to-circle amplification 
RCPs can be digested into monomers via the designed restriction sites on the 
padlock probes. The monomers are in turn circularized and amplified in a 
new RCA reaction; resulting in a circle-to-circle amplification (C2CA) [56]. 
Each generation of RCA results in a linear quantification. Unlike PCR 
C2CA is not product inhibited and can yield 100-fold higher concentration 
of monomer products [56]. Higher sensitivity can be achieved with the same 
selectivity and ability to multiplex as the padlock probes using C2CA. 

 
Figure 2. Circle-to-circle amplification. (I) Annealing of synthetic restriction oligo-
nucleotides to RCP permits digestion by restriction enzymes resulting in (II) mono-
mers. (III) – (IV) Circularization and ligation of monomers followed by a second 
rolling circle amplification step. 

Desirable properties for a detection method 
An ideal diagnostic assay should have; 

 Single molecule sensitivity 
 Exquisite specificity 
 Linear response 
 Wide dynamic range 
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 High quantitative precision 
 Multiplex format 

Sensitivity is important for detection of rare events and target molecules 
present in very low concentrations. Sensitivity of a detection method can be 
increased either by target amplification or signal amplification. Target based 
amplification occurs when the target is amplified using an amplification 
technique such as PCR [14] or RCA [20].  Signal based amplification occurs 
when the signal is directly increased in proportion to the concentration of 
target. This is usually achieved by a reporter molecule such as fluorescence 
or by an enzyme as in ELISA [1]. RCA can be used for both target amplifi-
cation as in C2CA and for signal amplification resulting in a strongly fluo-
rescent molecule. Target based amplification is considered more sensitive 
than signal based amplification due to increasing the amount of target rather 
than the signal. An important aspect is therefore to use stringent molecular 
tools as not to increase competing contaminants. Increasing the signal can 
lead to increased background noise. It is therefore important to use signal 
amplification techniques that do not increase the background noise. 

Specificity is crucial in molecular and diagnostic assays. A molecular tool 
should be able to distinguish a target from similar molecules in a complex 
matrix. This becomes increasingly more difficult when large scale analysis is 
required. Specificity is achieved through the use of sophisticated molecular 
tools. Specificity by excluding others is equally important as the specificity 
in selecting the right target, especially for solid phase readout methods such 
as electrical, SPR or quartz crystal microbalance (QCM). For these methods 
surface blocking is crucial, preventing adsorption of nearby contaminants 
and thereby avoiding interference with the signal.  

Concentrations of target molecules can span several orders of magnitudes, 
ranging from individual molecules to high abundance. It is therefore desira-
ble to use an assay that works over a wide dynamic range, able to detect 
molecules in very few numbers and those in high concentration. This is usu-
ally the case in early detection of infectious diseases when the number of NA 
analytes is extremely low or in an advanced stage of illness when the pres-
ence of NA analytes is high.  

For some routine applications a simple binary answer is enough [57]. In 
other applications a quantitative response is required, e.g. when monitoring 
therapeutic response or acquiring information regarding the disease progres-
sion [58]. To achieve quantitative measurements it is preferable to have a 
detection method that gives a linear response to the amount of detected 
target.  

A detection method needs to have good reproducibility. For quantitative 
detection methods reproducibility means having high quantitative preci-
sion.  
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With increasing demands on molecular diagnostics for large scale analy-
sis and with the need for high throughput it becomes important for detection 
methods to work in a multiplex format. This is possible with the use of 
highly specific molecular tools and the ability to manufacture platforms with 
nano- and microscale features. 

Nanotechnology  
The emergence of nanotechnology in life science with the introduction of 
gold nanoparticles [59], has taken molecular diagnostics to a new level. Mo-
lecular diagnostics has seen an increase in new materials being used both as 
tools and for signal amplification. Advances in manufacturing processes and 
the “bottom-up” approach have led to the ability to produce devices with 
nano- and microscale features, permitting construction of novel readouts and 
sophisticated Lab-on-chip (LOC) devices. Nanomaterials such as gold nano-
particles [60], carbon nanotubes [61, 62], magnetic particles [52] and quan-
tum dots [63] are playing an important role in the uses of nanotechnology in 
medical diagnostics.  

