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Unfolding probes - A novel method for  

biomolecular detection 

Filip Karlsson 

Populärvetenskaplig sammanfattning 

Metoder för detektion av biomolekyler involverade i olika sjukdomstillstånd kommer att 

bli ett allt viktigare sätt att ställa diagnos inom sjukvården i framtiden. Dessa molekyler finns 

ofta i väldigt små koncentrationer i blod eller celler hos patienten. Detta ställer krav på att en 

analysmetod för sådana molekyler är väldigt känslig. Eftersom det finns en oerhörd mängd 

molekyler i blod eller en cell så ställs även krav på att metoden är specifik för just den sökta 

molekylen, det vill säga att endast det man letar efter detekteras. Det är också önskvärt att 

kunna detektera en kombination av olika molekyler på samma gång. I det här examensarbetet 

presenteras en metod som förhoppningsvis kommer att uppfylla dessa kriterier. Metoden är 

baserad på att man tillsätter en DNA-sekvens, en så kallad probe, som är designad för att hitta 

en specifik målsekvens av DNA eller RNA. När proben hittar sin målsekvens så följer ett 

antal molekylära händelser som resulterar i en stark ljussignal. På så sätt kan man få 

information om både mängd av målmolekylen och var den finns i provet.  

Arbetet med denna metod har främst handlat om utveckling och optimering. Därutöver 

utfördes experiment för att bevisa att metoden fungerar i en biologisk miljö genom att 

detektera mRNA som uttrycks specifikt i bröstcancerceller. 
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Abbreviations 

A  Adenine 

T  Thymine 

 C  Cytosine 

G  Guanine 

RCA  Rolling circle amplification 

Oligo  Oligonucleotide 

ATP  Adenosine Triphosphate 

dNTP  deoxiribonucleotide 

PBS  Phosphate buffered saline 

BSA  Bovine serum albumin 

UDG  Uracil-DNA glycosylase 

DEPC  Diethylpyrocarbonate 

DAPI  4',6-diamidino-2-phenylindole 

EDTA  Ethylenediaminetetraacetic acid 

TBE  Tris Borate EDTA 
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1. Introduction 

It is likely that future biomarkers for disease diagnostics will be entities present in very 

low amounts in biological samples. Biological samples such as blood or tissue contain a vast 

amount of different molecules giving rise to a huge background. Detection of such biomarkers 

will thus require methods with very high sensitivity and specificity. Furthermore, it is desired 

that such methods are relatively fast and inexpensive and can be performed at point of care 

without expensive equipment.  

Unfolding probes is a novel detection method for biomolecules, involving an 

oligonucleotide probe that can be amplified and thereby giving rise to a strong signal for 

individual target to probe interactions. The system is designed to allow high flexibility in 

terms of multiplexing. Furthermore, the design of the system is aiming at high sensitivity and 

specificity of detection. The present project focuses on a variant of unfolding probes; 2fold 

probes and optimizing the detection efficiency of synthetic targets. Furthermore, proof of 

concept experiments were performed for the detection of Her2 mRNA in cells. 

1.1 Tools of the trade 

1.1.1 Hybridization 

Hybridization refers to the establishment of non-covalent interactions between two 

complementary DNA or RNA sequences, thus forming a DNA duplex. DNA hybridization 

has polarity, meaning that a 5' residue on one strand can only hybridize to a 3' residue on the 

other strand. The strength of hybridization is not only dependent on the length of the 

complementary sequences, but also on the content of nucleotides. In DNA, two base pair 

interactions can form between the four nucleotides A, C, G, T. A can interact with T and C 

can interact with G. However, the G-C base pair is more stable than A-T, so hybridization of 

DNA strands with high G-C content are more stable than A-T rich sequences of the same 

length. 

1.1.2 Restriction endonucleases 

Restriction endonucleases are a category of enzymes that recognize specific short 

sequences of DNA and cleave them (1). Restriction endonucleases can be found in bacteria 

and archaea and are believed to have evolved as a protection against invading viruses (2). 

Restriction endonucleases can be categorized into four groups depending on whether the 
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cleavage occurs at the recognition sequence or remote from it. There are over 3000 restriction 

endonucleases described in detail and over 600 can be bought commercially (3). Because of 

the wide variety of available restriction endonucleases and recognition sequences, they have 

become useful tools for DNA modification in research laboratories.  

Recognition sites in double stranded DNA are often palindromic, meaning the sequence 

reads the same both forward and backward. Restriction endonucleases can create blunt ends 

or an overhang, depending on the enzyme.   

1.1.3 Nicking endonucleases 

Similar to the action of restriction endonucleases, nicking endonucleases also recognize 

short specific sequence of double-stranded DNA. However, nicking endonucleases only cut 

one strand of DNA, thereby producing a nick in the DNA (4).  Currently there are 14 nicking 

enzymes commercially available (5). 

