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Improved analytical methods provide new opportunities for both biological research and
medical applications. This thesis describes several novel molecular techniques for nucleic acid
and protein analysis based on detection or sequencing of amplified single molecules (ASMs).
ASMs were generated from padlock probe assay and proximity ligation assay (PLA) through
a series of molecular processes.

In Paper I, a simple colorimetric readout strategy for detection of ASMs generated from
padlock probe assay was used for highly sensitive detection of RNA virus, showing the potential
of using padlock probes in the point-of-care diagnostics. In Paper II, digital quantification
of ASMs, which were generated from padlock probe assay and PLA through circle-to-
circle amplification (C2CA), was used for rapid and sensitive detection of nucleic acids
and proteins, aiming for applications in biodefense. In Paper III, digital quantification of
ASMs that were generated from PLA without C2CA was shown to be able to improve the
precision and sensitivity of PLA when compared to the conventional real-time PCR readout.
In Paper IV, a non-optical approach for detection of ASMs generated from PLA was used for
sensitive detection of bacterial spores. ASMs were detected through sensing oligonucleotide-
functionalized magnetic nanobeads that were trapped within them.

Finally, based on in situ sequencing of ASMs generated via padlock probe assay, a novel
method that enabled sequencing of individual mRNA molecules in their natural context was
established and presented in Paper V. Highly multiplex detection of mRNA molecules was also
achieved based on in situ sequencing. In situ sequencing allows studies of mRNA molecules
from different aspects that cannot be accessed by current in situ hybridization techniques,
providing possibilities for discovery of new information from the complexity of transcriptome.
Therefore, it has a great potential to become a useful tool for gene expression research and
disease diagnostics.
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The mechanic, who wishes to do 
his work well, must first sharpen 
his tools. 

 
Confucius
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Introduction 

The accomplishment of the Human Genome Project in 2003 dramatically 
changed the field of genomic research, leading biology into a new era of 
large-scale sciences. In the past decade, tremendous progress has been made 
to the development of new molecular analysis technologies. One of the most 
game-changing examples is the next generation sequencing technologies, 
which offer unprecedented speed of data generation. These new technologies 
have greatly facilitated the biological research, enabling exploration of the 
intricacies of life in a faster and larger-scale manner. Attributed to these 
technological advances, more and more new findings are emerging, how-
ever, accompanied by the spawning of new questions. Many of these new 
questions are difficult to answer with the existing technologies. Thus, tech-
nologies must continuously evolve to keep their pace to satisfy the changing 
needs of modern researches. The new discoveries in biological research and 
development of new analytical methods therefore exhibit a relationship of 
mutual promotion. 

Furthermore, the analysis of large-scale data sets reveals more and more 
differences and similarities among individuals. In the clinical practices, these 
two seemed to be contradictory aspects have led to the emerging of personal-
ized medicine, calling for novel companied diagnostic methods. This kind of 
methods must be able to deliver reliable and informative results in the de-
sired time span at an affordable cost. From the analytical point of view, such 
methods must be sensitive, specific, precise and rapid, as well as inexpen-
sive.     

This thesis is focused on the further development and applications of two 
DNA ligation based molecular techniques, namely the padlock probe assay 
and the proximity ligation assay (PLA). For both basic biological research 
and biomedical applications, these two methods provide means that enable 
studying of nucleic acid and protein molecules in a highly sensitive way. In 
the first half of this thesis, I will review some of the currently available ana-
lytical methods and their applications in the related research fields. The ad-
vantages and limitations of these methods will be discussed. In the second 
half, papers that constitute this thesis will be reviewed and discussed.     
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Biomolecular analysis 
Nucleic acids and proteins are probably the most widely studied bio-
molecules due to their fundamental roles in keeping the living organisms 
functional. The hereditary information of living organisms is stored in nu-
cleic acids, which include DNA and RNA. This information is conveyed 
through gene expression. Gene expression begins with transcription of DNA 
into RNA, followed by translation of RNA into proteins. The former can 
result in some functional RNA that can already execute biological functions. 
Any small changes during this procedure are likely to cause difference in the 
whole living organism. In order to understand the hidden mechanisms, we 
need powerful analytical methods. To date, various analytical methods have 
been developed to study biomolecules from different aspects at different 
levels.     

Methods for nucleic acid detection 
Currently, there are numerous methods available for nucleic acid detection. 
The basic goal of these methods is to identify the presence of specific oli-
gonucleotide sequences in a complex mixture. Herein, I will only focus on 
describing some of these detection methods. By using the critical steps that 
are involved in these methods, I divide them into four main categories: hy-
bridization based detection, polymerization based detection, ligation based 
detection and sequencing based detection. However, it is very common that a 
detection method is constituted by the combination of these four methods.  

Hybridization based detection 
The basic principle of hybridization based detection is the complementary 
base pairing. There are four nucleobases in the DNA stand: adenine (A), 
cytosine (C), guanine (G), and thymine (T). In the case of RNA molecules, 
the base uracil (U) replaces the base T. Under normal conditions, A binds to 
T (U), while C binds to G. The bases in two complementary nucleotide 
strands follow this rule, making these two strands hybridize to each other in 
opposite directions. Based on this basic principle, detection probes can be 
used to hybridize and identify their complementary sequences from the 
complex background. The probes are often labeled with signal reporters, 
such as radioactive isotopes, fluorophores or enzymes. A routinely used 
technique, the Southern blot, which is used for identification of specific 
DNA fragments from the genomic DNA, is one of the pioneering technolo-
gies in this field (1). The in situ hybridization (ISH) is a representative tech-
nique in this category. Since first described by Pardue and Gall in 1969 for 
ribosomal DNA detection in oocytes of the toad Xenopus (2), ISH has been 
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developed into different variants and is still one of the most important mo-
lecular techniques (3). One of these variants, the fluorescence in situ hy-
bridization (FISH) has become more and more widely used due to its wide 
range of applications, high performance and relatively ease-of-use (4-5). 
FISH can be used for both DNA and RNA detection. Using different fluo-
rescent dyes to label the probes enables concurrent detection of multiple 
targets within a single sample. Detection of single transcripts has also been 
demonstrated with different FISH based methods. One adaption used single 
detection probes labeled with five fluorophores to visualize single RNA 
transcripts (6). In another adaption, multiple single label short probes (48 
probes or more) were used to hybridize with the same target mRNA mole-
cule,  enabling visualization of single mRNA molecules in situ (7).  

Signal amplification strategies based on multiple hybridization steps have 
been used to increase the sensitivity of hybridization based detections. The 
branched DNA (bDNA) assay, for example, depends on several sequential 
hybridization events to create a large hybridization complex that bears mul-
tiple reporters to achieve signal amplification (8-9). In the in vitro assay, this 
method was shown to be able to detect less than 100 copies of target nucleic 
acids per milliliter sample (8). In the in situ detection that based on bDNA, 
detection of single copies of nucleic acid has been achieved (10). The hy-
bridization chain reaction (HCR) uses a different strategy to create hybridi-
zation complexes. In HCR, an initiator DNA strand triggers two species of 
DNA hairpins to hybridize on each other sequentially in a cascade way to 
generate a nicked double-stranded 'polymer' (11). Recently, an in situ detec-
tion assay that was based on the HCR principle had been shown to be able to 
detect five mRNA targets simultaneously in fixed whole-mount and sec-
tioned zebrafish embryos by using detection probes labeled with spectrally 
distinct fluorophores (12). 

