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Much of recent progress in medical research and diagnostics has been enabled through the
advances in molecular analysis technologies, which now permit the detection and analysis of
single molecules with high sensitivity and specificity. Assay sensitivity is fundamentally limited
by the efficiency of the detection method used for read-out. Inefficient detection systems are
usually compensated for by molecular amplification at the cost of elevated assay complexity.

This thesis presents microfluidic automation and digital quantification of targeted nucleic acid
detection methods based on padlock and selector probes and rolling circle amplification (RCA).
In paper I, the highly sensitive, yet complex circle-to-circle amplification assay was automated
on a digital microfluidic chip. In paper II, a new RCA product (RCP) sensing principle was
developed based on resistive pulse sensing that allows label free digital RCP quantification.
In paper III, a microfluidic chip for spatial RCP enrichment was developed, which enables the
detection of RCPs with an unprecedented efficiency and allows for deeper analysis of enriched
RCPs through next generation sequencing chemistry. In paper IV, a smart phone was converted
into a multiplex fluorescent imaging device that enables imaging and quantification of RCPs on
slides as well as within cells and tissues. KRAS point mutations were detected (i) in situ, directly
in tumor tissue, and (ii) by targeted sequencing of extracted tumor DNA, imaged with the smart
phone RCP imager. This thesis describes the building blocks required for the development of
highly sensitive low-cost RCA-based nucleic acid analysis devices for utilization in research
and diagnostics.
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Not everything that counts can be counted, 
and not everything that can be counted counts. 

Albert Einstein 
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Introduction 

Much of recent progress in medical research and diagnostics has been ena-
bled through advanced molecular analysis technologies, which allow bio-
molecule detection and quantification with high specificity and sensitivity. 
Basic biomedical research has expanded our understanding of the molecular 
etiology of disease, a knowledge that is increasingly becoming the funda-
ment for modern diagnostics and personalized medicine. The development 
of new diagnostic methods is essential to translate this knowledge into im-
proved diagnoses and selection of therapy.  
 
Our laboratory has recently developed biomolecule detection assays that 
provide a high level of specificity and enable the most accurate mode of 
quantification possible: single molecule quantification. However, so far, the 
sensitivity of these assays has been fundamentally limited by the efficiency 
of the detection method that is used for read-out. Additional amplification 
steps can compensate for inefficient detection systems, but usually add com-
plexity to an assay. The rapidly expanding field of microfluidics increasingly 
facilitates medical research and cost-effective diagnostics through the reduc-
tion of reaction volumes and assay automation in miniaturized formats.  
 
This thesis describes microfluidic approaches that enable automation and digi-
tal quantification of nucleic acid detection assays based on rolling circle am-
plification (RCA). I will give an overview of related molecular assays with a 
focus on digital assays, and continue with microfluidic principles and sensing 
technologies, with focus on those that are relevant for my own work. In the 
second part, papers that constitute this thesis will be reviewed and discussed. 
In the final section, I will review recent developments on RCA-based detec-
tion methods in comparison to my own technological contributions.  

Analysis of biomolecules 
In order to understand the components of life, we need to study the diversity, 
abundance, modifications and interactions of biomolecules. Carefully study-
ing changes in any of these parameters can give important information about 
the health status of a being. Proteins and nucleic acids are the most widely 
studied biomolecules due to their fundamental roles in building, maintaining 
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and changing a living organism. Proteins are the building blocks of life, 
whereas nucleic acids (NA) are the carriers of information about how to 
build life, although, as we recently start to understand, NAs also have essen-
tial regulatory functions (1). Certain proteins and nucleic acids, and their 
alterations, have proved to be especially useful to monitor health and diag-
nose disease. They are called biomarkers. In this thesis, I will focus on nu-
cleic acids and present improved strategies for their usage as biomarkers.  

Analysis of nucleic acids 
Analyzing nucleic acids is attractive due to their relatively simple molecular 
structure, composing only four building blocks, the nucleotides, comprising 
a sugar backbone, a phosphate group and one of four nucleobases Adenine, 
Guanine, Cytosine and Thymine or Uracil (A, G, C and T (U instead of T in 
RNA)). The sequence in which these building blocks are connected, encode 
certain functions. There are numerous methods available for the detection of 
particular nucleic acids and for the analysis of nucleic acid sequences.  

Sequence analysis of nucleic acids 
In the process of nucleic acid sequencing, the exact base composition of 
RNA or DNA sequences can be determined through a variety of sequencing 
methods. The first methods, that allowed longer sequence reads of nucleic 
acids, were published nearly simultaneously by Sanger (2) and Gilbert (3) in 
1977, both awarded with Nobel prizes in 1980. Although Gilbert’s chemical 
sequencing method initially gained more popularity, Sanger’s method, based 
on chain termination during polymerization of the complimentary strand, 
was simpler to automate. The same methodology was used in the first auto-
mated DNA sequencing machines from ABI and delivered the first human 
genome sequence in 2001 (4, 5). Sequencing by synthesis (SBS) chemistry is 
still used today in next-generation sequencing (NGS) instruments. The ad-
vancing steps from the first to the second generation of sequencing technol-
ogies are (i) the reversion of the chain termination which allows continuing 
sequencing on the same strand, and (ii) the isolation and clonal amplification 
of individual DNA molecules and the subsequent massively parallel se-
quencing of clonally amplified single molecules.  
 
This resulted in a tremendous increase in throughput and decrease of costs 
(6-9). NGS started in 2005 when the company 454 Life Sciences demon-
strated genome-sequencing in micro-wells (10), using pyrosequencing chem-
istry (11). Several other technologies for NGS have been proposed since 
then, including sequencing by hybridization (SBH) (12, 13) and sequencing 
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by ligation (SBL) (14). Both SBH and SBL chemistries were later adapted to 
sequence rolling circle amplification products (15, 16). 
 
Now we are at the verge to the 3rd generation of sequencing technologies en-
tering the market. These methods perform single-molecule sequencing without 
clonal pre-amplification. Examples are nanopore sequencing (17-19), now 
commercialized by Oxford nanopores, and single-molecule real-time sequenc-
ing (SMRT) (20), commercialized by Helicos and Pacific Biosciences. In con-
trast to the 2nd generation sequencing technologies, which deliver short 50-200 
bp sequence reads and heavily rely on complex sequence alignment algo-
rithms, single molecule sequencing allows very long read-lengths facilitating 
de novo sequencing. The upcoming 4th generation of sequencing applies 2nd 
generation sequencing technology directly in cells and preserved tissues, offer-
ing NA sequence analysis with spatial resolution (21, 22).  

Targeted nucleic acid analysis  
With many whole human genomes sequenced, and many genetically caused 
conditioned diseases identified, we now have a large genomic inventory that 
allows distinguishing health from disease. Moreover, pathogenic organisms, 
and their potential resistances to drugs, can be identified based on particular 
sequences within their genetic material. This knowledge allows defining 
particular sequences of interest and designing molecular assays that focus on 
exactly those NA molecules and regions within NA sequences that are rele-
vant to a certain application. Reconstruction of the entire genetic information 
of an organism is, in most cases, not required, and only generates an unnec-
essary amount of data and costs.  
 
Targeted NA analysis is more rapid, cost-effective and enables a more thor-
ough analysis of a particular sequence of interest. In targeted sequencing, 
particular regions of interest are isolated, enriched and sequenced with high-
er sequence coverage and increased read depth, i.e. many NA molecules of 
the same kind are sequenced. This enables detection of rarely occurring se-
quence aberrations that would otherwise be missed in whole-genome se-
quencing (with less read depth). Other targeted analytical approaches simpli-
fy the level of obtained information by circumventing reading sequences, 
and instead delivering only quantitative information about a particular NA 
molecule and, if required, detecting sequence aberrations. I will briefly out-
line the most commonly used targeted NA detection principles and go in 
more depth when describing digital quantitation formats.  