Nanomaterials range in size from 1 nm up to 100 nm giving them a large 
surface to volume ratio. These have been tailored to bind biomolecules while 
maintaining their overall structural robustness. The most attractive feature 
however is the ability to modify their physical properties [64]. This gives 
them interesting optical and electrical properties which can improve detec-
tion of biomarkers by signal amplification and also improve performance of 
a sensing device [65]. The ability to change size, shape and composition of 
metal nanoparticles and quantum dots can produce nanomaterials with spe-
cific and narrow emission and absorption bands making these highly suitable 
for multiplexing [64]. Nanomaterials are also used for producing highly con-
ductive nanowires [66].  

Biocompatible magnetic particles 
The use of functionalized magnetic particles in molecular and diagnostic 
assays has increased with more readily available magnetic particles of dif-
ferent compositions, ranging in sizes from tens of nm up to several microns. 
Such particles are now extensively used due to their useful magnetic proper-
ties and biocompatibility. Applications range from concentration, target 
probing [67], purification and separation to use in biosensors [52], medical 
diagnosis and therapy [68] and drug delivery systems [69]. The use of mag-
netic particles introduces simplicity to the assay by its easy ability to manip-
ulate solutions through probing, concentration and separation.  
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Paper I demonstrates the use of biocompatible magnetic nanoparticles in 
both probing and amplification but also in a magnetic nanoparticle-based 
sensor. 

DNA as a building block 
DNA is a powerful tool in nanotechnology due to its unique properties. The 
great attraction is its simplicity, specificity, the ability to easily synthesize 
desired sequences and the long term stability of the molecule. Improvements 
in synthesis techniques have also led to the production of more accurate se-
quences.  

DNA is a long polymer with repeating units of nucleotides. The structure 
of DNA is a double helix consisting of two complementary strands of oligo-
nucleotides. Each strand consists of an alternating sugar and phosphate 
backbone and the four bases guanine (G), adenine (A), thymine (T) and cy-
tosine (C). Through hydrogen bonding, G pairs only with C and A only with 
T, forming the double stranded DNA molecule. Despite containing only four 
bases, high specificity is achieved through unique sequences and base pair-
ing to a complementary sequence. For these reasons DNA is an ideal build-
ing block, able to assemble structures with nanoscale features, and as a 
means for data storage [70].  

 
Figure 3. The structure of DNA consists of a backbone of alternating sugar and 
phosphate groups, and four bases; adenine, thymine, cytosine and guanine.  
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DNA nanotechnology was pioneered by Nadrian Seeman with the introduc-
tion of DNA junctions and lattices [71]. DNA cubes [72] and 2D arrays [73] 
was soon followed by more complex structures produced by DNA origami 
[74, 75]. DNA nanotechnology is now moving from design and structure to 
focus on function [76]. DNA nanotechnology is a wide field with applica-
tions spanning from biological understanding to electronic and mechanical, 
with already developed uses in nanomechanics [77-79], nanoelectronics [80, 
81], potential drug delivery systems [82] and tools for biological understand-
ing such as aiding in structure analysis of biological molecules [83].  

DNA itself is only slightly conductive [84] and when used in nanoelec-
tronics, DNA is used to organize metallic nanoparticles to achieve nanowires 
or other 2D arrays with significantly lower resistance than the DNA itself 
[37]. The work in this thesis has utilized DNA as a building block for nanoe-
lectronics, constructing 2D nanowires. 

DNA metallization 
Braun et al [85] showed in 1997 that DNA can be metallized to create an 
electric circuit via self-assembly and self-recognition to form a conductive 
silver wire. Most metallization studies have been performed on dsDNA us-
ing three different approaches, illustrated in Figure 4.  