Polymerization based detection 
To detect a target DNA sequence, enzymatic polymerization can be per-
formed for specific amplification of the target. This is followed by detection 
and quantification of the amplification products to infer the presence of the 
target sequence. Polymerase chain reaction (PCR) is one of the core tech-
nologies that are being used in the modern molecular biology research. In the 
PCR, after repeated cycles of annealing and extension, a pair of primers re-
sults in exponential amplification of target sequence (13-14). The develop-
ment of quantitative PCR (qPCR), also called real-time PCR, allows accu-
rate quantification of the copy number of the target DNA molecules through 
simultaneous amplification and detection (15). For even more accurate quan-
tification of the copy number of target DNA, digital PCR was introduced 
(16-17). The underlying principle of this technique is that the templates are 
diluted into large number of separated reaction compartments, ideally down 
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to a concentration where each reaction compartment contains at most one 
template. At these concentrations, many compartments will be empty and 
thus contain no amplifiable templates. The individual reactions are usually 
amplified on mass, following by binary classification of individual com-
partment reactions as positive or negative. Knowing the input concentration 
and the number of positive outcomes enables accurate quantification of the 
amplifiable molecules in the original sample. To guarantee that each com-
partment contains at most one template, larger numbers of compartments are 
needed. A recent article reported on the so called megapixel digital PCR that 
enabled amplification of single DNA molecules in 1,000,000 picoliter vol-
ume reactors, making it possible to detect below one copy of single-
nucleotide-variant among 100,000 wild-type sequences and discriminate 1% 
difference in chromosome copy number (18).  

The PCR technique involves thermo cycling steps, which can bear limita-
tions in certain situations, such as in field-based point-of-care diagnostic 
assays. The truth is under natural conditions, the polymerization does not 
require thermo cycling steps, indicating the possibility of carrying out ampli-
fication of target DNA under isothermal condition. Currently, there is a wide 
range of isothermal nucleic acid amplification methods available (19). Re-
cently, an isothermal amplification approach called SMAP 2 (SMart Ampli-
fication Process version 2) that enabled single nucleotide polymorphism 
(SNP) detection has been reported. In SMAP2, an accessory protein that can 
tightly bind to the mismatched nucleotides was used to stop the polymeriza-
tion, enabling SNP discrimination (20). 

Ligation based detection 
DNA ligation is a molecular process of covalent linking the ends of two 
DNA strands together. The most common DNA ligation used in molecular 
biology is the enzymatic ligation that catalyzed by the DNA ligase. DNA 
ligase has two major biological functions in vivo: to ligate nicks formed in 
the lagging strand during the DNA replication and to seal nicks generated 
during DNA damage repair or DNA recombination. In vitro, DNA ligation 
has been used as a popular technique for nucleic acid detection. The fidelity 
of the DNA ligase is a key feature that builds up ligation based detection 
methods (21). Oligonucleotide ligation assay (OLA), the pioneering inven-
tion in the ligation based detection, utilizes the fidelity of T4 ligase to dis-
criminate single nucleotide substitutions (22). The ligation amplification 
reaction (LAR), was the first conceptual idea described for using the ligase-
mediated detection to distinguish alleles and to amplify the specific target at 
the same time (23). However, this technique was not very convenient due to 
the high temperature involved in the thermo cycling step could kill the li-
gase, which was not thermostable. In order to continue the reaction in LAR, 
addition of new ligases was needed. To overcome this problem, ligase chain 
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reaction (LCR) used a thermostable DNA ligase, enabling the ligation reac-
tion continue under high temperature conditions that were involved in the 
denaturing and annealing cycles, making it possible to detect mutations as 
well as to exponentially amplify the specific target (24-25).  

Sequencing based detection 
DNA sequencing is a process that reads out the bases on DNA strand. It can 
therefore be used to identify target sequences as well as to discover novel 
sequences. The recent advances in sequencing technologies have brought 
revolutionary impact to life sciences (26-28). To date, there are a number of 
different ways to perform sequencing, including the classical Sanger se-
quencing and the so called next generation sequencing (NGS). Even though 
new technologies are emerging on the horizon and the next generation se-
quencing technologies have been developed and used in real applications for 
a while, NGS are still referred to “next generation” rather than “current gen-
eration” technologies.  In essence, by using the sequencing throughput and 
the differences among the sequencing substrates, sequencing technologies 
can be categorized into three generations (29). First generation, which is low 
in throughput, includes the chain-termination method (the Sanger sequenc-
ing) and the chemical sequencing method (29). Of these two methods, the 
former is more popular and is still being used for various applications. The 
read length of Sanger sequencing is still one of the longest among all the 
methods currently available.  

Second generation sequencing began in the year 2005 when 454 pub-
lished a landmark paper describing the 454 sequencing technology (30). The 
454 sequencing platform is based on the pyrosequencing principle, whose 
detected signal comes from the released pyrophosphates during nucleotide 
incorporation (31). Also in 2005, George Church’s group published the mul-
tiplex polony sequencing which performed the sequencing-by-ligation (SBL) 
chemistry on the bead surface that harbored the amplification products gen-
erated from single DNA molecules by emulsion polymerase chain reaction 
(32). This technology later became the basis of SOLiD sequencing system, 
which was launched in 2007. Illumina’s sequencing platform is based on the 
sequencing-by-synthesis chemistry, where fluorescently labeled dNTPs are 
used to generate signal on the DNA clusters produced by Bridge PCR (33). 
Several characteristics are shared amongst these sequencing platforms. The 
first shared characteristic is that individual templates are amplified to gener-
ate independent groups of amplification products which are clones of the 
original templates. However, the platforms vary on molecular amplification 
approaches, i.e. Emulsion PCR (34), Polony Amplification (35) and Bridge 
PCR. The second is that base information of the templates is then collected 
based on measuring specific signal from individual groups of amplification 
products. Third, the amplification products are sequenced in a massively 
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parallel way so that sequence information from a large number of templates 
is obtained at the same time. Fourth, upon completion of sequencing, the 
sequences are assembled through data analysis processes to derive the full-
length sequences. 

The newly launched Ion Torrent sequencing platform is also a massively 
parallel sequencing technology that is based on performing sequencing 
chemistry on amplification products derived from single templates. How-
ever, unlike the other second generation sequencing platforms, the signal 
being measured is the change in pH, rather than light. Combined with the 
semiconductor reader, the pH change signal is converted into digital infor-
mation and recorded directly (36). The sequencing speed has been greatly 
improved in this method. But lower throughput and higher error rates than 
the other commercially available second generation sequencing platforms 
are limiting factors for this technology at the moment. 