Hybridization 
Based on the basic principle of Watson-Crick base-paring specific NA se-
quences can be detected by hybridization of sequence complementary hy-
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bridization probes, which can be modified with reporter molecules, such as 
radioactive isotopes, enzymes and fluorophores. Some of the still used pio-
neering techniques are southern and northern blot for DNA and RNA detec-
tion, respectively (23) (24). Samples and cell extracts are transferred and 
immobilized on a membrane, detected by hybridization with sequence-
specific probes and visualized by a reporter molecule. In the late 1980s, 
DNA microarrays were developed that enable the quantitative assessment of 
nucleic acid content in a sample through massively parallel hybridization on 
pre-manufactured arrays with printed DNA probes (25-27). The main differ-
ence as compared to blotting is that the sample nucleic acids themselves are 
labeled before hybridization to the array. Nucleic acids can also be visual-
ized in situ, i.e. directly inside cells and tissues, through in situ hybridization 
(28, 29), and later through fluorescent in situ hybridization (FISH) (30).  

Ligation 
In 1988, a ligation-based approach was developed which made use of the 
fidelity of T4 ligase to discriminate single nucleotide substitutions by oligo-
nucleotide ligation assay (OLA) (31). This principle was crucial for the de-
velopment of sequencing by ligation chemistry. In ligation amplification 
reaction (LAR) and ligation chain reaction (LCR) this reaction is cycled with 
intermediate denaturation leading to exponential increase of the ligation 
product (32, 33). In 1994, OLA was extended by connecting the two separate 
interrogation probes through a linker sequence. These linear, so-called pad-
lock probes (34), are described in detail later. 

Polymerization 
The power of polymerization-based approaches is that minimal amounts of 
NAs can be detected specifically and with relatively high speed through 
amplification. Today’s gold standard in polymerization-based NA detection 
and quantification is the polymerase chain reaction (PCR) (35). PCR ampli-
fies selected NA sequences exponentially through repetitive cycles of DNA 
denaturation, primer annealing and polymerization (35, 36). This procedure 
is repeated until a sufficient amount of amplification product is generated 
that can be visualized by fluorescent intercalating dyes, among others. In 
real-time or quantitative PCR (qPCR), the amount of generated amplification 
product is monitored after each amplification cycle, allowing for a more 
precise quantification of nucleic acids based on the number of cycles needed 
to overcome a determined detection threshold (37, 38). Addition of molecu-
lar beacons (39) and Taqman probes (40) allow for simultaneous quantifica-
tion and sequence discrimination.  

A multitude of alternative amplification techniques has emerged, such as 
nucleic acid sequence-based amplification (NASBA) (41), strand displace-
ment amplification (SDA) (42, 43), loop-mediated isothermal amplification 
(LAMP) (44), multiple displacement amplification (MDA) (45) and rolling 
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circle amplification (RCA) (46, 47), and its modifications hyperbranched 
RCA (hRCA) (47) and circle-to-circle amplification (48). Most of these am-
plification methods have the advantage that amplification takes place contin-
uously under isothermal conditions which may facilitate their application in 
point-of-care (POC) diagnostic tests.  
 
The disadvantage of these methods, except for RCA, is that amplification 
products constitute single- and double stranded intermediates and diffuse 
away from the originally detected molecule. Quantification, hence, entirely 
relies on measuring the overall increase of amplification products. In order 
to overcome this limitation and enable more precise molecule quantification, 
a number of pre-compartmentalization strategies have been developed that 
enable digital quantification, as discussed in detail in the next chapter. 

Probes for ligation- and polymerization-based NA detection 
Targeted NA analysis is enabled by nucleic acid probes that are specifically 
designed to recognize a distinct sequence with high specificity and convert 
this recognition event into a detectable signal. During my thesis work, I have 
mostly made use of two DNA probing principles whose sequence recogni-
tion specificity is based on hybridization and ligation, generating templates 
for a polymerization reaction that can convert the specific target recognition 
event into detectable signals. 

Padlock probes 
Padlock probes comprise two target-complementary arms and a non-
hybridizing backbone (34). The target-complementary ends hybridize to their 
target sequences in juxtaposed position forming a circle on the target sequence 
that can be enzymatically linked through DNA ligation (34) (figure 1a). The 
ligation event is strictly target-dependent, rendering the detection highly spe-
cific and permitting discrimination of single base substitutions (34, 49). Pad-
lock probes are usually designed to comprise 15-20 nucleotides long target 
complementary arms, depending on the desired application-dependent melting 
temperature (Tm). The backbone sequence comprises around 40-50 nucleo-
tides that can be designed to carry a variety of functionalities, as will be dis-
cussed later. Circularized padlock probes can be amplified  through RCA (50), 
which will be discussed in detail in the next chapter.  

A related probing concept, so called gap-fill padlock probes, or molecular 
inversion probes (MIPs), hybridize on their target sequence such that a gap is 
left between both arms which can be filled through polymerization and sub-
sequent ligation, allowing highly specific mutation screening in high multi-
plex (51).  
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Selector probes 
Instead of circularizing pre-designed synthetic probes on a target sequence, the 
biological target sequence itself can be circularized. A generic approach is to 
ligate single stranded DNA fragment ends (52, 53). In a targeted alternative, 
selector probes specifically circularize selected DNA fragments after re-
striction digestion of genomic DNA (54, 55) (figure 1b). Selector probes can 
be designed to directly join the ends of the target fragments (figure 1b) or can 
introduce vector sequences that can be used for PCR-amplification and hybrid-
ization of sequencing anchor probes (56, 57). Alternatively, selected targets 
can be enriched through MDA which reduces the amplification bias compared 
to PCR amplification (57). Selector probes have proven highly useful for the 
targeted enrichment and deep-sequencing of cancer hotspot genes (57-59). The 
advantage is that sequences with regions of interest, such as cancer hotspot 
genes, can be circularized and analyzed independent of the probing event.  

Selector probe mediated target DNA circularization events can also serve 
as circular templates for RCA to directly generate sequencing substrates for 
NGS, a strategy I have explored in my thesis. 

 
 

Figure 1: (a) Padlock probes hybridize with their target sequence complementary 
probe arms on a NA target strand. When perfectly matched the probe arms are en-
zymatically joined through DNA ligation. Padlock probe backbones can carry se-
quences with distinct functionality, such as for detection (illustrated in red and blue). 
(b) Selector probes circularize selected DNA fragments, after enzymatic restriction 
digestion of genomic DNA, through specific hybridization of the fragment ends on 
the selector probe template. The DNA fragment ends are joined through ligation. As 
such, sequences with regions of interest (ROI, illustrated in pink) can be circularized 
and analyzed independent of the probing event.  
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Single molecule quantification methods 
Some very commonly used diagnostic tests merely require a ‘Yes or No’ 
answer, e.g., pregnancy tests. The precise concentration of the biomarker 
indicating pregnancy is not relevant, since the aim is not measuring how 
much a person is pregnant. Other diagnostic tests, however, require a more 
quantitative assessment of a certain marker, for example the quantity of glu-
cose in the blood of a diabetic person. It is not sufficient to know that there is 
glucose in the blood, it is important to know how much. Cancer diagnostic 
tests require an even more precise measurement of certain biomarker con-
centrations. In bulk (analog) measurements, reporter molecules, or DNA 
amplification products, diffuse and dilute into the larger analysis volume. At 
low target concentrations, the concentration of reporter molecules does not 
substantially change the overall concentration of the bulk volume and can 
hardly be detected (figure 2b, upper row). This results in poor sensitivity. 
Conversely, at elevated target concentrations, the amount of report-
er/amplification products quickly saturates and impedes quantification.  
 
 “As analytical chemists, the highest resolution measurement one can make 
is at the single molecule level; it just does not get any better than that.” (Da-
vid Walt, 2012 (60)). In order to conduct high precision measurements and 
detect low amounts of target molecules, these molecules must be visualized 
individually. To this end, a range of different approaches were demonstrated 
both for in situ measurements and solution samples. I will divide these ap-
proaches into hybridization- and polymerization- based single molecule 
quantification methods. 