Early metallization techniques were based on the first approach. The 
common steps for this approach are the formation of a DNA-metal complex 
followed by the formation of metal seeds. The metal seeds are then further 
enhanced by a metal deposition step leading to the formation of a continuous 
metal wire. The formation of the DNA-metal complex can be formed 
through interaction with either the backbone or base pairs. Metal ions bind to 
the backbone through the attraction of the negatively charged phosphate 
groups and the positively charged metal ions, while metal ions bind to the 
base pairs through the interaction of site specific metal complexes [86]. The 
resulting DNA-metal complexes are then reduced by a reducing agent such 
as sodium borohydride or hydroquinone to form the metal seeds. The disad-
vantage of this approach is the risk of unspecific metallization.  

The second approach avoids the risk of unspecific metallization by the 
use of reducing groups introduced on the DNA backbone. Keren et. al. [80], 
Burley et. al. [87] and Roy et. al. [88] report of strand specific metallization 
using modified phosphate groups on the backbone. Metal seeds used for 
further enhancement are formed along the DNA by introducing a metal ion 
solution. 

The third approach takes advantage of the ability of DNA to self-
assemble. Gold or silver nanoparticles immobilized with complementary 
strand specific sequences can be used to assemble a network or chain of 
nanoparticles [89, 90]. These metal nanoparticles can then catalyze further 
reduction of metal in an enhancement step.  
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Formation of nanowires has been reported using silver [85], gold [66, 91] 
and palladium [92, 93]. Of note, for all three approaches, the enhancement 
step does not require the use of the same metal as the seed.  

 
Figure 4. Metallization of DNA. (I) Binding of metal ions (Mn+) through either (a) 
base pairing or (b) backbone. Reduction of the metal ions by reducing agents forms 
the corresponding metal nanoparticles. (II) Metal nanoparticles are formed along the 
DNA by reducing groups (R) present along the backbone. (III) Assembly of a net-
work or chain of metal nanoparticles via self-assembly.  In all three approaches, the 
metal nanoparticles are further enhanced by an enhancement step to form a continu-
ous metal wire. 

Paper II takes advantage of the third approach while paper III explores the 
second approach by incorporating modified nucleotides during RCA to per-
mit specific metallization along the resulting RCP. 

DNA manipulation 
The ability to manipulate DNA on a nano- and microscale is important in the 
field of nanotechnology. It enables the intrinsic assemble of DNA networks 
with applications in nanomechanics and nanoelectronics. DNA manipulation 
is also important in molecular diagnostics where it can improve detection of 
DNA, permit faster reaction kinetics, increase sensitivity and allow design of 
simple assays easily transferred to POC devices. Early DNA manipulation 
studies have improved our understanding of its physical and mechanical 
properties such as elasticity [94] and strength [95]. This was mainly 
achieved by the use of optical tweezers [96], AFM probes [97] and magnetic 
tweezers [98].  
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A lot of DNA manipulation has focused on elongation. Bensimon et. al. 
[99] showed that DNA can be stretched using the receding meniscus princi-
ple. There, DNA is stretched as an air water interface is moved along a sub-
strate leaving the tethered DNA stretched and firmly attached to the surface. 
Since then many techniques for DNA stretching have been developed, e.g. 
nanochannels [100], DNA curtains [101] and various mechanical manipula-
tions like flow [102], magnetic [103] and optical tweezers [96].  

The disadvantage of optical tweezers is the requirement of advanced 
equipment in the form of a laser beam set up. Flow usually requires a high 
force and flowrate if not used in combination with a tethered polystyrene 
bead or nanochannels. The flowrate close to the surface of a channel is al-
most zero leaving tethered DNA unaffected by the flow. Stretching in flow is 
dependent upon ionic strength of the solution, conformation of the DNA and 
the force required to stretch the DNA [104]. For single stranded DNA these 
parameters become much more important [104]. When using low ionic 
strength, stretching can be observed using less force. At low ionic strengths 
the electrostatic forces are more apparent while at higher ionic strength the 
forces involved in secondary structures dominate [104].  