The third generation sequencing technologies are attempting to sequence 
real single molecules without amplification so to avoid errors arise during 
the amplification steps. In nanopore sequencing, single stranded DNA or 
individual nucleotides released from DNA strands pass through the 
nanopore, and cause a current change (37-38). When different bases pass 
through the nanopore, the patterns of electric current change are different. 
By using this property, the four bases can be identified and registered. In 
addition, the 5-methylcytosine can be distinguished directly from the other 
four standard DNA bases without pretreatments to the sample, simplifying 
the procedure of sequencing based methylation analysis (39). The true single 
molecule sequencing technology from Helicos also uses the sequencing-by-
synthesis chemistry and fluorescently labeled dNTPs, similar to that of Illu-
mina’s technology, but on single DNA molecules. Sequencing primers are 
first immobilized on a solid surface to capture the single DNA molecules, 
followed by performing sequencing cycles on these captured single mole-
cules (40). Instead of immobilizing primers like in many other methods, 
SMRT sequencing technology from Pacific Biosciences immobilizes DNA 
polymerases. Single DNA polymerases are attached to the bottom of nano-
meter-sized holes called ZMW, which can increase the ability to distinguish 
signal from background (41-42). The base signal is recorded when phos-
pholinked nucleotides are incorporated during polymerization. After the 
incorporation, the labeled dye is freed from the phospholinked nucleotides 
due to the polymerase cleaves the phosphate chain. Only one single DNA 
base is sequenced at a time in a ZMW. These third generation sequencing 
technologies not only simplifies the sequencing protocol, but also eliminates 
the potential base incorporation errors that may arise due to the enzymatic 
amplification processes. However, sequencing technologies based on single 
molecules will obviously require high performance instruments in order to 
distinguish signal from background. This is probably why none of them is 
widely used until now. 
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Padlock probes for nucleic acid detection 
The padlock probes 
A padlock probe (43) is a linear oligonucleotide that contains two target-
complementary segments at its 5’ and 3’ ends, and a target-non-
complementary segment in between the two ends. Upon hybridization, the 
two target-complementary ends will be brought head-to-tail together on the 
target strand, forming a nick between the two ends. The nick can then be 
sealed by DNA ligase. As a consequence, the probe becomes circularized, 
and thereby “locked” on the target strand (Figure 1). This topological struc-
ture makes locked padlock probes able to withstand highly stringent wash 
conditions. The DNA ligase has a strong preference for a perfect base pair 
match between the probe and the target sequence at the ligation junction, 
ensuring the high specificity of padlock probe assays (44). This property 
makes padlock probe very suitable for SNP discrimination (45-47).  

 
Figure 1. Illustration of a padlock probe hybridizes to and being ligated on the cor-
rect target. (A) The two target-complementary regions of padlock probe (black) bind 
to target sequence (grey), resulting in the two ends of the probe become head-to-tail 
in juxtaposition. A nick is therefore formed in between the two ends. (B) DNA li-
gase is then used to seal the nick, making the padlock probe become a complete 
DNA circle.  

The target-non-complementary sequence of padlock probe can be used for 
different purposes. It can harbor a detection probe hybridization site, an am-
plification primer hybridization site, a capture probe hybridization site or the 
combinations of these sites (48-52). Besides the applications in SNP dis-
crimination, padlock probes have also been used in many other applications. 
For instance, copy number variation analysis (53), gene expression profiling 
(47, 54-55), alternative splicing analysis (56), as well as detection and identi-
fication of pathogens (57-58) have been successfully examined by using 
padlock probes.  

The detection of padlock probes can be achieved either with or without 
amplification. To detect padlock probes without amplification, the padlock 
probes can be modified with radioactive or fluorescent labels (43, 45). The 
reacted padlock probes become circularized and immobilized on the target 
strand, giving signal for detection. The unreacted probes are washed away 
under stringent conditions to reduce the background. Detection after amplifi-
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cation can be achieved by molecular procedures such as PCR or rolling cir-
cle amplification (RCA). The latter will be discussed in the following sec-
tion: rolling circle amplification. 

The molecular inversion probe (MIP) (59) which is a further development 
of the padlock probe, is designed such that after the target-complementary 
ends hybridize to the corresponding target strand, a gap is formed in between 
the two ends. The resultant gap can be either only one base or much longer. 
Thus, in order to form a complete DNA circle, it requires performing DNA 
polymerization from the 3’ end of the probe to fill up the gap and then liga-
tion by DNA ligase. The specificity of MIP can be guaranteed by desired 
selection of dNTPs for the polymerization (60). Molecular inversion probes 
have been used for highly multiplex genotyping (59, 61) and highly multi-
plex gene copy alteration analysis (62-64). MIPs with wide gap sizes ranging 
from 60 to 191 nt have been used for target amplification of 10, 000 human 
exons in a single multiplex reaction prior to targeted sequencing (65).  

Rolling circle amplification  
After forming a complete DNA circle on the target, the padlock probe can 
also be further amplified to achieve more sensitive and specific detection. 
DNA circles formed from ligation of padlock probes, are ideal substrate 
templates for the so called rolling circle amplification (RCA) (66).  RCA is a 
type of isothermal nucleic acid amplification process which uses circular 
DNA or RNA molecules as templates, generating amplification products that 
contain tandem repeated sequences that are complementary to the original 
template (Figure 2). In our lab, the enzyme, Φ29 DNA polymerase is often 
used to perform RCA on padlock probes. Several properties of the Φ29 DNA 
polymerase make this enzyme very suitable for performing RCA on padlock 
probes. First of all, it is highly possessive in the absence of any other acces-
sory proteins. Second, the strand displacement ability of the polymerase 
makes it able to carry out the polymerization continuously at constant tem-
perature by displacing the newly synthesized strand from the template (67). 
Third, the 3’ to 5’ exonuclease activity makes the enzyme possible to use 
target DNA strand as primer by digesting away the non-complementary tar-
get extensions for initiating the RCA (48). When the free 3’ end is too far 
away from the target hybridization site, however, the RCA will be hindered. 
Therefore, a strategy combining glycosylases and AP-cleaving enzymes has 
been developed and used to remove the long extension of target beyond the 
matched region (68).  

Ligated padlock probes form complete DNA circles that can be amplified 
by the RCA to generate RCA products, while unligated padlock probes can-
not be amplified (60). The RCA products, which are single-stranded DNA 
harboring tandem repeated sequences that are complementary to the padlock 
probes, will naturally collapse into micrometer-sized DNA balls in solution. 
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Fluorescence labeled detection probes can then be used to hybridize with the 
RCA products, making these RCA products visible as bright individual mi-
crometer-sized spots when examined by using a fluorescence microscope 
(Figure 2). These spots are regarded as signals, which can be quantified one-
by-one digitally. 

 
Figure 2. Detection of circularized padlock probes by RCA. The reacted padlock 
probes are amplified by RCA.  When fluorescently labeled detection probes hybrid-
ize to the RCA products, the RCA products are visualized as bright spots when ex-
amined by using fluorescence microscope.  

Circle-to-circle amplification (C2CA)  
Circle-to-circle amplification is a molecular procedure that involves a series 
of enzymatic reactions for amplification of circular DNA molecules (50). 
The principle of C2CA is shown in Figure 3. The process starts with circular 
DNA templates being amplified by RCA, generating first generation RCA 
products. These DNA circles are designed such that they contain segments 
harboring specific restriction sites. The RCA products are concatemers that 
contain tandem repeated complementary copies of the original DNA circles, 
thus the restriction sites will be distributed at regular intervals in the RCA 
products. After RCA, restriction oligonucleotides that are complementary to 
the segments with restriction sites are then used to hybridize with the RCA 
products, creating double stranded regions. Thereby, the hybridization gen-
erates recognition sequences for the corresponding restriction enzymes. Un-
der the right conditions, the restriction enzymes cut the RCA products 
through their recognition sites and fragment the RCA products into mono-
mers. This is followed by inactivation of the restriction enzymes to eliminate 
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their interference on the following steps. The excess amount of restriction 
oligonucleotides will then serve as templates for the recircularization of 
monomers. Monomers will bind head-to-tail on the excess restriction oli-
gonucleotides, forming nicks in the juxtaposition of the two ends. When the 
nicks are sealed by DNA ligase, new circular DNA molecules are formed. 
These new DNA circles can be replicated through RCA again, generating the 
second generation RCA products. After this step, one full cycle of C2CA is 
completed. However, the process of monomerization, recircularization and 
new generation RCA can be repeated if further amplification is necessary. 
This property of C2CA is used to detect targets with different concentra-
tions, allowing quantification in different dynamic range windows to fulfill 
different sensitivity requirements (50-51).   