Hybridization-based single molecule quantification 
In order to preserve the single molecule information of a detected NA, com-
plementary detection probes, labeled with reporter molecules, such as fluor-
ophores, can be hybridized to NA and resolved through high resolution opti-
cal detection. A method for multiplexed amplification-free NA quantifica-
tion from solute samples, with increasing popularity, is the nanostring 
nCounter technology (61). Reporter probes with multiple fluorescent dyes in 
altering sequence are used as optical barcodes that identify distinct NA spe-
cies. Target NA molecules and hybridized probes are immobilized and elec-
trophoretically stretched out in order to resolve the barcode sequence (61). 
Alternatively, several detection probes with single fluorophores can be ac-
cumulated at the location of the detected molecule, directed through hybridi-
zation.  
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One way to count individual NA molecules in situ is single molecule fluo-
rescence in situ hybridization (smFISH). Several short sequence-
complementary fluorescently labeled oligonucleotides hybridize along the 
targeted RNA molecule. The spatial increase of fluorescently labeled report-
er probes leads to a spatially increased fluorophore concentration appearing 
as a single dot in high magnification microscopy, reflecting successful hy-
bridization of a single NA molecule (62, 63). Technologies for multiplexed 
smFISH assays were recently demonstrated (64, 65). However, the through-
put of these methods is currently limited by the requirement for high magni-
fication imaging. An approach to achieve a stronger fluorescent signal, and 
hence allow for faster imaging, is provided by the branched DNA (bDNA) 
technology in which NAs are hybridized with two to three target-specific 
primary probes and subsequent hybridization of reporter DNA probes that 
are labeled with a multitude of fluorophores leading to a strong signal in-
crease (66, 67). This technology can be applied to visualize individual NA 
molecules in situ (67) and in solution (66, 68). Another hybridization-based 
technique is based on hybridization chain reaction (HCR). Here, a target-
specific hybridization probe initiates a chain reaction of localized detection 
probe hybridization events (69).  

Multiplexing and the detection of single nucleotide variations with hy-
bridization-based methods still remain challenging. For these purposes, en-
zymatic reactions prove more suitable.  

Enzymatic single molecule quantification 
David Walt pioneered digital ELISA based on the capture of anti-protein- 
secondary antibody complexes on beads that are subsequently arranged on 
micro-well arrays, fitting exactly one bead per well. Due to the ultra-small 
micro-well reaction volume (femto-picoliters), the enzymatic reaction of a 
single reporter enzyme accumulates sufficient amounts of fluorescent report-
er molecules which color those micro-wells that harbor a bead with an indi-
vidual target protein (70, 71). Digitalization converts a single bulk/analog 
measurement into many small binary measurements on single molecule lev-
el. Digital measurements confine (digitalize) individual target molecules into 
a multitude of separate reaction vessels in which the same reaction takes 
place (figure 2a), only the amplification products cannot diffuse, dilute or 
affect other amplification reactions in any way. By simply counting all ‘posi-
tive’ micro-vessels one can count individual molecules (Figure 2b, lower 
row), which gives a more precise picture of and enables quantification of 
much lower analyte concentrations.  
 
Similarly, and in fact before the development of digital protein measure-
ments, DNA amplifications were introduced. Already in 1992, the first digi-
tal PCR was reported by Sykes, et al. when DNA samples were subjected to 
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limited dilution in microtiter well plates and analyzed using Poisson statis-
tics (72). The Vogelstein lab further developed digital PCR and proved its 
suitability for quantification of rare mutations in a large background of wild-
type sequences (73). The same lab later developed BEAMing (beads, emul-
sion, amplification and magnetics), a digital PCR technology based on emul-
sion PCR that enables detection of mutation rates to 0.01% (74). Other com-
partmentalization strategies (Figure 2a) include dilution and microfluidic 
separation in micro-chambers (75, 76) and in pico-nanoliter sized droplets 
(77, 78), as commercialized by Fluidigm and BioRad, respectively. The fun-
damental difference between digital PCR and qPCR is that digital PCR 
quantitates the number of initial DNA targets present in a sample, whereas 
qPCR quantitates PCR products. Separated amplification of molecules re-
duces amplification bias, increases sensitivity, precision and quantification 
range (60, 70, 72-74).  

Clonal amplification for NGS 
It should be noted at this point, that basically all NGS technologies, too, rely 
on digitalization of amplification reactions in order to create clonal ampli-
cons of single molecules, which can then be sequenced in parallel. Emulsion 
PCR is used for clonal single DNA molecule amplification on beads in 
emulsions, used in SoliD, semiconductor (ion torrent), and in pyrosequenc-
ing technologies. Bridge PCR amplifies single molecules on a two dimen-
sional surface with PCR, while keeping the amplification product tied to the 
original location enabling clonal formation of sequencing clusters (7), used 
in most of Illuminas SBS instruments. RCA generates clonal sequencing 
substrates by amplifying circularized DNA molecules on a surface (15) or in 
solution (16).  
 
Most digital compartmentalization and quantification methods require so-
phisticated technology with complex surface engineering or fluidic systems 
and instruments. In contrast, in RCA the amplification product is con-
catemerized, thus preserving its single-molecule integrity. In contrast to all 
other described digital amplification methods, RCA does not require pre-
compartmentalization and can amplify a multitude of single molecules in 
homogenous solution in parallel (16, 48, 50) (figure 2a).  
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Figure 2: Digitalization of single molecule amplification reactions. (a) Compart-
mentalization strategies for isolation of single molecules into separate micro-
compartments prior to amplification. RCA does not require pre-
compartmentalization. (b) Comparison of bulk/analog enzymatic reactions (top row) 
and digitally compartmentalized reactions (bottom row) over a range of different 
analyte concentrations. (Figure 2b adopted from (60)) 

Rolling circle amplification 
Since the early 2000’s RCA has become an increasingly popular tool for 
both nucleic acid and protein analysis by supplying a means to clonally am-
plify a recognized single molecule preserving its single molecule integrity 
and sequence information. Moreover, when applied in situ, the spatial loca-
tion within the sample is preserved (79, 80). When using phi29 DNA poly-
merase, a polymerization rate of approximately 1500 nucleotides per minute 
can be achieved (50). Hence, a 100 nucleotide long circular target can ap-
proximately be copied 900 times in one hour RCA reaction time (50). The 
amplification product consists of hundreds of concatenated circular template 
copies that collapse into a ~800 nanometer-sized DNA coil. RCA products 
(RCPs) of padlock probes can be labeled with hundreds identical short fluo-
rescently labeled oligonucleotides that hybridize to the repetitive detection 
tag sequence introduced by the padlock probe backbone (figure 1a and figure 
3) (47, 81). Originating from a single detected NA molecule, the RCA prod-
uct represents an amplified single molecule which can be digitally quantified 
directly in solution (81-84) or after deposition on a microscope slide (85). 
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Due to the nature of DNA comprising a negatively charged phosphate back-
bone, RCA products are negatively charged which prevents agglomeration 
and secures counting of individual RCA products (81-83). The specificity 
provided by the ligation and the isothermal nature of RCA make it an attrac-
tive method for application in molecular diagnostic assays. Applications 
range from diagnosis of infectious diseases to cancer. For example, multi-
plexed detection of bacterial, fungal and viral pathogens with high specifici-
ty were demonstrated (84, 86-93). Padlock probe cocktails with partially 
degenerated probe-arm sequences can be used to cover variable regions in 
fast mutating viruses (88, 91). The single base discrimination capability can 
also be employed to detect bacterial drug-resistance genes (90).  
 
In situ applications range from mutation analysis in cells and directly in pre-
served tissue (79, 94-96), DNA-protein interactions (97, 98), and gene ex-
pression profiling (21).  

 
Through the non-hybridizing backbone, a variety of different functions can 
be introduced into RCA products making this mode of amplification greatly 
versatile. Sequence functions can comprise restriction enzyme recognition 
for RCP monomerization (34, 99), aptamer sequences for protein binding 
into RCPs (100), compaction for increased RCP integrity, signal-to-noise 
ratios (101) and RCP detection. Applicable labels for detection probes range 
from fluorophores (47, 50), quantum dots (102), magnetic particles (103, 
104), gold or silver nanoparticles (105) and enzymes (88). The choice of 
label depends on the sensing principle deployed for read-out. Despites ad-
vantages over other digital nucleic acid quantification techniques, the sensi-
tivity of RCA quantification methods has so far greatly been limited by the 
sensitivity and throughput of the read-out methods that were used. These 
methods usually detect only a fraction of RCPs within a sample. To compen-
sate for this lack in detection efficiency, circle-to-circle amplification has 
been developed, which further amplifies RCPs by an intermediate digestion 
and a second RCA step.  
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Figure 3: Target-primed rolling circle amplification of padlock probes. Ligated 
padlock probes can be amplified through RCA, resulting in hundreds of concatenat-
ed padlock probe copies. Mismatching probes are not ligated and are not amplified 
through RCA. Distinct sequences in the backbone of the padlock probe can be used 
for, e.g. detection purposes. For that purpose, fluorescently labeled detection probes 
hybridize to the RCA product.  