An easier way to manipulate DNA is through the use of the electronic 
properties of the DNA molecule. Electrokinetic manipulation such as dielec-
trophoresis (DEP) has been used for elongation [105, 106], trapping [107, 
108], improving hybridization kinetics [109], specific immobilization on 
gold surfaces [110], separation and purification [111, 112]. Electrokinetic 
techniques are contact free and use the induced motion of the molecules 
caused by the electric field in a solution. DNA can be elongated through the 
motion of the molecule along the electric field gradient in a non-uniform 
electric field. This motion is caused by the induced dipole along the DNA in 
response to the alternating current (AC) electric field.   

Manipulation of rolling circle products in paper II is based on the reced-
ing meniscus principle; while paper IV explores manipulation of RCPs using 
DEP.  

Biosensors 
The goal of any developed molecular tool is to result in an application. For 
some this means the construction of a biosensor for molecular diagnostics. 
The basic building blocks of any biosensing platform are: a biorecognition 
element that differentiates the target molecules in the presence of other mol-
ecules, a transducing element that converts the biorecognition event into a 
measurable signal, and a readout platform which converts the signal into a 
readable form [113]. A biosensor is a small self-sufficient device able to 
provide analytical information using a biorecognition element [114]. Biosen-
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sors can be electrical, optical or mass sensitive. This thesis will only briefly 
discuss electrical biosensors and the development of POC sensors.  

Electrical biosensors 
The interest in electrical DNA detection in biosensors has increased tremen-
dously during the last few years. Many biosensors are based on electrochem-
ical DNA chips [39], developed aiming to become simple, fast and inexpen-
sive devices for diagnostic applications. Generally DNA biosensors rely on 
oligonucleotide probes immobilized on an electrode and upon hybridization 
of a target or change in conformation, there is a change in current [39] with 
or without the use of a label for signal amplification [115]. This means that 
the surface chemistry of the electrodes is extremely important [116].The 
disadvantages of these DNA biosensors are the lack of efficient hybridiza-
tion of the target and unspecific adsorption which can result in false posi-
tives. Hybridization efficiency can nonetheless be improved by the use of an 
electric field [117].  Another type of biosensor is based upon the construc-
tion of 1D nanostructures of conducting polymer wires [118]. Electrical bio-
sensors are extremely attractive due to their high sensitivity, small scale, 
capability of multiplexing and easy readout at low cost. 

Another branch of electrical biosensor is magnetic biosensors. Substrate 
based magnetic biosensors are based upon binding of a target in the presence of 
a magnetic field resulting in a change in electrical resistance [119]. Substrate-
free magnetic biosensors are based upon magnetic measurements of the Brown-
ian relaxation time [120]. Changes of the hydrodynamic size distribution upon 
binding of the target can thus be monitored. Magnetic biosensors are attractive 
due to their high sensitivity, portability and electronic readout [121]. 

Point-of-care sensors 
POC sensor devices can be easily transported to the patient for analytical 
testing [122]. Common POC sensors such as the classic home pregnancy test 
use the lateral flow immunoassay. POC sensors are rapidly becoming more 
sophisticated with more integrated features such as sample preparation and 
complex multi-step assays. The prerequisite is the use of microfluidics to 
enable precise control of sample, buffer and reagent flow.  

Current nucleic acid testing (NAT) devices are complex and not suitable 
for POC [123]. The biggest challenge in making POC-NAT devices is the 
small sample volumes combined with the extremely low concentration of 
analyte. Other challenges include integration of sample collection, amplifica-
tion, hybridization and detection on a microfluidic platform [124] producing 
LOC or micro total analysis systems (µ-TAS).  The benefits of LOC and µ-
TAS are: limited reagent use, faster sample analysis, increased sensitivity, 
portability, automation, low cost and user friendliness. When combined with 
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an electrical readout they become potentially very suitable for POC diagnos-
tics in clinical settings and for developing countries. 
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Present investigations 

Paper I. Sensitive detection of bacterial DNA by 
magnetic nanoparticles. 