          

 
 

Figure 3. A cycle of circle-to-circle amplification (C2CA). (A) A DNA circle is first 
replicated by RCA, generating long tandem repeated single stranded RCA product. 
(B) Oligonucleotides containing restriction digestion sites hybridize to their com-
plementary motifs on the RCA products, resulting in double stranded regions. (C) 
The corresponding restriction endonucleoase can then cut their recognition sites 
inside the double stranded regions, generating monomers from the RCA products. 
(D) The resultant monomers can bind head-to-tail to the excess restriction oligonu-
cleotides and be ligated by DNA ligase to form new DNA circles again. (E) The new 
DNA circles are amplified again through RCA. 

Methods for protein detection 
Mass spectrometry 
Mass spectrometry (MS) is a crucial technique for protein research (69-70). 
The primary application of MS for protein detection is to identify target pro-
teins from complex mixtures. In order to avoid bias against the less abundant 
proteins, two-dimensional gel electrophoresis or high performance liquid 
chromatography are often used to fractionate the samples before performing 
MS. Quantification of proteins can also be achieved by MS. Typically, iso-



 21

tope labeled peptides or proteins with known concentrations are used as in-
ternal standards for their corresponding candidate peptides or proteins and 
the level of the latter can then be calculated from the ratio to the former (71). 
Due to its prominence multiplexing ability, MS has become an important 
tool for protein biomarker discovery (72-73).   

Immunoassay based detection 
Immunoassays are still the most widely used method for quantitative meas-
urement of proteins. The foundation of this technology is the Nobel Prize 
awarded work, the radioimmunoassay (RIA). As early as 1960, the first RIA 
was developed as a method for measuring insulin in plasma (74). In that 
study, radioactively labeled insulin was used to compete with the insulin in 
plasma for binding to capture antibody. The level of plasma insulin can 
therefore be deduced from the detected radioactively labeled insulin. Based 
on this methodological concept, hundreds of immunoassay formats have 
been developed afterwards. In 1971, the enzyme linked immunesorbent as-
say (ELISA), which was a milestone in the development of immunoassays, 
was first described by Engvall and Permann (75). In ELISA, enzymes are 
used to label the affinity reagents, eliminating the potential health risks that 
can cause by radioactive labels in RIA. It didn’t take long before various 
enzyme-linked immunoassays became widely spread (76). And very soon, a 
lot of alternative labels were also available (77).  

To achieve sensitive detection, nucleic acids themselves can be amplified 
through different in vitro amplification methods. Unfortunately, such kind of 
techniques are still lacking for protein detection. Moreover, it is unlikely that 
this problem can be overcome within a short period. Therefore, the immuno-
PCR, which coverts detection of protein into detection of reporter DNA 
molecules, was introduced as an alternative strategy (78). In a typical im-
muno-PCR assay, DNA molecules are conjugated to the antibodies that are 
incubated with antigens. After washing, bound DNA molecules can be am-
plified by PCR to achieve signal amplification, resulting in dramatically 
improved sensitivity over traditional immunoassays. The bio-barcode assay 
for detection of protein, which also uses DNA molecules as label, however, 
can achieve ultra sensitivity without the need of enzymatic amplification of 
the labeled DNA molecules (79). 

Proximity ligation assay for protein detection  
The first proximity ligation assay (PLA) for detection of protein was pub-
lished in 2002 (80). In a typical PLA assay, a pair of PLA probes, which are 
single-stranded DNA tagged affinity binders, is brought into close proximity 
upon binding to the same target. DNA ligation is then performed to generate 
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either a new longer linear DNA strand or a DNA circle. Depending on the 
assay format and the application environment, there are three different basic 
type of PLAs: solution phase PLA (81-82), solid phase PLA (83) and in situ 
PLA (84-85). Figure 4 shows the principles of these three types of PLA. 
Signal amplification in PLA can be achieved through DNA amplification, 
resulting in high detection sensitivity. This is similar to that of immuno-
PCR. However, unlike immuno-PCR, where only one single binding event is 
needed to form an amplifiable template, PLA requires two or more binding 
events followed by a specific DNA ligase mediated ligation to generate am-
plifiable templates. The multiple binding and ligation increases the specific-
ity of the PLA.  

 
Figure 4. Three types of proximity ligation assays. (A) Solution phase PLA: A pair 
of PLA probes binds their target protein, upon the antibody-antigen reaction. The 
binding event brings two tagged DNA strands equipped on PLA probes into close 
proximity. These two DNA strands are then joined through DNA ligation, forming a 
new linear DNA strand. The newly formed DNA strand can then be quantified by 
real-time PCR. Finally the concentration of the target can be inferred from the real-
time PCR results. (B) Solid phase PLA: The target is first captured by a capture 
antibody that immobilized on a solid support, followed by washing away other un-
bound materials. Then the PLA probes are added, followed by DNA ligation and 
real-time PCR quantification as described in (A). (C) In situ PLA: As in the other 
two types of PLA, the PLA probes first recognize and bind to their target. However, 
the labeled DNA strands are designed as ligation template to guide two single 
stranded DNA to form a DNA circle. The DNA circle can then be amplified by 
RCA. RCA products are detected by fluorescence labeled detection probes, visualiz-
ing as micrometer-sized fluorescent spots when examined by fluorescence micro-
scope. 
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Solution phase PLA (Figure 4A) and solid phase PLA (Figure 4B) are 
used for in vitro detection of proteins. The former is a homogeneous assay 
that enables protein detection without additional wash steps, yet achieves 
high sensitivity. The latter involves a solid phase mediated target capture 
step, which increases the assay specificity and enables to wash away un-
bound materials, eliminating the potential inhibiting factors presented in the 
complex sample (83). Further increased specificity of solution phase PLA 
was reported in a triple-binder PLA that required three PLA probes binding 
on the same target to create a ligation event (86). A solid phase PLA assay 
that required five binding events (four PLA probes bind to the same target to 
generate ligation products and one capture antibody to capture the target) 
was reported for specific detection of prostasomes, whose presence is diffi-
cult to validate by conventional methods, in prostate cancer (87).  

The in situ PLA (Figure 4C) is used for in situ protein detection in cells 
and tissue sections, providing the localization information of the target pro-
teins. Different from the other two types of PLA, the DNA stands equipped 
on the PLA probes themselves do not form a new linear DNA strand in the 
in situ PLA, but serve as ligation templates for guiding two connector oli-
gonucleotides to form a DNA circle, which is quite similar to the circle that 
generated in the padlock probe assay. The DNA circle is then amplified by 
RCA, rather than PCR. Apart from detection of proteins, in situ PLA has 
also been used for detection of post-transcriptional modifications of proteins 
(88-89), protein-protein interactions (85), and protein-DNA interactions (6), 
etc.  