Circle-to-circle amplification 
The sensitivity of digital single molecule detection assays, including RCA, 
entirely relies on the efficiency and throughput of the detection method used 
for quantification. Single-molecule detection poses the challenge that every 
generated RCA product has to be detected. As reviewed in the last section of 
this thesis, most so far reported RCA detection methods only detect a frac-
tion of RCPs in a sample. One way to circumvent the need for the detection 
of all amplification products is to increase the number of amplification prod-
ucts per detected molecule. In circle-to-circle amplification (C2CA), the 
generated RCA products are enzymatically digested into monomers by hy-
bridizing oligonucleotides to the restriction site introduced through the back-
bone sequence of a padlock probe (34, 48, 99), generating a double-stranded 
restriction site for a restriction enzyme (figure 4). After digestion, the mon-
omers can be re-circularized and ligated on the non-cleaved restriction oli-
gonucleotides and amplified in a second round of RCA (48) (figure 4). The 
number of generated C2CA products depends on the number of padlock 
repetitions from the first RCA. In a one hour RCA reaction, approximately 
1000 padlock probe copies (90 nucleotides long) are generated (50). Conse-
quently, using C2CA with one hour reaction time in the first RCA, one thou-
sand C2CA products can be generated from a single initially detected mole-
cule (48). Hence, only 0.1% of all C2CA products have to be detected in 
order to detect one single molecule, substantially reducing the demand on 
the analysis system. 
  
C2CA facilitates highly multiplexed amplification with little cross-reactivity 
and less amplification bias compared to PCR (48). Moreover, it was shown 
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to have a lower variation coefficient (CV) than PCR and is less affected by 
product inhibition, enabling production of higher amplicon concentrations 
(48). Despite enabling single-molecule detection, C2CA is a fairly complex 
assay due to multiple consecutive manual reaction steps. Therefore, automa-
tion of C2CA is an important task in order to facilitate the use of C2CA in 
other laboratories and in diagnostic applications.  

 

 
 
Figure 4: Circle-to-circle amplification (C2CA). (I.) A circle (e.g. a ligated padlock 
probe) is amplified in a first round of RCA. (II.) A restriction oligonucleotide is 
annealed to the restriction sequence in the RCA product generating a double strand-
ed restriction site for enzymatic cleavage. (III.) The monomers circularize on un-
cleaved restriction oligonucleotides and (IV.) are ligated and amplified in a second 
RCA step. 

Magnetic particles in RCA assays 
Magnetic particles have proved utterly useful in in vitro biomolecular detec-
tion assays (106, 107). They provide (i) high analyte capture efficiencies, (ii) 
flexible broad surface functionalization capability, (iii) a solid support for 
analyte enrichment and washing, (iv) a means to stir liquids on small scale, 
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e.g. cocktails, which are preferably stirred instead of shaken, and (v) sensing 
properties allowing particle-based assay read-out.  
 
In applications that require high assay speed, such as infectious disease di-
agnostics, padlock probe assays require high probe concentrations in order to 
rapidly ligate probes on targets. However, high concentrations of excess 
padlock probes interfere with the RCA reaction. Magnetic particles proved 
useful for padlock-RCA assays by providing a solid support, which allows 
rapid NA target capture and removal of excess probes (88, 89). For that pur-
pose, magnetic particles can simply be coupled with target-specific capture 
oligonucleotides, most conveniently by biotin-streptavidin binding (88, 89). 
The capture oligonucleotide hybridizes to the target DNA 5´-downstream of 
the padlock probe. After coupling the complex of capture probe, target and 
ligated padlock probe to the particle, excess padlock probes can be removed 
by magnetic washing. Subsequently, RCA can be performed directly on the 
particle (figure 5). In C2CA, RCA products are monomerized directly on the 
particles and monomers diffuse into solution, and magnetic particles can be 
removed. Subsequent C2CA steps are then performed in solution. The use of 
magnetic particles in C2CA assays significantly reduces the assay time by 
enabling the use of high padlock probe and ligase concentrations, which 
reduces the ligation time from several hours to just minutes.  

 

 
 
Figure 5: Magnetic particle-based rolling circle amplification assay. (I.) Padlock 
probes in high concentration are ligated on target DNA. A capture oligonucleotide 
with a biotin modification hybridizes to the target DNA and (II.) can be captured 
through magnetic particles. (III.) During magnetic washing, excess padlock probes 
and sample remains are removed. (IV.) Padlock probes can be amplified through 
RCA on the particle. 
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Assay automation 
The automation of bio-assays has several benefits both for research and di-
agnostic applications: (i) Sample processing can be parallelized allowing 
higher throughput, (ii) Assay precision often increases through automated 
liquid handling, (iii) the use of smaller reaction volumes reduce the assay 
cost, and (iv) reduction of manual pipetting labor. Approaches for automa-
tion range from large-scale high-throughput robotic pipetting to microfluidic 
assay miniaturization. The choice depends on the application. High-
throughput pipetting robots are often applied in centralized diagnostic labor-
atories or research facilities to process as many samples in parallel as possi-
ble. Microfluidic automation is increasingly applied for sample preparation 
schemes that require processing of very small reaction volumes and in mod-
ern point-of-care diagnostic test devices. It should be mentioned that some of 
the key components in large-scale high-throughput instruments, such as 
NGS machines, are based on microfluidics.  

Microfluidics 
Since the demonstration of the first miniaturized total analysis system 
(µTAS) (108, 109), microfluidic systems were increasingly applied to per-
form laboratory methods, such as biomolecule detection assays, in small-
scale, reducing costs and time, as reviewed in great detail (110, 111). In fact, 
microfluidics has not only facilitated biological research, but also enabled it: 
It provides a means to accurately handle a multitude of ultra-small reaction 
volumes in parallel (76). Such small reaction volumes are required, for ex-
ample, in sample preparation schemes in single-cell proteomics (112) and 
transcriptomics (113). The same reaction volumes would not be possible to 
process with standard liquid-handling schemes.  
 
Due to the capability to integrate a range of complex sample processing op-
erations in miniaturized format, microfluidic systems, also referred to as lab-
on-chip (LOC) technologies, hold great promise for the future of point-of-
care diagnostic tests (111). Microfluidics can generally be divided into three 
classes comprising (i) continuous-flow microfluidics, (ii) droplet microfluid-
ics and (iii) digital microfluidics. Droplet microfluidics is mainly applied for 
high-throughput compartmentalization of a reaction, for example for digital 
PCR, as described above. I will focus on, and briefly describe the microflu-
idic principles that I made most use of during my thesis work, namely con-
tinuous-flow and digital microfluidics (figure 6). 
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Figure 6: Compartmentalization of reactions and liquid transport in (a) continuous-
flow microfluidics and (b) digital microfluidics. (a) Reaction volumes are spatially 
separated through micro-channels and –chambers. Transport of liquids between 
channels and chambers is mostly performed through pump pressure. (b) In digital 
microfluidics reaction volumes are compartmentalized in droplets which can be 
moved on top of an array of electrodes through the electro-wetting-on-dielectric 
principle.  

Continuous-flow microfluidics 
The semiconductor and electronics industry has developed fabrication pro-
cedures for micro-structures on small areas, such as computer chips. These 
procedures were soon adapted to the fabrication of micro-channels and mi-
crofluidic chips (108, 109). One of the probably most impactful contribu-
tions for microfluidics was the demonstration of poly(di-methyl siloxane) 
(PDMS) as a simple prototyping material for microfluidic structures and 
chips (114). This has opened up for the microfluidic integration of a range of 
biomolecular and chemical laboratory methods. 
 
The performance of bio-assays, such as PCR, in miniaturized format not 
only decreases cost, but can even increase reaction speed. This can be at-
tributed to a decrease in diffusion distances and faster temperature control 
(76, 115). Moreover, the automation of liquid suspension and control tends 
to increase assay robustness by eliminating manual pipetting errors (76). The 
most common way of liquid handling is flow in separate micro-channels and 
–chambers, which provides the compartmentalization necessary to perform 
separate consecutive steps (figure 6a). Reactions can take place in solution 
or on the surface of reaction chambers. A variety of actuating mechanisms, 
such as micro-valves and –mixers, enable compartmentalization of reactions 
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into a multitude of individually addressable reaction chambers (75, 76). 
Moreover, the use of micro-pillars (116), magnetic particles (107) and mem-
branes (117) has enabled the specific capture and subsequent analysis of bio-
molecules. Recently, a microfluidic analysis system was proposed for micro-
fluidic membrane-based DNA concentration and subsequent on-chip PCR 
analysis (118). We used a similar concept for high-efficiency detection of 
RCA products, described during the present investigations in this thesis. 
 