1.1.4 DNA ligase 

DNA ligases facilitate the covalent joining of DNA strands by the formation of a 

phosphodiester bond. The role of DNA ligases in organisms is to repair single stranded breaks 

in DNA. The complementary strand is as such used as a template for joining two juxtaposed 

ends on the opposite strand. ATP is needed as a substrate in a ligase reaction. DNA ligases 

have found many uses in molecular biology, for example in the creation of recombinant DNA 

sequences by inserting a foreign DNA sequence into a genome with the aid of restriction 

endonucleases.  

1.1.5 Rolling circle amplification 

Rolling circle amplification (RCA) refers to the process of unidirectional replication of a 

circular DNA template. Since the circular template is endless, through RCA a DNA strand 

that represent many tandem copies of the complement to the template can be generated (6). 

To allow multiple rounds of replication, a displacement mechanism must exist to remove the 

strand resulting from replication the previous round. The DNA polymerase of the Bacillus 

subtilis phage Φ29 has the ability to perform RCA, is highly processive and has as excellent 

strand displacement properties (7). Φ29 DNA polymerase has successfully been used on 

circularized oligonucleotide probes, called padlock probes, as a way to amplify the signal 

resulting from correct probe hybridization (8). By hybridizing fluorescent detection probes to 



9 

 

the replicated tandem copies of the circularized probe a strong fluorescent signal individual 

probe molecules can be achieved (8). 

1.2 Padlock probes 

A Padlock probe is a method for DNA detection that has found uses in SNP detection 

among other things (10). The principle of padlock probes is to have an oligonucleotide probe 

consisting of two target complementary sequences connected by a linker sequence. After 

hybridization to the target sequence, the two target complementary parts of the probe are 

wound around the target sequence so that the ends of the probe become juxtaposed. The 

juxtapose ends are then ligated by a DNA ligase, thus forming a circle. When circularized, the 

probe is catenated to the target sequence, allowing extreme washing conditions to reduce non-

specific signals in the assay (9). However, the topological link to the target that is created 

through ligation inhibits RCA. In order to perform RCA on a ligated padlock probe, a free 3' 

end has to be present on the target molecule near the probe ligation site (9).  

1.3 Unfolding probes 

The principles of the unfolding probes are to some extent the same as for padlock probes. 

An oligonucleotide probe with specific properties have target complementary regions that can 

hybridize to the target strand. However, unfolding probes have a number of different 

properties compared to padlock probes. After hybridization, several enzymatic steps alter the 

probe so that it can unfold and become circularized by ligation. After ligation, the circularized 

probe can become a substrate for RCA.  

Unfolding probes have a number of key differences compared to padlock probes. First of 

all, the template for ligation is not the target molecule, but rather part of the probe itself. As 

explained previously, a free end of the target strand is needed due to the topological 

constraints that arise when the probe is ligated and circularized. Through the design of the 

unfolding probes, the ligation site is separated from the target molecule, thus allowing for a 

much broader set of target sequences. Furthermore, unfolding probes can be used to 

efficiently and directly probe on RNA. This is not possible for padlock probes since an RNA 

strand is a poor template for ligation (12).  Unfolding probes also offer a possibility to have 

multiple probes per target molecule, thereby increasing the chance of detection of rare 

entities.  



In figure 1, a schematic walkthrough of the molecular events from target hybridization to 

detection is depicted. Figure 1A shows hybridization of the probe (blue) to a target strand 

(green). The probe has self-complementary regions that are used to refold the probe at a later 

step. Therefore, this region of the probe has to be protected by a protection oligonucleotide in 

order to prevent aggregation of probes which could give rise to background signals. After 

hybridization to the target strand, two restriction endonucelases are introduced as can be seen 

in figure 1B. The probe structure is thereby opened up, resulting in two separate parts of the 

probe, each hybridized to the target molecule, as seen in figure 1C. The separation of the 

probe helps to reduce unspecific binding since both of the target complementary parts of the 

probe must be localized in order for correct probe formation to occur. If the probe is 

unspecifically bound to the target at only one of the two target complementary regions, the 

unbound part will be washed away and thus not give rise to a false signal. The next step is to 

remove the protection oligonucleotide from the probe. Uracil DNA glycosylase (UDG) has 

the ability to remove uracil from uracil-containing DNA. The protection oligonucleotide is 

designed to contain uracil. When uracil is removed, the protection oligonucleotide dissociates 

from the probe (figure 1D). Since the self-complementary regions of the probe now are being 

revealed, the probe can refold into a circular structure as seen in figure 1E. By the addition of 

DNA ligase, the two juxtaposed ends of the circle can be ligated, forming a closed circle. The 

closed circle is a target for RCA by φ29 DNA polymerase, thereby replicating the circle many 

times (figure 1F-G). The addition of fluorescent detection oligonucleotides that are 

complementary to the RCA product result in a strong fluorescent signal localized in a small 

volume, giving rise to fluorescent signals that can be detected and quantified by an 

epifluorescence microscope (figure 1H).  