Single molecule detection 
To date, most of the biomolecular detection methods are based on measuring 
the ensemble average signal from many molecules. Examples of this kind of 
detections are numerous, such as ELISA, real-time PCR and so on. This type 
of detections is sufficient to answer most of the biological research ques-
tions, such as the presence or the concentration of target molecules. How-
ever, average measurements do not provide information on individual mole-
cules in the ensemble. Therefore, individual differences will be masked by 
this type of detection, resulting in ignoring rare events from individual mole-
cules which can be of significant importance in the biological functions.  

The first single molecule research paper, in which the activity of droplet-
trapped single β-galactosidase molecules was investigated, dated back as 
early as 1961 (90). In the modern biological research, attributed to the spec-
tacular advances in instrumentations and technologies, various methods that 
allow single molecule detection (SMD) have been developed. SMD has been 
used for a variety of basic biological researches, such as molecular motors, 
single enzyme activities, interactions between biomolecules, and so on (91-
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94). These studies reveal characteristics of individual molecule that are not 
possible to observe by bulky measurements, helping to understand the 
mechanism of these biological processes in single molecule level.  

From the analytical point of view, the most attractive property of SMD is 
its potential to provide ultimate sensitivity. Therefore, a number of diagnos-
tics oriented technologies have been built based on SMD. Optical microcavi-
ties, which enable single molecule detection in a label-free way, were re-
ported to be able to detect as low as 5 aM of IL2 (95). A company called 
Singulex has developed a single-molecule counting based immunoassay 
system named Erenna, which was shown to be able to detect proteins with 
limit of detections ranging from 10-100 pg/L (96). In this technique, antigens 
were first captured by antibodies immobilized on the magnetic beads, fol-
lowed by detection with fluorescently labeled antibodies. The labeled anti-
bodies were then released into solution and counted one-by-one using a 
dedicated fluorescence detector (97). Recently, an approach called single-
molecule enzyme-linked immunosorbent assay (or digital ELISA) also 
claimed to be able to detect single proteins (98). In digital ELISA, immuno-
complexes formed from antigens reacted with enzymatic reporter labeled 
antibodies, were first captured by the antibodies immobilized on the mag-
netic beads, allowing maximal only one single immunocomplex per bead. 
And then the beads with or without the immunocomplex were loaded into 
individual femtoliter-volume wells on an array for isolation and detection of 
single molecules (98).   

SMD has also been applied in the field of DNA sequencing. As early as 
1989, there was such an technique reported (99). In that technique, fluores-
cently labeled nucleotides were first used to generate a complementary 
strand from the template through DNA polymerization. Then the labeled 
nucleotides were sequentially released by exonuclease digestion into a flow 
stream and detected individually by laser induced fluorescence. This method 
was expected to be able to reach a sequencing length up to 40 kb at a speed 
of 100 to 1000 bp per second (100-101). As mentioned previously, the third 
generation sequencing technologies are also based on SMD, however, in a 
massively parallel manner.   

Before I finished this section, it is necessary to point out that SMD 
doesn’t necessarily mean to detect every single molecule in the sample. 
However, if as many molecules as possible could be detected in the sample 
of interest, the assays based on SMD are therefore possible to reach its ulti-
mate sensitivity. To do so, new sampling strategies to increase the detection 
efficiency, such as miniaturization of sample volume, may be necessary. An 
example of this is the previously mentioned Erenna system, where the fluo-
rescently labeled antibodies were eluted in a small volume to concentrate the 
signal prior to detection (96).   
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Amplified single molecule detection 
Amplified single molecules (ASMs) are often referred to individual groups 
of amplified DNA molecules that are generated through independent ampli-
fications of single DNA molecules. Such a group of DNA molecules is often 
viewed as an intact entity which harbors the characteristics of the original 
single DNA molecule. Therefore, this group of molecules is detected and 
quantified by measuring the overall signal generated from all molecules in 
the group, instead of looking into individual molecules inside the group. Due 
to this reason, the detection of individual ASM is a binary event that the 
result is either positive or negative. Several different approaches have been 
used for the generation of ASMs. The first one is the separation based ap-
proach, where samples are fractionated into independent reaction chambers 
that contain one single DNA molecule and amplified separately. Digital PCR 
and emulsion PCR (34) are examples of this approach. The second approach, 
which can be exemplified by Polony amplification (35) and Bridge PCR 
(102-103), depends on localized amplification of single DNA molecules. 
ASMs are used as sequencing substrates for the second generation sequenc-
ing platforms (104). An ASM that is generated from these approaches is 
virtually a group of closely related molecules that are clones of the original 
single DNA template, rather than real single molecule. Digital PCR together 
with second generation sequencing technologies provide means for digital 
quantification of ASMs that provide precise measuring results, therefore are 
being investigated as potential diagnosis tools for noninvasive prenatal diag-
nosis of fetal chromosomal aneuploidy where high precision is needed (105-
107).  

The amplification products generated from RCA are another type of 
ASMs that contain tandem repeated copies of the original circular DNA 
molecules (51, 53). These ASMs are true single molecules, because all the 
amplified products from an original DNA template are presented on the 
same DNA strand. The digital quantification of ASMs from RCA has been 
used for copy number variation analysis (53). RCA has also been used to 
generate sequencing substrates in two second generation sequencing tech-
nologies (108-109). In these tow technologies, genomic DNA was frag-
mented and circularized to construct a library made up by DNA circles. The 
library was then amplified by RCA to generate ASMs that were subject to 
sequencing reaction in the following steps. The first one utilized the se-
quencing-by-hybridization method, while the second one used sequencing-
by-ligation chemistry to interrogate the bases.  
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Present Investigations 

Paper I. Colorimetric nucleic acid testing assay for RNA 
virus detection based on circle-to-circle amplification of 
padlock probes 
Background 
Lack of proofreading enzymes that assure the fidelity of RNA replication is 
an important reason for the high mutation rates in RNA viruses (110-111). 
High mutation rates generate great sequence diversity across genomes of 
different viral strains and makes detection of these viruses difficult with 
conventional PCR based methods. In a typical PCR assay, at least two short 
conserved genome fragments must be used for binding the extension prim-
ers. Moreover, a third fragment is sometimes needed to provide a binding 
site for detection probes. However, the highly variable RNA virus genome 
sequence makes it very difficult to find several conserved fragments. In ad-
dition, epidemic of infectious diseases caused by RNA viruses often happen 
in rural areas of developing countries where equipped laboratories are often 
far away. Therefore, testing assays that can be performed under basic condi-
tion are needed. In this study, we aimed for using padlock probes to establish 
an RNA virus diagnostic assay that is highly sensitive and specific, but re-
quires simple readout strategy.  