Although fabrication of continuous-flow microfluidic chips is relatively 
simple, it requires much external equipment, such as pumps, external valve 
controls, tubing, etc., to control liquids on chip. The prototype stage usually 
resembles a ‘chip-in-a-lab’ rather than a ‘lab-on-a-chip’. Moreover, the use 
of magnetic particles in multistep assays on continuous flow chips can be 
complex. Inefficient particle mixing, especially in RCA-based assays, nega-
tively affects the assay efficiency (unpublished data). For this purpose the 
use of the digital microfluidic principle is advantageous.  

Digital microfluidics 
An alternative microfluidic liquid compartmentalization and handling prin-
ciple is digital microfluidics (DMF). Liquids are applied onto a DMF chip in 
nL - µL volumes and naturally form droplets on the hydrophobic chip sur-
face. A DMF chip comprises an array of mm-sized electrodes, which can be 
actuated individually, and an insulating hydrophobic layer. The controlled 
transportation of droplets on chip is facilitated through the electrowetting-
on-dielectric (EWOD) principle (119). In brief, by actuation of electrodes 
under the hydrophobic layer, the surface is locally rendered electrostatic. As 
a consequence, the contact angle of a droplet that is touching this activated 
area changes and the droplet moves to the activated surface area (119-121) 
(figure 6b). Exploiting this phenomenon, droplets carrying different reaction 
mixtures can be addressed individually, and transported along an array of 
individually actuatable electrodes. Droplets can be merged, mixed and split 
(121, 122). The versatility of this mode of microfluidic liquid handling al-
lows for the performance of complex multistep bioassays (121-125).  
 
Interestingly, it was shown that the movement of droplets on DMF chips 
leads to very effective mixing due to an internal vortex created by the droplet 
movement (126, 127). This gives DMF a major advantage for performing 
magnetic particle-based assays. As such, magnetic particles can be separat-
ed, washed, mixed and incubated with new reagents, which facilitates auto-
mation of complex multistep solid-phase assays (122, 123, 128, 129). A 
relevant example for an application of DMF for the automation of complex 
multistep assays is the automated library preparation of several samples in 
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parallel for next generation sequencing, performed on a DMF platform from 
Liquid logic, now acquired by Illumina. 
 
DMF should not be confused with droplet microfluidics, which is occasion-
ally named digital microfluidics due to the great capability to generate indi-
vidual single-molecule or single cell reactions in millions of droplets. The 
capability to execute consecutive reaction steps and other droplet manipula-
tions is, however, strongly limited in droplet microfluidics, making it less 
applicable for multistep assay automation.  

Single molecule read-out 
The sensitivity of a molecular detection method, including all digital single 
molecule assays, depends on the capacity of the read-out method. In digital 
droplet PCR, for instance, a relatively large dilution has to be applied to the 
sample to ensure that not more than one molecule is encapsulated in one 
droplet, resulting in a large number of droplets staying empty. To detect the 
few ‘positive’ droplets among all droplets, a large fraction or even all drop-
lets have to be analyzed, when aiming to detect every single molecule. This 
requires a detector system with high throughput, accuracy and sensitivity. 
Similarly, RCA assays require detection of a large fraction of RCA products 
in order to obtain high sensitivity. Digital read-out of RCPs, representing 
amplified single molecules (ASMs), enables high sensitivity and precision. 

Digital RCA read out 
In principle, digital RCA read-out approaches can be divided into two main 
categories: (i) surface-attached read-out, in which RCPs are either directly 
generated on a surface, or first generated in solution and then subsequently 
transferred to a surface, (ii) homogenous read-out, in which RCPs are direct-
ly quantified in solution.  

Surface-attached read-out is probably easiest to adopt for RCP read-out. 
NGS of RCP substrates can be placed into the same category (15, 16). How-
ever, in order to analyze every RCP the entire surface area has to be imaged, 
requiring more time and sophisticated imaging equipment.  
 
Homogenous RCA read-out relies on sensing RCPs in movement (81, 82). 
RCPs can be quantified, for example, by passing RCP solutions through a 
focal plane of a confocal microscope while flowing through a microfluidic 
channel (84, 130). Due to the relatively large channel dimensions required 
for fast flow rate, as well as the narrow confocal volume, only 0.1-1% of 
RCPs are imaged (84). The detection efficiency was later increased to ap-
proximately 1-2% (89). Further increase in the detection efficiency was at-
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tempted by locally enriching RCPs in micro-channels patterned with capture 
oligonucleotides (131), or filled with capturing beads (132). However, a 
substantial increase in detection efficiency could not be demonstrated.  
 
A major objective of my thesis was to explore alternative RCP sensing and 
quantification principles, potentially yielding higher detection efficiencies 
and simplifying the read-out. For surface-attached RCP quantification, the 
feasibility of simple low-cost imaging equipment, such as that in modern 
smart phone cameras was investigated (133). For homogeneous RCP detec-
tion, the resistive pulse sensing (RPS) principle was investigated. RPS ena-
bles quantification of individual objects in solution, but has not yet been 
explored as RCA read-out. 

Resistive pulse sensing 
In the 1950s, Coulter proposed a principle that permits detection of single 
cells or other objects in micrometer scale, based on the blockade of an ion 
current that can be created by applying a voltage between two compartments 
that are connected through a slim channel. Objects that pass through the 
channel from one to the other compartment temporarily block the flow of 
ions through the channel which can be detected as a drop in current (134). 
This principle is called resistive pulse sensing (RPS) and is still commonly 
used for cell counting and size determination in the Coulter counter (134). 

Recent advances in nano- and micro-engineering enabled the precise fab-
rication of solid-state nano- and micropores that allow for RPS measure-
ments of smaller objects (17). With advances in the sensing technology more 
parameters of the objects can be analyzed (135) (figure 7). Concentration 
measurements are enabled by measuring the frequency of blockade events. 
Precise size distributions of particles in a sample can be obtained from the 
blockade magnitude of measured particles (136). The passage time of a par-
ticle through the pore, as determined by the blockade duration, gives an indi-
cation about the particle shape or charge (135, 136). Tunable RPS nanopores 
have been used for the direct detection and size characterization of DNA and 
of particles modified with DNA (136, 137). The passage time of DNA-
modified particles through a pore is prolonged compared to unmodified par-
ticles (136, 138).  
 
Nanopore RPS has been used early for the detection of individual proteins 
and nucleic acids (17, 19, 139). Nanopores that are capable of reading the 
base composition of a single-stranded DNA strand are under heavy devel-
opment and in the early phase of commercialization (Oxford nanopores). 
The sequencing principle is based on the unique current blockade signatures 
of the individual bases (17-19). DNA sequencing nanopores have diameters 
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of around 3-5 nanometer. In this thesis, I made use of larger pores for the 
quantification of particles and RCPs in the scale 100 nm – 2 µm.  

 

 
 
Figure 7: Resistive pulse sensing principle. (a) Microfluidic flow of particles from 
one compartment to the other through a RPS nano- or micropore. An applied voltage 
between the compartments induces an ion current that is temporarily blocked by 
trans-passing particles. (b) Blow up of the two blockade signals marked in red 
dashed box in a. Blockade magnitude and blockade baseline duration indicate rela-
tive particle size, and charge, respectively.  
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Present Investigations 

Paper I. Circle-to-circle amplification on a digital 
microfluidic chip for amplified single molecule 
detection 
 

Background 
DNA detection with padlock probes and subsequent amplification with Cir-
cle-to-circle amplification (C2CA) enables DNA detection with high speci-
ficity and sensitivity. Despites several advantages of C2CA over other DNA 
amplification schemes, one major drawback is the relatively high assay 
complexity, generated by the number of sequential steps. In order to bring 
the advantages of RCA and C2CA assays to diagnostic application, the assay 
has to be integrated and automated in a fluidic system. Compared to large 
robotic systems, assay automation on microfluidic chips offers several ad-
vantages, i.e. decreased reagent consumption and device cost.  