Introduction 
There is a need in infectious diagnostics for inexpensive readout methods 
with a fast assay time. This is especially important for clinics with a con-
strained budget. Diagnosis of infectious diseases is often based on the culti-
vation of bacteria which is very slow, resulting in delayed response back to 
the patient. Optical based methods such as PCR are fast but these require 
advanced and expensive equipment and are most often sensitive to contami-
nations. Magnetic biosensors are an alternative readout which provides high 
physical and chemical stability and a potentially low cost production of 
magnetic particles.      

Aim of study 
The aim of the study was to demonstrate detection of clinically relevant ge-
nomic DNA using a magnetic nanoparticle-based substrate-free sensor tech-
nique. This technique is based upon the Brownian relaxation principle. Mag-
netic nanoparticles rotate in the presence of an AC electric field and can 
therefore be characterized by the Brownian relaxation time. Upon binding to 
target molecules the hydrodynamic size of the magnetic nanoparticles in-
creases resulting in a change in their Brownian relaxation response. This 
results in a decrease in the measurable Brownian relaxation frequency. The 
aim was to use RCPs as target molecules producing a large decrease in the 
Brownian relaxation frequency.  
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Figure 5. Schematic illustration of the normalized magnetic response of the magnet-
ic nanoparticles to the Brownian relaxation frequency. A decrease in the amplitude 
of the high frequency peak for the free beads can be observed when measuring be-
fore (I) and after (II) binding to target molecules. 

Findings and conclusions 
RCPs were prepared using a solid phase-based molecular probing and ampli-
fication protocol. Micrometer sized magnetic beads were used to capture 
targets in an excess of padlock probes. Unbound padlock probes could then 
be removed to permit efficient solid phase amplification by RCA. The bound 
RCPs were released upon monomerization, resulting in a new generation of 
padlock probes. A second RCA step was then performed, ensuring an in-
crease in the amount of 2nd generation RCPs and thereby increasing sensi-
tivity.  

The presence of RCPs was monitored by the use of a superconducting 
quantum interference device (SQUID). Magnetic nanoparticles were func-
tionalized with complementary strands of oligonucleotides able to hybridize 
to the RCPs. Each RCP was able to hybridize to several magnetic nanoparti-
cles. Upon binding of the much larger RCP target, the hydrodynamic volume 
of the magnetic nanoparticles increased substantially, resulting in a large 
decrease in the relaxation frequency. The concentration of bacterial genomic 
DNA could consequently be monitored by a decrease in amplitude of the 
Brownian relaxation peak of the free beads.  

This paper demonstrates the first use of a volume-amplified magnetic 
nanobeads detection assay to detect clinically relevant genomic DNA. As 
few as 50 bacterial genomic DNA from Escherichia coli could be detected. 
At the time of writing of this paper, the method required advanced and ex-
pensive equipment and trained personnel for data analysis. The method was 
also sensitive to contaminants. Since then, the method has developed and a 
much simpler device can now be used [125]. The method shows large poten-
tial for automation with the further development of a miniaturized on-chip 
magnetic field sensor [126].       
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Paper II. Gold nanowire based electrical DNA detection 
using rolling circle amplification. 

Introduction 
Current biosensors are not sensitive enough for detection of analytes present 
in very low concentrations e.g. in early detection of infectious diseases, mo-
tivating a demand for sensitive, inexpensive and fast biosensors suitable for 
point-of-care diagnostics. RCA is a highly specific amplification technique 
producing long single stranded DNA. The amplification technique allows 
localized amplification and proceeds at a constant temperature of 37C.   

The field of molecular diagnostics has seen an increase development of 
electrical readouts for NA-based diagnostics. Electrical readouts provide low 
cost, easy interpretation of signal and a potential to form multiplexable plat-
forms suitable for POC. Lately DNA is being utilized for nanoelectronics 
with potential in molecular diagnostics. The poor conductive properties of 
DNA have led to a number of metallization studies, which have seen the 
construction of metallized DNA wires using gold, silver and palladium.  