Summary 
We used the Crimea Congo hemorrhagic virus (CCHFV), which is a single 
stranded RNA virus that causes high mortality rate (112-113), as a model to 
establish our approach. We started with detection of a single CCHF viral 
strain. The viral RNA was first converted into cDNA by using biotinylated 
random hexamers. Padlock probes were designed to target the most con-
served region in the L-segment of the CCHFV genome. Upon hybridization 
to their targets, padlock probes were circularized and ligated through enzy-
matic ligation by DNA ligase. The circular DNA molecules were then ampli-
fied by two cycles of C2CA. Finally the RCA products were detected by 
horseradish peroxidase (HRP) labeled detection oligonucleotides. The sensi-
tivity of the method reached 103 copies/ml, which was comparable to that of 
detection by real-time PCR. The method was further validated by testing 
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patient samples collected from an outbreak in Iran. All results agreed with 
that of the detection using conventional real-time PCR. To address the prob-
lem of high mutation rates in the target sequence, we designed seven addi-
tional padlock probes that harbored the corresponding variant bases at dif-
ferent positions in the target sequence. The new padlock probes can then 
reduce the number of mismatches when hybridizing with a mutated template. 
By using a cocktail of all probes, we were able to detect all the synthetic 
templates that represented the variants of different viral strains, which were 
not able to be detected by the single padlock probe approach.  

Discussion 
We have established a highly sensitive and specific RNA virus detection 
assay based on padlock probes and C2CA. The RCA products were detected 
by using HRP labeled probes that catalyze the colorimetric reaction, without 
the need of using sophisticated instruments. The simple readout approach 
indicates the potential of using padlock probe in point-of-care applications, 
where the readout often requires simple and preferably visualizable ap-
proaches.  

The ligation of padlock probes on complementary template is a highly 
specific enzymatic reaction. When mismatches exist at the ligation junction, 
the probe cannot be circularized (43, 45). This property has been used for 
detection of single nucleotide variations, however, may hinder the detection 
of highly variable target sequences by using padlock probes. We demon-
strated in this paper that by using a cocktail of padlock probes that helped to 
reduce the mismatches in the hybridization region can overcome this prob-
lem. This was due to some of the additional probes in the cocktail can hy-
bridized better on the mutated templates when competing with those with 
more mismatches. Because each template can circulate only one padlock 
probe, the total signal remained to be determined by the concentration of 
templates even when the total amount of probes has increased. This indi-
cated that the efficiency of the ligation reaction was not limited by competi-
tion among the probes in the cocktail. The reason for this could be explained 
by there was a higher off-rate for the mismatched probes under the condi-
tions that still allowed efficient ligation of probes with less mismatches. In 
this study, the additional padlock probes were designed to target the com-
mon variants, so that limited the number of probes necessary to complete the 
multiplex probe cocktail. However, this made some templates still did not 
have any perfect matched padlock probes to hybridize with them. These 
templates can still be detected due to the reduction of mismatches that were 
provided when some of the probes with minimal mismatches bind and ligate 
on them. It would be interesting to investigate the performance of a cocktail 
of perfect matched probes or probes with degenerated bases in the future 
studies. 
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Paper II. Rapid identification of bio-molecules applied 
for detection of biosecurity agents using rolling circle 
amplification  

Background 
Detection of security-sensitive, highly pathogenic biological agents in the 
early stage is a great challenge in the biodefense and biosecurity surveil-
lance. Rapid response to detected threats can help to minimize the potential 
damages that can cause to the public. Moreover, detection of biosecurity 
agents must be able to give accurate results, since giving false positive 
alarms can cause unnecessary losses. Another great challenge in the detec-
tion of biosecurity threats is the great variety of biothreat agents, each of 
which may require different dedicated methods or instruments for detection. 
Such needs highlight the importance of developing detection systems that 
are versatile, rapid, sensitive, specific and cost effective. To meet these re-
quirements, various approaches have been developed based on the detection 
of nucleic acids or proteins that originated from the biothreat agents (114-
116). In this study, we aimed for establishing a rapid, sensitive and specific 
system that could streamline the detection of nucleic acids and proteins, as 
well as providing easier solutions for data interpretations.  

Summary 
A system that was capable of rapid detection of pathogens from the complex 
environmental background had been developed. The system consisted of two 
ligation based molecular approaches and a dedicated device for digital quan-
tification of RCA products (ASMs) generated by the molecular approaches.  

First, we showed that the sensitivity of the dedicated device for detection 
of RCA products was improved by an order of magnitude over the old con-
focal microscope based detection system. This device was then used in the 
following experiments.   

We then focused on establishment of the two molecular approaches, the 
padlock probe assay and the PLA, for nucleic acid and protein detection 
respectively. In order to find a good restriction endonuclease that can cut 
rapidly and is easy to inactivate for the C2CA protocol, we evaluated a num-
ber of selected restriction endonucleases and found that AluI meet our re-
quirements. Detection of E. coli DNA and bacterial spores (protein) were 
used as model systems. For DNA detection, padlock probes were used to 
specifically ligate on the target DNA, forming DNA circles. In order to 
speed up the ligation, high concentration of padlock probes was used. A 
biotinylated probe was used to capture the targets harboring the DNA cir-
cles. For detection of bacterial spores, a modified solid phase PLA protocol 
was used. The spores were first captured by antibodies immobilized on mag-
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netic beads, followed by specifically binding of two PLA probes. The oli-
gonucleotides on the PLA probes were designed as templates for guiding the 
other two connector oligonucleotides to form a DNA circle, which is a simi-
lar approach to that in the in situ PLA. High concentrations of magnetic 
beads with immobilized capture antibodies and PLA probes were used to 
speed up the sandwich immunoassay, and the ligation was accelerated by 
using high concentration of connector oligonucleotides. Next, DNA circles 
formed by padlock probe assay and PLA were amplified via C2CA to gener-
ate RCA products that hybridized with fluorescently labeled detection 
probes. In order to further shorten the overall reaction time, the RCA time 
was reduced. However, this could result in the reduction of the size of RCA 
products. To overcome the potential loss in detection sensitivity, two detec-
tion probe hybridization sites were introduced in the original DNA circle, 
doubling the number of probes hybridized to the RCA products. The fluores-
cent RCA products were then detected by the dedicated ASM digital quanti-
fication device. The reaction times for nucleic acid and protein assays were 
both 30 min. The limit of detection was approximately 30 bacteria for pad-
lock probe based genetic detection assay, and was approximately 5 spores 
for PLA based protein detection assay. The specificity of these two assays 
was demonstrated by detection of targets that were released and collected in 
the forest environment, which contained a very complex background. The 
specificity of the padlock assay was further proved by successful discrimina-
tion of two bacterial species based on a single-nucleotide difference.  

Discussion  
The biosecurity agent detection approach presented in this paper was based 
on digital quantification of ASMs. The underlying principle of the presented 
approach was demonstrated in the work by Jarvius and colleagues (51).  The 
current paper presents a dramatically improved protocol over the original 
design. The most significant change was that we shifted from solution based 
ligation assay to solid phase based ligation assay. By introducing the solid 
phase, it provided the possibility to use high concentration probes in the 
reaction. This resulted in acceleration of the reaction, making the reaction 
time shorter, which is crucial for biosecurity agents detection assays. Com-
bination of the ligation with the second RCA in the protocol also shortened 
the overall assay time and simplified the protocol. This shows that the C2CA 
is a robust molecular reaction process, which still has great potential for 
further improvements. 

The oligonucleotide systems in padlock probes and PLA probes were de-
signed such that they harbored the same restriction sites and detection sites. 
Therefore, after forming DNA circles, the same amplification procedures can 
be performed in the downstream steps. This made it possible to detect pro-
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tein and nucleic acid in the same detection system. The flexibility in design-
ing oligonucleotide system is a great advantage for both assays.  