In a previously described effort we aimed to integrate C2CA in a continu-
ous-flow microfluidic chip fabricated with a novel material that holds great 
promises for bio-compatibility (140). Promising results were obtained for 
on-chip ligation and RCA, but the consecutive performance of both assay 
steps resulted in strong decrease in reaction efficiency due to inefficient mix-
ing of magnetic particles. The movement of droplets by electrowetting-on-
dielectric on digital microfluidic (DMF) chips leads to effective mixing in-
side the droplet (126, 127). Moreover, droplets on DMF can be used as indi-
vidually addressable reaction compartments that can be merged and split in 
order to perform assay steps (129). In this paper, in collaboration with the 
Lammertyn lab in Belgium, we made use of these unique properties and 
integrated C2CA on a DMF chip. 

Summary 
In order to facilitate the performance of C2CA on a DMF chip, several pa-
rameters had to be optimized, such as the on-chip movability of reaction 
mixes. Moreover, a new magnetic particle extraction and -transfer procedure 
was developed that allowed for particle extraction with near 100% efficiency 
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and the shuttling of particles between droplets, which facilitated whole 
C2CA assay performance on the DMF chip. We tested the individual enzy-
matic reaction steps of C2CA on the DMF chip and found stable enzyme 
reaction efficiencies on-chip compared to reaction tube conditions. We then 
performed the complete C2CA assay with all sequential steps and achieved 
nearly 100% assay efficiency compared to standard tube reaction conditions. 
C2CA products were quantified by standard microscope slide quantification. 
A limit of detection of 1 aM DNA concentration was achieved on-chip with 
a dynamic range of 4 orders of magnitude up to 10 fM. Conclusively, we 
demonstrated how C2CA can be performed on a DMF platform with high 
assay efficiency.  

Discussion 
This was the first time that C2CA was performed integrated on a microfluid-
ic chip with nearly 100% reaction efficiency as compared to standard tube 
conditions. The compactness of DMF, with no further fluidic pumps or tub-
ing necessary and all actuation controls integrated in one circuit board, 
makes DMF-C2CA a promising combination for the development of auto-
mated C2CA devices in bench-top or portable format. In this study, we 
proved the concept for integration and provided the necessary parameters for 
total automation. Because a suitable technology to heat-inactivate enzymes 
in droplets was not available at the time, we manually inserted reaction mix-
tures consecutively. Moreover, extraction and transfer for magnetic beads 
between droplets required manual positioning. The integration of a micro-
heater element and a controllable magnet positioner will enable complete 
automation. Additionally, the integration of the read-out on-chip should be 
investigated which may pave the way towards a total integrated C2CA anal-
ysis system.  
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Paper II. Digital quantification of rolling circle 
amplified single DNA molecules in a resistive pulse 
sensing nanopore 
 

Background 
Digital quantification of RCA products offers the highest quantification pre-
cision and sensitivity to RCA-based assays. The sensitivity, however, is lim-
ited by the digital detection method used as read-out. The methods reported 
so far only count a fraction of RCPs, because (i) the throughput of the detec-
tion method allows analyzing only part of the sample volume, or (ii) the 
detector only senses a fraction of RCPs within the entire sample volume. 
Low detection efficiencies are usually compensated for by C2CA, as de-
scribed in paper I. The added assay complexity, however, demands a high 
complexity of devices for automated processing and quantification of C2CA. 
A higher detection efficiency of RCA products, however, would circumvent 
the need for additional amplification. Employing a sensing principle that 
recognizes every individual RCP passing by the sensor would increase the 
detection efficiency. On the microscopic level, RCPs are relatively large 
bulky objects. A sensing principle that allows counting every individual 
object passing through a detector is resistive pulse sensing (RPS). It 
measures a transient blockage of ion current when an object passes through a 
small pore. The aim of this paper was to investigate a new sensing principle 
for RCA products based on resistive pulse sensing and to create an assay 
format suited for the RPS read out of solid-phase RCA assays. 

Summary 
We present the first RPS measurements of RCA products, directly in solu-
tion, and attached to magnetic particles as a solid support. In solution RPS 
measurements enabled a label-free size characterization of RCPs, which is 
consistent with previously reported size distributions based on fluorescent 
measurements. The RPS size characterization is not effected by the point-
spread function, which introduces size bias into fluorescent measurements. 
However, our data also demonstrates problems with RPS measurements of 
RCPs in solution, i.e. the quantification precision was low and higher con-
centrations of RCA products could not be measured, probably due to cluster-
ing and ‘jamming’ effects. Rigid particles, on the other hand, can be ana-
lyzed with very consistent particle flow-rates, because rigid particles interact 
less with each other, and with the nanopore membrane. We have previously 
demonstrated that magnetic particles can increase RCA assay speed by 
providing a means to capture DNA targets faster onto a solid support and 
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remove excess padlock probes and sample remains. RCA can be performed 
directly on magnetic particles. We investigated whether RCPs on particles 
can be sensed by RPS and distinguished from particles without attached 
RCPs. We found that individual RCPs attached on particles can be discrimi-
nated from ‘blank’ particles based on (i) increased size and (ii) baseline du-
ration of the particle. We set up a digital assay in which a consistent number 
of particles capture low concentrations of DNA targets. According to Pois-
son distribution there is a low chance of capturing more than one molecule 
per particle. After RCA, the particles were analyzed in RPS and particles 
with attached RCPs quantified. As little as 50 zmol synthetic DNA could be 
detected. With a total RCA assay time of only 40 min, and an analysis time 
of 10 min, this method facilitates quantitative DNA detection within a sam-
ple in a simple, rapid, sensitive and inexpensive manner.  

Discussion 
The main motivation of this study was to adopt a sensing principle that al-
lows measuring every single RCP passing through a detector. Homogeneous 
amplified single molecule detection is limited by measuring only a fraction 
of RCPs passing through the confocal plane within a microfluidic flow 
channel. The RPS sensing principle allows detecting every individual RCP 
passing through the senor. At higher flow-rates and elevated concentrations, 
however, the measurements became unreproducible. We speculate that clus-
tering effects and interactions with the nanopore membrane caused these 
variations. Hence, this method cannot be used to quantify RCA products in 
solution. On the other hand, we found that particles with single attached 
RCPs can be distinguished from blank particles. Based on this observation, 
we developed a new digital quantification assay with RCA products ana-
lyzed directly on magnetic particles. We provided a proof-of-concept, and 
demonstrated a low LOD achieved with a simple four-step assay including a 
single 20 min RCA amplification step. The digital read-out on particles has a 
quantification range of three orders of magnitude, which can potentially be 
extended by the use of more particles and by analysis of more particles. We 
limited the analysis to 10000 particles which can be analyzed in 10 min. 
Faster flow-rates might cause ‘jamming’ problems and would render the 
measurement less sensitive to RCPs attached on particles. Hence, despite 
detecting every RCP passing through the sensor, only 1% of particles can be 
analyzed in relatively short time. In order to extend the throughput, several 
pores could be parallelized on arrays similar to nanopore sequencing instru-
ments. This sensing principle can be very cost-effective and can be miniatur-
ized on small microfluidic chips, potentially enabling very sensitive digital 
quantification of RCA assays in portable format. Further research needs to 
be conducted in order to further characterize and optimize the principle of 
sensing RCPs in solution or attached on particles using RPS.  
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Paper III. Microfluidic enrichment and targeted 
sequencing of rolling circle amplified single molecules 
 

Background 
As already mentioned, the sensitivity of RCA assays is strongly limited by 
the detection method used as read-out. The ideal read-out system for high 
speed and high sensitivity comprises a detection method that has the capacity 
to (i) detect individual RCPs, (ii) analyze the entire volume of a sample in 
relatively short time, and (iii) recognize every RCP within that volume. 
When deposited on a microscopic slide, RCPs spread out over the large two-
dimensional surface under a cover slip (85). At 10-times magnification one 
field of view only comprises ~0.2% of that area. For high sensitivity the 
entire area has to be scanned in order to detect low amounts of RCPs. Ho-
mogenous amplified single molecule detection quantifies RCPs in solution 
while flowing through a confocal line scanner (84, 130).  However, this 
method does not detect a higher fraction of RCPs in solutions than the stand-
ard microscope slide read-out. A commercial version of this detection sys-
tem (Aquila 1000, Qlinea) has an increased efficiency of 1-2% (89). Since 
then, several alternative methods have been proposed for the detection of 
RCPs (see table 1 in Perspectives). Despites the simplicity of devices, the 
detection efficiency has not been improved. Even in paper II, the aim was to 
increase the detection efficiency of RCPs. Although the sensor detects nearly 
all RCPs passing by, only a fraction of the sample volume could be ana-
lyzed.  