Combining the specificity of RCA with the ability to form conductive 
wires would permit a technique and readout method suitable for POC diag-
nostics. The method would not suffer the same weakness of signal interfer-
ence by unspecific adsorption of contaminants as other NA-based electrical 
readouts. It would also potentially allow increased sensitivity compared to 
other 2D array based metal nanoparticle enhancement methods, as one met-
allized RCP could potentially close the circuit and give rise to a signal.  

Aim of study 
The aim of the study was to demonstrate electrical detection of RCPs by first 
forcing them to stretch and bridge an electrode gap and secondly upon met-
allization form a low resistance circuit.  

Findings and conclusions 
Prior to forming conductive wires, the study focused on forming an opti-
mized self-assembled monolayer (SAM). For this, a backfiller was used to 
control the density of the surface primer and to extend it into the solution. 
Two polyethylene glycol (PEG)-based backfillers were investigated, con-
taining either a hydrophobic or hydrophilic head group. The use of a PEG 
backfiller not only improves the SAM but also aids stretching of the RCPs 
depending on the nature of the head group. A hydrophobic head group was 
seen to assist stretching.  

RCPs were stretched using the receding meniscus principle. An air/liquid 
interface was moved by air flow stretching the RCPs and leaving them firm-
ly attached to the substrate. Stretching was observed through the use of fluo-
rescently labelled complementary oligonucleotides. Oligonucleotide func-
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tionalized gold nanoparticles could then be aligned along the ssDNA through 
hybridization. These were used as seeds for further metal enhancement using 
either silver or gold solutions, resulting in the formation of silver or gold 
nanowires. Silver enhancement caused increased background compared to 
gold enhancement while distinct nanowires could be seen using the latter. 

During metallization, the resistance was monitored every 5 minutes using 
a probe station. After 20 minutes of metallization the resistance of the circuit 
dropped noticeably, from GΩ to kΩ for silver and to Ω for gold, producing a 
readout with very high signal to noise ratio. Silver enhancement tends to 
form separate silver agglomerates producing a wire with higher resistance 
compared to gold. Gold is a softer metal, and fuses together to form a more 
homogeneous wire with lower resistance.  

 
Figure 6. SEM image of a gold nanowire produced by RCA bridging an electrode 
gap and closing the circuit. Scale bar is 1µm. 

The paper also demonstrates an electrical signal upon detection of specific 
target DNA sequence in the form of Escherichia coli genomic DNA. 

The method shows potentials having demonstrated a nearly 10 orders of 
magnitude in signal to noise ratio. A large signal to noise ratio is an essential 
feature for achieving a highly sensitive assay. The hope is to utilize this po-
tential to achieve a sensitive and specific biosensor suitable for POC.     

Paper III. Formation of silver nanostructures by rolling 
circle amplification using boranephosphonate modified 
nucleotides. 

Introduction 
RCA is a strongly emerging molecular tool for molecular diagnostics using 
various readouts e.g. fluorescence, optical, magnetic and electrical. Combin-
ing metallization with RCA would allow multi-modal detection including 
optical and electrical and for some applications this would be an advantage. 
Roy et. al. [127] has previously reported on a novel metallization technique 
able to form silver nanoassemblies with high spatial resolution. This tech-
nique uses boranephosphonate modified nucleotides (bp-dNTPs) as reducing 
agents for metallization. One of the oxygen atoms on the phosphate is re-
placed by a borane group. Metal ions such as silver, gold and platinum are 
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thus reduced by the borane group to their corresponding metal nanoparticle. 
Other metallization techniques such as metal ions bound to the backbone of 
DNA reduced by reducing agents, or hybridized functionalized nanoparticles 
have shown limitations in spatial resolution and in interparticle repulsion. 
Combining a specific metallization technique with RCA would allow effi-
cient construction of more homogeneous gold nanowires produced via RCA.   

Aim of study 
The aim of the study was to explore the incorporation of boranephosphonate 
modified nucleotides into RCPs using phi29 polymerase and investigate the 
metallization of the resulting RCPs containing boranephosphonate internu-
cleotide linkages.  