In this paper, we for the first time demonstrated the possibility of detect-
ing real protein targets by using PLA combined with digital quantification of 
ASMs in vitro. The paper also demonstrated the versatility of padlock probe 
assay and PLA. Before practical applications, there are still several issues 
need to be addressed in the presented system, such as combination of the 
sampling processes with the molecular approaches and the automation of the 
procedures that constitute the system.  

Paper III. Digital quantification of proximity ligation 
products for highly sensitive and precise protein 
measurement 

Background 
Proteins are fundamental players in the biological activities in all living 
cells. The status of proteins can reflect the physiological or pathological 
status of health and disease. Therefore, many proteins are being used as 
biomarkers. Great efforts are still being made to find more protein bio-
markers and different techniques are involved in this process (117).  PLA 
has been demonstrated to be a highly sensitive and specific assay for protein 
biomarker detection (81, 87, 118-119). However, one major drawback of 
PLA is the relatively poor precision when using real-time PCR as the read-
out strategy. The coefficient of variance (CV) was shown to vary from lower 
than 10% to more than 30% in previous studies (80, 83). This is probably 
due to the intrinsic variation caused by real-time PCR (80, 120). Digital 
quantification of ASMs provides a means to absolutely quantify the number 
of detected single molecules, which makes it more precise than the bulky 
signal measurement using real-time PCR (51). Theoretically, the precision of 
digital quantification is governed by the Poisson statistics. Therefore, count-
ing objects above 1000, the CV% can be less than 3%, where the real varia-
tion will be mainly caused by experimental factors (51). 

Summary 
The protein detection method presented in this paper was established based 
on PLA and digital quantification of ASMs generated from PLA. The first 
part of the experimental protocol was the same as that of the solid phase 
PLA. Briefly, the target proteins were captured by antibodies immobilized 
on magnetic beads, followed by recognition and binding of two PLA probes. 
The ligation of the two proximal DNA strands on the PLA probes generated 
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a new linear DNA fragment. To this step, the protocol was the same as that 
in the regular solid phase PLA. In order to evaluate the new protocol, we 
then divided the samples into two groups: one group was used for the regular 
real-time PCR readout, another for the new ASMD based readout. In the 
ASMD approach, the DNA fragments formed after proximity ligation were 
released from the immunocomplex by endonuclease digestion. The released 
fragments were then subjected for circularization and RCA amplification. 
Finally, RCA products generated through this approached were labeled with 
fluorescent detection probes and counted by using the dedicated ASMs de-
tection instrument as described in Paper II. Two model protein targets, IL6 
and VEGF were tested in this study. The result showed that the sensitivity of 
the ASMD approach was comparable to that of real-time PCR based ap-
proach. The ASMD approach showed an improvement on assay precision by 
at least a factor of two. 

Discussion 
The method for protein detection presented in this paper is a truly digital 
quantification approach for PLA, in terms of detection of protein in the liq-
uid phase. We should note that the protein detection in the in situ PLA, 
where single ligation events also generate single signals, is also a digital 
approach. Herein, we only focus on detection of proteins present in the liq-
uid phase samples. The previous approach described in Paper II for detection 
of bacterial spores included one C2CA step for signal amplification, making 
the final readout not directly reflect the ligation events in the PLA. The new 
approach in this paper, however, did not involve any signal amplification 
steps for the ligation events. Each ligation event only generated one ASM 
and could only be measured once by ASMD. This approach ensures the 
readout to be considered truly digitalized. 

Digital PCR, which can also provide digital quantification of nucleic ac-
ids, holds the same idea. However, in digital PCR, the step for compartmen-
talization samples requires special instruments, makes the sampling more 
complicated. In our RCA based approach, ASMs were generated in a homo-
geneous way, without the need of fractionating the samples into independent 
reaction chambers. Previously, I also described two SMD based approaches 
for single protein detection, the Erenna system (96) and digital ELISA (98). 
The former measures single fluorescently labeled antibodies released from 
the immunocomplex, which may result in less specificity than our approach 
that based on solid phase PLA. This is due to the solid phase PLA requires 
three binding events to generate specific signal but the Erenna system only 
needs two binding events. The digital ELISA was based on compartmentali-
zation of reactions to achieve single protein detection. The concept was very 
similar to that of digital PCR and the approaches to generate ASMs in many 
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of the next generation sequencing platforms. This makes the digital ELISA 
depends on the special instrumentation for the sample preparation. 

Paper IV. Sensitive detection of spores using volume-
amplified magnetic nanobeads 
Background 
Compared to many other biosensors that are based on optical or electro-
chemical detections, biosensor based on magnetic sensing is a relatively new 
field. However, more and more attentions have been drawn to develop bio-
sensors based on sensing magnetic labels (121). One important reason to use 
magnetic sensing for detection of biomolecules is the nearly absence of 
magnetic background in biological samples. Therefore the detection sensitiv-
ity can potentially be increased due to negligible interference from back-
ground. Different approaches for detection of magnetic labels in the biosen-
sors have been used (122).  

Utilizing the Brownian relaxation principle for biomolecule detection was 
first proposed by Connolly and Pierre in 2001 (123). In 2004, another pio-
neering work demonstrated detection of prostate specific antigen (PSA) by 
using this principle (124). However, the detection sensitivity was not good 
enough for real applications in that study. Briefly, the principle of the 
Brownian relaxation based biomolecule detection is described as following. 
When biomolecules, e.g. antigens are captured by the antibodies that are 
immobilized on the surface of magnetic beads, the hydrodynamic diameter 
of the beads slightly increases, resulting in the decrease of Brownian relaxa-
tion frequency. The volume-amplified magnetic nanobead detection (VAM-
ND) approach demonstrated that sensitive and specific detection of DNA 
sequences can be achieved by the same principle (125). In that study, ASMs, 
which were micrometer-sized single-stranded DNA concatemers generated 
by RCA, were hybridized to probes immobilized on magnetic beads. Upon 
the hybridization, the Brownian frequency of the beads decreased dramati-
cally. This method was soon used for sensitive detection of bacterial DNA 
(126). At the beginning, the measurements were all performed by using the 
superconducting quantum interference device (SQUID), which is a bulky 
and very expensive instrument. Later on, a portable and less expensive alter-
nating current (AC) susceptometer was used to replace the bulky SQUID for 
the measurements, which made the VAM-DN more suitable for clinical ap-
plications (127).  

In this study, we used PLA combined with the VAM-ND method for de-
tection of proteins.             
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Summary 
We used detection of bacterial spore as a model system to establish the as-
say. The PLA was performed by using the same design as that in Paper II, 
except for longer reaction time of RCA and specific connector oligonucleo-
tides for magnetic readout assay were used. Either two or three RCAs were 
performed in order to reach different levels of sensitivity. After the final 
RCA, the ASMs were then hybridized with detection probe functionalized 
magnetic nanobeads. Finally, the samples were detected by an AC suscep-
tometer. The detection sensitivity was 500 spores after two RCAs and 50 
spores after three RCAs, with molecular reaction time of 103 min and 135 
min, respectively. 