The aim of this paper was to develop a new RCP quantification method 
with substantially higher detection efficiency by enrichment of RCPs from 
large sample volumes onto the sensor plane of a fluorescent imager. Moreo-
ver, it was investigated whether enriched RCPs could be sequenced through 
NGS chemistry.  

Summary 
A microfluidic chip was fabricated that is capable of concentrating RCA 
products from larger sample volumes onto a spatially defined small two-
dimensional area that can directly be imaged. Hundreds of fields of view on 
a microscope slide were fluidically reduced into one field of view of a low 
magnification microscope objective. Microfluidic enrichment led to a very 
strong increase in detection efficiency, enabling the detection of 5 aM RCP 
concentration in 50 µL volume. The herein reported microfluidic enrichment 
method has another main advantage over solution-based quantification 
methods: enriched RCPs can be further analyzed with NGS chemistry. For a 
proof-of-concept, we enriched and successfully sequenced an equimolar 
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mixture of RCPs containing four different barcode sequences directly on 
chip with sequencing chemistry and integrated imaging. Microfluidic RCP 
enrichment and sequencing (µRESEQ) enables the analysis of ultra-low 
RCP concentrations and allows for multiplexed nucleic acid quantification 
with simple one-step RCA assays, making additional amplification steps 
obsolete. Enriched RCPs can directly be sequenced on chip, enabling target-
ed sequencing analysis of low RCP concentrations.  

Discussion 
With µRESEQ, we demonstrated an unprecedented RCA product detection 
efficiency. This is facilitated through the spatial enrichment of RCPs from 
larger sample volumes into the focal detector plane, making imaging of 
RCPs ~45 times more efficient than analysis on a standard microscope slide 
(no enrichment). Previously reported RCP read-out methods only detect a 
small fraction of RCPs within a sample. In order to detect minute amounts of 
nucleic acids, additional amplification steps, such as C2CA, have to be in-
troduced into the assay to compensate for low detection efficiencies. Addi-
tional amplification steps, however, introduce a lot more assay complexity, 
which makes application in other laboratories or diagnostic tests less favora-
ble, but also complicates the integration and automation in microfluidic 
chips. µRESEQ, on the other hand, enables the use of simple one-step RCA 
assays with high sensitivity, facilitated through the high detection efficiency. 
Simple one-step RCA assays with high sensitivity are more applicable in 
diagnostic tests and make µRESEQ an ideal read-out platform for RCA-
based diagnostic applications. Moreover, µRESEQ can function as a mini-
sequencing platform for targeted DNA sequencing applications. In compari-
son with most commercially available sequencing instruments, µRESEQ is 
set out to sequence a very low amount of sequencing substrates originating 
from low sample DNA concentrations and targeted library preparations. 
When sequencing low concentrations of sequencing libraries on commercial 
instruments, costs per sequenced base become very high due to sparsely 
filled arrays. Alternatively, low library concentrations are pre-amplified 
which can introduce amplification biases that can impede the detection of 
rare mutations (53). µRESEQ enriches low library concentrations without 
need for pre-amplification potentially giving higher specificity. µRESEQ 
enables low-cost small-scale sequencing and hopefully paves the way for the 
development of cost-effective small-scale sequencing instruments available 
to every laboratory.  
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Paper IV. In situ detection of KRAS point mutations 
and targeted DNA sequencing with a mobile phone 
 

Background 
Digital quantification of RCA products gives RCA assays the highest possi-
ble quantification precision and sensitivity. On the microscopic level, RCPs 
are very bright objects when labeled with hundreds of fluorescently tagged 
detection probes, facilitating imaging with simple low-magnification imag-
ing technology. The Ozcan lab at UCLA has demonstrated that mobile 
phones can be equipped with simple cost-effective add-ons which convert 
smart phone cameras into microscopes (133). The incentive of this paper 
was to investigate the possibility to image and quantify individual RCA 
products with a modified smart phone camera. Applications for this could be 
numerous. One possible application is pathologic tumor heterogeneity analy-
sis. Traditionally, morphological tumor biopsy analysis and Gleason scoring 
takes place at the pathologist’s office. Molecular analysis of the tumor biop-
sies, however, is outsourced to centralized laboratories. RCA facilitates sim-
ple in situ mutation analysis directly in preserved tumor tissue. A mobile 
phone powered in situ mutation analysis and targeted sequencing imaging 
device could facilitate molecular analysis directly at the pathologist’s office, 
and at other points-of-care.  

Summary 
In collaboration with UCLA researchers, a 20-megapixel smart phone cam-
era was converted into a multiplex fluorescent RCP imager. Using this mo-
bile phone driven imager, RCPs were imaged on slides and inside cells and 
tissues. RCA reaction time and RCP integrity were optimized for mobile 
phone imaging. Machine learning-based image analysis software was im-
plemented for automated cell and RCP recognition. We performed in situ 
KRAS point mutation assays on KRAS wild type - KRAS mutant cell line 
mixtures in different ratios. 1% KRAS mutant cells could be distinguished 
from wild type cells. Finally, we applied the KRAS genotyping assay on 
clinical tumor samples and succeeded to image and quantify RCPs in situ 
with the mobile phone. Additionally, we developed a simple three-step tar-
geted sequencing sample preparation scheme, optimal for mobile phone-
based sequencing, and performed targeted DNA sequencing on extracted cell 
line DNA to investigate the sequencing specificity. Our sample preparation 
scheme enables targeted sequencing with ~100x sequencing depth, potential-
ly enabling somatic mutation detection down to ~1%. A heterogeneous 
KRAS codon 12.2 mutation in the A427 cell line DNA extracts was correct-
ly identified by detecting both wild type and mutant specific sequencing 
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signals, proving the feasibility of this approach. Conclusively, we demon-
strate how a mobile phone with simple low-cost attachment is used for mul-
tiplex in situ point mutation detection directly in preserved tumor tissue and 
for targeted DNA sequencing of extracted tumor DNA.  

Discussion 
The mobile phone imaging based in situ point mutation analysis demon-
strates the feasibility of a mobile phone powered molecular tissue heteroge-
neity analysis tool that may provide a simple means to integrating molecular 
marker information with traditional morphology analysis at the pathologist 
office. It may also contribute to increasingly enable cancer diagnostics in 
resource-poor places and may prove useful in other field applications.  
 
Generally, the aim of this study was to investigate a low-cost imaging tech-
nology for RCPs, which may be compatible with the µRESEQ concept pre-
sented in paper III. RCPs enriched into one focal plane require a single sim-
ple image. While most low-cost RCP detection methods measure in bulk 
instead of detecting individual RCPs, a simple fluorescent imaging system 
that can recognize and distinguish individual RCPs would essentially have a 
similar sensitivity as other digital fluorescent imaging-based quantification 
methods. Due to the great availability and spread of smart phones we may 
use the imaging capacity, and potentially the computing capacity, to quantify 
RCA products and image targeted sequencing reactions. Together this may 
truly lead to the development of ultra-low-cost RCA-based diagnostic devic-
es, especially at the point-of care and in resource-poor environments.  
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Perspectives 

High precision and sensitivity are decisive parameters for molecular diag-
nostic tests. In principle, RCA assays offer these parameters. The sensitivity 
of RCA assays is not limited by the assay itself, but by the detection method 
that is used. Low detection efficiencies can be compensated for by additional 
amplification steps, such as through C2CA. The relatively high assay com-
plexity of C2CA, however, renders the application of C2CA in other labora-
tories and in diagnostic tests less favorable. My first main focus was to au-
tomate C2CA on a microfluidic system in order to increase its applicability. 
Paper I demonstrates the integration of C2CA on a digital microfluidic chip, 
which proved to be a highly suitable microfluidic system for this assay 
(141). Through continued development, this could potentially become a fully 
automated and compact benchtop system.  