Findings and conclusions 
The rate of RCA using bp-dNTPs was determined using two independent 
methods. The first method was an indirect method where fluorescence digi-
tally quantified the amount of RCPs formed. RCPs tend to collapse into 
globular shaped molecules that when labelled with fluorescence appear as 
bright dots. These can thus be counted when passing a laser in a microfluidic 
channel. The second method was a direct method using real time monitoring 
of RCA with SYBR Green II, an intercalator dye which only fluoresces upon 
binding to ssDNA. The amount of fluorescence can therefore be monitored 
using a real time PCR machine as the amount of bound dye increases with 
the growing RCPs.  

The RCA rates obtained for the four modified nucleotides using both 
methods showed similar outcomes. A slight decrease in rate was seen for G, 
T and A and a slight increase was seen for C resulting in an average of a 1.4-
fold decrease in incorporation rate.  

The paper also demonstrates enzymatic synthesis of an all bo-
ranephosphonate internucleotide linked long DNA molecule. The RCA rates 
were monitored using both methods when more than one natural dNTP was 
exchanged for bp-dNTPs. The results show a decrease in amplification rate 
as the number of exchanged nucleotides increase. The rates were however 
not estimated as these are also dependent on the sequence. To note is the 
formation of an all boranephosphonate linked long DNA molecule (>100 
bases long) when all four natural dNTPs were exchanged.  

Metallization using a silver nitrate solution of RCPs when all four natural 
nucleotides were exchanged for bp-dNTPs saw the formation of well-defined 
silver nanoparticles along the DNA molecule. Similar metallization was 
observed when three natural nucleotides were exchanged. In contrast, when 
only two nucleotides were exchanged large silver nanoparticles with an ir-
regular distribution were formed. Previous results have shown that metalliza-
tion requires the linkage of several bp-dNTPs in a row. The large, irregularly 
distributed silver nanoparticles are a result of the coiling of RCPs allowing 
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close proximity of several bp-dNTP and thus creating “hot spots” for metal 
deposition.  

Combining RCA with metallization using bp-dNTPs has potentials in 
nanotechnology and for sensor techniques based on RCA. Depending on 
usage, the formation of small regular shaped metal nanoparticles or large 
irregular distributed nanoparticles might be desired. The sequence of the 
padlock probe can also be tailored to allow incorporation of several bp-
dNTPs in a row when only one or two natural nucleotides are exchanged 
allowing for formation of small defined nanoparticles. 

Paper IV. Dielectrophoretic stretching of DNA 
amplified rolling circle products. 

Introduction 
The ability to manipulate molecules on a nano- and microscale has great 
usage in nanotechnology. This would allow increased specificity in molecu-
lar diagnostics and also aid in more fundamental studies for increased bio-
logical understanding. Contact-free methods such as DEP and other electro-
kinetic techniques are attractive manipulation methods due to their simplicity 
and ease of implementation. DEP results in movement of a molecule in a 
non-uniform field due to the dielectric properties of the molecule. DEP has 
previously shown the ability to manipulate DNA by separation, purification, 
trapping and stretching.   

Aim of study 
The aim of the study was to stretch tethered RCPs across an electrode gap 
using dielectrophoresis and to investigate the frequency and electric field 
required to achieve complete bridging. Two designs of electrodes were used, 
one sawtooth shaped electrode and one interdigitated electrode.  

Findings and conclusions 
The study demonstrates that stretching of tethered RCPs is possible using 
DEP. Sterile filtered MilliQ treated water was used to provide a low conduc-
tivity medium, necessary for DEP. The low conductivity medium also pre-
vents oxidation of the adhesive titanium layer used for adhering the gold 
electrodes to the substrate. The RCPs were seen to elongate from 1 kHz, 
while complete bridging was seen at 100 kHz.  

During RCA, the RCPs where labelled with fluorescently labelled com-
plementary strands of DNA, making them partially double stranded. The 
RCPs were therefore more flexible than dsDNA with less overall charge, but 
more rigid than ssDNA. A higher electric field than reported for dsDNA was 
thus required for elongation of the RCPs.  