Discussion 
We demonstrated in this paper a sensitive protein detection method based on 
PLA and magnetic readout. PLA is a highly sensitive and specific DNA 
assisted protein detection method. It converts the detection of protein into 
detection of ligated DNA signals. In this paper, PLA was introduced to gen-
erate DNA substrates for the following VAM-ND. The assay for the first 
time showed that VAM-ND can be used for sensitive detection of proteins, 
expanding the use of VAM-ND to encompass both nucleic acids and pro-
teins. The assay holds several advantages over traditional methods. First, the 
PLA steps made the assay very sensitive and specific. Second, the magnetic 
beads used in the assay were environmentally safe, easy to prepare and mod-
ify, stable and inexpensive. Third, the detection was performed in a homo-
geneous way, not requiring wash steps to get rid of the unbound probes. The 
protein detection assay using VAM-ND further indicates great potential of 
using VAM-ND as a versatile detection system in the point-of-care diagnos-
tics. This paper again showed the versatility of RCA generated ASMs.  

Paper V: In situ sequencing of mRNA in intact cells and 
tissues 
Background 
Studies have revealed that gene expression is a fundamentally stochastic 
process, with substantial cell-to-cell variations in both mRNA and protein 
level that originate from randomness in transcription and translation (128). A 
lot of our knowledge about gene expression comes from the probable state of 
an “average cell” that is inferred from cell population studies, without know-
ing the variations among the members of the population (129). Thus, in or-
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der to better understand the process of gene expression, it is necessary to 
carry out the studies at single cell level with single molecule resolution.  

Due to there are various methods available for nucleic acid analysis, stud-
ies based on analyzing RNA expression are very popular for single cell gene 
expression profiling. To do so, one straightforward way is to isolate single 
cells from cell population, followed by performing gene expression analysis 
using different methods, such as multiplex quantitative PCR (130), microar-
ray (131) or single cell RNA-seq (132-133). These methods allow analysis 
of up to hundreds even thousands of genes at the same time, therefore are 
powerful in terms of the ability of multiplexing. However, isolation of single 
cells and performing analysis on individual cells is a very time-consuming 
process and will be very costly if large number of cells needs to be analyzed. 
Moreover, when cells are isolated from their natural context, the information 
from their neighboring cells is lost, especially when analyzing cells derived 
from complex cell population such as tumor tissues. Different approaches for 
in situ RNA detection provide opportunities to solve this problem. In situ 
detection of single RNA has been demonstrated either by using probes la-
beled with multiple fluorophores (134) or multiple probes labeled with sin-
gle fluorophores (7), however limited in the ability of multiplexing due to 
the limited number of spectrally distinct fluorophores available. A method 
was reported for simultaneously detection of 11 genes by using combina-
tions of probes labeled different colors (135). But detection of single RNA 
was not possible by this method. Unfortunately, none of these in situ detec-
tion approaches described above is able to distinguish highly similar se-
quences. Padlock probe based in situ mRNA detection that enables detection 
of single mRNA with single nucleotide resolution has been demonstrated 
(136). In this paper, we further developed the padlock probe based approach 
by combining with next generation sequencing chemistry, enabling sequenc-
ing of single mRNA molecules in the unprecedented matrix and to perform 
highly multiplex in situ mRNA detection.       

Summary 
In this study, we established an approach that allows performing sequencing 
of individual mRNA in situ in their natural context. In brief, the RNA was 
first converted into cDNA in situ by using specific LNA modified primers or 
random decamers through reverse transcription. Padlock probes were then 
hybridized to their cDNA targets, such that a gap, which defined the region 
of interest for sequencing, was formed. The gap was then filled by polymeri-
zation, followed by ligation to create a complete DNA circle. Upon the po-
lymerization and ligation, the region of interest for sequencing was then 
copied and integrated into the DNA circle. RCA was then performed to 
clonally amplify this DNA circle, generating a micrometer-sized amplified 
single molecule (ASM) that contained up to more than 1000 repeated se-
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quences that were complementary to the original DNA circle. Many targets 
have gone through the same process, resulting in generation of a population 
of ASMs in their preserved natural environment. The ASMs were then sub-
jected to sequencing by using the SBL approach, where the anchor primers 
right next to the sequences that were complementary to the original se-
quences in the gap were used. Through the assistance of CellProfiler based 
image analysis and MatLab data processing, the sequence of the gaps can be 
deduced. 

This approach was successfully used for sequencing of a four-base se-
quence stretch in the ACTB mRNA in human cells. The authenticity of the 
results was further demonstrated by discrimination of a single nucleotide 
variant in the human and mouse ACTB mRNA in the second base of another 
four-base stretch. The image analysis suggested that there was virtually no 
loss of signal during the sequencing steps. The ability of sequencing multiple 
transcripts at the same time was demonstrated by correct sequencing of five 
bases in KRAS genes codon 12 and 13, by carrying out the experiment on a 
slide that contained mixed co-culture of six different cell lines bearing dif-
ferent point mutations in these two codons. The feasibility of using this ap-
proach for sequencing mRNA directly in tissue sections was validated by 
successful sequencing of two species of four-base sequences in ACTB and 
HER2 in a HER2 positive fresh frozen breast cancer tissue section. 

Finally, we also used the in situ sequencing to perform highly multiplex 
single mRNA detection in situ on three HER2 positive (two ER positive 
from different tumor parts of the same patient and one ER negative from the 
tumor of another patient) fresh frozen breast cancer tissue sections. We used 
39 regular non-gap padlock probes, which were transcript-specific and de-
signed with a unique four-base barcode. The barcodes were sequenced and 
decoded into individual transcripts. In total, a number of 24 probes passed 
our sequencing quality control. Subsequently, localization-related gene ex-
pression analysis was performed based on the data generated from these 24 
genes. The result revealed that expression patterns of VIM and HER2 counter 
stained each other. Cancer related genes, such as CTSL2, EPCAM and 
MUC1 were expressed within the HER2 positive regions of the tumor. Some 
other interesting expression patterns were also observed, such as Ki-67, 
CCNB1, CCND1 and BIRC5 exhibited uneven expression levels in different 
parts of the cancer compartments. 

Discussion 
A novel method that allows in situ sequencing of individual mRNA and 
performing highly multiplex in situ mRNA detection is presented in this 
paper. The most important property of this method is the feasibility of pro-
viding mRNA sequences with their spatial information, which can in turn 
help to understand their biological functions. This method not only allows to 
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study single nucleotide variations in single cells, but can also be used to 
study the variations involving longer sequences, e.g. alternative splicing. The 
multiplex ability of this method can be used for studying a great number of 
targets simultaneously in a single sample, which can help to better under-
stand the complexity of transcriptome. Furthermore, multiplex detection was 
performed on the same tissue section, rather than consecutive sections. This 
not only makes better use of the precious samples, but also provides real 
spatial relation information of the studied transcripts. Therefore, we believe 
that this method will provide new opportunities for both basic research and 
clinical applications. 

The current version of this technology does not require sophisticated in-
strumentation to perform. And the open source software, CellProfiler can be 
used for image analysis. Therefore it should be possible to be used by most 
of the molecular biology research laboratories. However, this absolutely 
does not mean that there is no need to further improve this technology. The 
next step for developing this technology is to automate the current protocols, 
which will allow performing large-scale studies. This could be done by sev-
eral ways such as integration with the existing next generation sequencing 
platforms or automated pipetting robots, even with dedicated instrument 
when necessary. Further optimization of the molecular steps to make it be-
come more robust and versatile is also another important issue to be ad-
dressed.        
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