As the next step, I investigated the integration of RCP read-out on the 
chip. During this process I realized that the read-out is the limiting factor for 
the sensitivity of an RCA assay. RCA assays are truly digital, i.e., one single 
molecule is converted into one countable RCP. If we detect all RCPs, or at 
least a larger fraction, there is no need for further amplification. This is also 
true for the digital microfluidic chip: if all generated RCPs were detectable 
on chip, C2CA can be avoided. I have dedicated most of my thesis to the 
development of more sensitive RCP read-out methods that make simple 
RCA assays more sensitive.  

Since I am not the first to develop alternative RCA read out methods, I 
compiled an overview of the most so far reported RCA read-out methods 
and their detection sensitivities. I hope this will give some perspective and 
help decide how RCA assays should preferably be read out in the future.  

RCA read-out methods – a comparison 
As discussed during the previous chapters, most digital RCA-based detection 
methods rely on fluorescence. Fluorescently labeled RCPs can be discrimi-
nated from the background, even in homogeneous solution, with high signal 
to noise ratios (81, 82, 84, 85, 89, 130). Integrated fluorescence-based digital 
RCA read-out methods were proposed, which integrated DNA detection, 
RCA amplification and read-out, based on (i) micro-bead filled fluidic chan-
nels (132, 142) or (ii) capture probe functionalized patterns in ultra-thin mi-
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cro-channels (131). During my thesis I added the concept of sensing RCPs 
through RPS as an alternative non-fluorescent digital read out (143).  
 
A range of alternative non-digital RCA sensing principles have been pro-
posed that may be more cost-effective and simple. An early fluorescence 
based alternative read-out was based on real-time quantification of RCA 
during the reaction using molecular beacons (99). A colorimetric reporter-
enzyme based detection method used RCP detection oligonucleotides la-
beled with HRP. The HRP-catalyzed color change could be detected by eye 
or through absorbance measurement (88). Another colorimetric read-out uses 
monomerized RCPs to cluster gold nanoparticles, conjugated to detection 
oligonucleotides, changing the refractive index, visible to the naked eye 
(144). One of the most explored non fluorescent RCP sensing principle is the 
volume amplified magnetic nanobead detection assay (VAMNDA). The 
presence of RCPs is sensed by the change of magnetic properties of the 
magnetic labels bound to RCPs (90, 103, 104, 145). A similar concept is 
based on the opto-magnetic sensing of RCPs by a blue ray laser (93). In this 
assay format, monomerized RCPs promote the cluster formation of magnetic 
nanobeads functionalized with complementary oligonucleotides. In a recent-
ly demonstrated electrical RCA sensing concept, RCPs are stretched out over 
two electrodes and metalized through gold nanoparticle labeling and silver 
enhancement, creating DNA nanowires that close an electrical circuit (146). 
This concept might open up for very low-cost RCA-based biosensors. Simi-
larly, RCPs were also metalized in coil structure, making RCPs visible in 
bright field imaging (147).  

In the following table, RCA read-out methods with respective perfor-
mances are summarized, focusing on detection efficiency and sensitivity.  
 

Table 1: Reported RCA read-out methods 

Read out method Analysis 
time 

Multiplexing 
capability 

Sensi-
tivity 

Fraction of 
detectable 
RCPs

Deeper 
RCP 
analysis 

Microscope slide 
(85)d, 1 field of view
10x magnification 

<1 min limited by 
available 
fluorophores 

5 fM 
(10µL) 

0.1-1 % 
(depends on 
area) 

Yes 

Microscope slide, 
whole aread 

20-120 
min 

limited by 
available 
fluorophores 

Single 
RCP 

100 % Yes 

Amplified single 
molecule detection 
(ASMD) (84)d 

3 min 2 5 fM 
(5µL) 

0.1 % No 

ASMD,  
Aquila1000d* 

4 min 1-2 0.5 fM 
(50µL) 

2  % No 

Microbead-RCA in 1-10 limited by 3 fM 0.1-8 %** No 
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micro-channels 
(132)d 

min** available 
fluorophores 

(5µL) 

RCA in patterned 
Micro-channels 
(131)d 

1-5 
min** 

limited by 
available 
fluorophores 

50 fM 
(***) 

un-
known*** 

potentially 

Gel electrophoresis 
(148, 149) 

2 min ~5 25ng 
vibrio 
C2CA 

*** No 

VAMNDA 
(103, 104) 

2 min 1-2 3 pM 
(50 µL) 

0.000001 % No 

Optomagnetic nano-
bead (93) 

 1-2 (but scal-
able) 

50 fM 
(32 µL) 

0.0005% No 

RCA gold nanowire 
(146) 

 1 (but scala-
ble) 

66 pM 
(10 µL) 

un-
known*** 

No 

Gold nanoparticle 
aggregation (144) 

1 min 1 70 fM 
(60 µL) 

0.00004 % No 

Bulk fluorescent 
measurement (99) 

1 min 3-4 20 pM 
(50 µL) 

0.0000002 
% 

No 

Colorimetric HRP 
read-out (88) 

 1  0.00002% No 

RPS (143)d 10 min 1 250 aM 
(40µL) 

1 % No 

µRESEQ-PCd 2 min limited by 
available 
fluorophores 

50 aM 
(50µL) 

2 % Yes 

µRESEQ-NCd 2 min limited by 
available 
fluorophores 

5 aM 
(50µL) 

10-60 % 
(conc. de-
pendent) 

Yes 

 

dDigital read-out 
*Aquila 1000, Qlinea, Sweden 
**Depending on number of images taken. Not reported. 
***Volume unclear. Not reported. 
 
 
In summary, it is obvious that digital read out methods (marked with d) de-
tect a larger fraction of RCPs within a sample, and hence, are superior in 
sensitivity. The reason for superior sensitivity of digital read-outs is ex-
plained in detail in the previous chapters. Another observation that can be 
made from this comparison is that approaches that concentrate RCPs into 
smaller analysis volumes or onto smaller imaging areas increase the analysis 
speed and the sensitivity per analysis time. These approaches make RCA a 
highly sensitive amplification mode for single molecule detection. 
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Conclusions and outlook 
The future of C2CA 
I am not trying to say that C2CA is obsolete. In fact, the opposite is true. 
What should be reconsidered, though, is what C2CA is used for. With no 
doubt, C2CA is a powerful amplification mode with several benefits over 
PCR: the amplification is less sequence biased, being able to amplify GC 
rich and hairpin structure sequences with great efficiency. Moreover, C2CA 
is unique in producing single stranded amplicons, making it an optimal mode 
of production for single stranded probe entities, such as DNA origami tile 
oligonucleotides and smFISH probes (150). It should potentially prove suit-
able for the production of single stranded probes in general, e.g. padlock 
probes, and for other functional oligonucleotides, such as aptamers. For di-
agnostic application, C2CA can well be applied as means for DNA detec-
tion, automated in large-scale, in high-throughput facilities. For POC diag-
nostic devices, let’s be frank, it will most likely not be the underlying mo-
lecular technology of choice. Instead, when using a read-out method with 
high RCP detection capacity, like the herein presented µRESEQ method, 
simple one step RCA assays are more suitable for POC diagnostic devices. 

The future of RCA read-out 
Let’s face it: counting individual RCA products is always better than meas-
uring only the approximate amount of DNA produced through RCA. De-
spites all arguments for increased simplicity, or lower device costs of sensor 
systems that measure in bulk, counting individual RCPs is better. And here 
is the spoiler: digital read-out does not have to be expensive. RPS, for exam-
ple, seems to be a promising sensing concept that can be miniaturized and 
integrated into very cost-effective portable instruments. Just have a look at 
the MinION from Oxford nanopores. 

Even fluorescent imagers are not necessarily expensive or require large 
instrumentation. You carry one in your pocket. Both the imaging and the 
computational capacity of smart phones grows as fast, or even faster than 
Moore’s law (133). Fluorescently labeled RCPs are very bright objects, and 
have been that bright since the late 1990s. They needed to be bright because 
back then microscopes would not detect them otherwise. Smart phone imag-
ing technology of today has reached the technological level of microscopes 
from the 90s (133). With a cheap add-on, everyone can potentially use their 
own smart phone to image RCPs. 

Future RCA read-out should be digital. Let’s not motivate more efforts to 
measure RCA products with non-sensitive sensors. That is nonsense. It is 
like throwing pearls into water and measure the change of refractive index. 
Future RCA read-out should and will be digital. 
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