 33

At low frequencies (<10 kHz), a high electric field caused migration of 
RCPs. Increasing the electric field further, caused electrolysis and conse-
quently removal of the RCPs. A high electric field was possible at high fre-
quencies without causing migration or electrolysis. At 100 kHz complete 
bridging was seen using an electric field of 1.4 MV/m. Increasing the elec-
tric field at this frequency led to more efficient stretching with more RCPs 
closing the gap.  

Electric field simulations using the software COMSOL illustrates a non-
uniform electric field at the tips of the sawtooth shaped electrode while a 
larger area of high electric field could be achieved using an interdigitated 
electrode. Elongation of RCPs was possible for both designs using DEP, 
although a larger amount of RCPs were stretched using the interdigitated 
electrode. 

 
Figure 7. Electric field simulations of (Ia) a sawtooth shaped electrode and (IIa) an 
interdigitated electrode. Elongation of RCPs tethered to (Ib) a sawtooth shaped elec-
trode and (IIb) an interdigitated electrode visualized by fluorescently labelled oligo-
nucleotides.  

The ability to manipulate RCPs through DEP has large potentials. If taken 
further to include capturing of target on a multiplex array by DEP it should 
be possible to realize a simple yet sensitive detection method.     
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Perspectives 

The main focus of this thesis has been the development of a simple electrical 
readout by forming conductive wires from RCPs. The thesis has demonstrat-
ed proof of concept and illustrated alternative metallization and stretching 
techniques. The critical steps in the assay are; (1) the efficient binding of 
target to generate RCPs, (2) efficient stretching of RCPs to bridge the elec-
trode gap and (3) efficient, specific and homogeneous metallization of the 
RCPs. Currently, the assay is relatively complex with many different steps.  

The metallization technique used in Paper II can form wires with incom-
plete metallization indicating that the hybridization of the gold label is inef-
ficient. Paper III illustrates a simpler metallization technique with high spa-
tial resolution. This technique has the potential to form more homogeneous 
metal wires which is required if to advance the readout to produce more 
quantitative measurements. The disadvantage of bp-dNTPs is the increased 
hydrophobicity resulting in less efficient stretching of the RCPs. This can be 
overcome using a polar aprotic solvent. Metallization of stretched RCPs 
using this technique still remains to be evaluated. 

Inefficient stretching, observed in Paper II, and the desire to simplify 
stretching with consistent reproducible results led to the investigation of an 
alternative technique seen in Paper IV. This demonstrates a very simple con-
tact free method to stretch RCPs. As yet, this method has only been used to 
stretch the RCPs but it also has the potential to trap targets to allow fast and 
efficient hybridization.  

The method of electrical detection of conductive wires produced by RCA 
has just passed the stage of initial proof of concept while many possibilities 
lie ahead. Further studies in the use of electrokinetic manipulation and in the 
design of the electrodes to allow stretching of all generated RCPs are need-
ed. The realization, to achieve a simple detection method with high sensitivi-
ty and specificity, should be possible when combining metallization by the 
use of bp-dNTPs with electrokinetic manipulation in more steps than stretch-
ing. The assay can be further improved by optimizing substrate and design of 
electrodes. The simple setup can easily be transferred to a microfluidic plat-
form to allow further simplicity and ease of handling.   

For proof of concept the focus has been on nucleic acid detection. Protein 
detection is also possible using the same readout method. Antibody recogni-
tion elements can be used in combination with RCA for signal amplification. 
Combining antibody recognition elements in the form of proximity ligation 
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probes with RCA produces the proximity ligation assays (PLA) [128, 129], 
while combining a DNA labelled antibody recognition element with RCA 
produces the immuno-RCA assay [130]. 

The thesis has also shown the use of an alternative electrical readout in 
the form of a magnetic nanoparticle-based sensor. This method offers a ro-
bust portable system and multiplexing is possible to some degree due to 
beads of different sizes display peaks at different Browninan relaxation fre-
quency. However, it is important to use magnetic nanobeads with narrow 
size distribution. 
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