 

 

 

 

Figure 1 (overleaf). Schematic view of probing to a nucleic acid target by 2fold probe. Probe to target 

hybridization (A). Cleavage sites for restriction endonucleases MlyI and NbBtsI (B). Probe unfolding after 

enzymatic cleavage (C). Uracil removal by UDG (D). Probe refolding and ligation by T4 DNA Ligase (E). RCA 

of circularized probe probe by Φ29 DNA polymerase (F). RCA result in multiple tandem copies of the 

circularized probe (G). Detection oligo hybridization (H). 
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 2. Materials & Methods 

2.1 DNA sequences 

Oligonucleotides with the below DNA sequences were purchased from Integrated DNA 

Technologies (Coralville, Iowa USA). They are shown in colours below, as represented in 

figures 1 and 7 as well as used for the experiment that generated the data shown in figure 11. 

2.1.1 Synthetic target (fig. 1 & 7) 

AAAAAAAAAACGCGTCCGCCCCGCGAAAGCCTCGCCTTTGCCGAAACCGCGCTCGTCGTCGUUU 

2.1.2 Probe for synthetic target (fig. 1) 

CGACGACGAGCGCGGAAAAGACAGGCAAAGCGGAGGGGAAACAAGGAAGAGTCAAAAACCGCTTTGCCTGTC

TCGTGCTTGTGCAGTGAGGGCTCGTTTGCGGTTCTGAATTCCTTGTTTCCCCTCACTGCACAAGCACGGAACGCG

GGGCGGACGCG 

2.1.3 Flexible probe for synthetic target (A in fig. 7) 

CGACGACGAGCGCGGAAAAGACAGGCAAAGCGGAGGGGAAACAAGGAAGAGTCAAAAACCGCTTTGCCTGTC

TAAAAAAAAAAAATATCTGCTTATGTCGCCCGGCAGTGAGGGCTCGTTTGCGGTTCTGAATTCCTTGTTTCCCCT

CACTGCCGGGCGACATAAGCAGATAGAACGCGGGGCGGACGCG 

2.1.4 Probe with increased hybridization strength (B in fig. 7) 

CGACGACGAGCGCGGAAAAAAAAAAAAAGACAGGCAAAGCGGAGGGGAAACAAGGAAGAGTCAAAAACCGCT

TTGCCTGTCTAAAAAAAAAAAAAACGTGCTTGTGCAGTGAGGGCTCGTTTGCGGTTCTGAATTCCTTGTTTCCCC

TCACTGCACAAGCACGGAAAAAAAAAAACGCGGGGCGGACGCG 

2.1.5 Probe for Her2 mRNA (verification experiment, fig. 11) 

GAGCTGGGTGCCTCGCACAATCCGCAGCCTAAAAGACAGGCAAAGCGGAGGGGAAACAAGGAAGAGTCAAAA

ACCGCTTTGCCTGTCTCGTGCTTGTGCAGTGAGGGATCGTTTGCGGTTCTGAATTCCTTGTTTCCCCTCACTGCA

CAAGCACGGAAGCAGGAAGGACAGGCTGGCATTGGT 

2.1.6 Protection oligonucleotide (fig. 1,  7 and experiment, fig. 11) 

UUUUUGACTCUUCCUUGUUUCCCCUCCGCUUUGCCUGUCU 
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2.2 Enzymes 

Table 1. Enzymes used for probing with 2fold probes 

 
Name Function Company Catalog nr 

MlyI Cleavage New England Biolabs (Ipswitch, MA, USA) R0610S 

NbBtsI Nicking New England Biolabs (Ipswitch, MA, USA) R0707S 

UDG Uracil removal Thermo Scientific (Waltham, MA, USA) EN0361 

T4 DNA ligase Ligation Thermo Scientific (Waltham, MA, USA) EL0013 

Φ29 DNA 

polymerase 

Polymerization Thermo Scientific (Waltham, MA, USA) EP0091 

 

2.3 Unfolding probes - protocol 

2.3.1. Attachment of target oligonucleotide to solid phase 

5' biotinylated target oligonucleotides were diluted to the desired concentration (around 

1pM) in 1x Phoshate buffer saline (PBS). A 50 µl reaction chamber was attached onto a 

streptavidin-coated glass slide. The reaction chamber was washed with 1xPBS. Biotinylated 

target oligonucleotide was incubated in the reaction chamber for 1 hour at 37° C. The reaction 

chamber was then washed with 1xPBS containing 0,05% tween 20. 

2.3.2. Blocking of unbound streptavidin 

Unbound streptavidin was blocked with STRECK buffer containing 0,1% BSA, 1mM 

biotin, 100µg/ml salmon sperm DNA, 0,05% tween20, 5 mM EDTA in 1xPBS for 1 hour at 

37° C. The reaction chamber was washed with 1xPBS containing 0,05% tween 20. 

2.3.3. Protection oligonucleotide hybridization & target hybridization 

 50nM probe oligonucleotide was incubated with 2mM protection oligo in STRECK 

buffer for 1 hour at 37° C. Probe was incubated with protection oligonucleotide in reaction 

chamber for 1 hour at 37° C. The reaction chamber was washed with 1xPBS containing 

0,05% tween20. 
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2.3.4. NbBtsI & MlyI cutting  

Unfolding solution containing 1x Neb buffer 4, 0,5ug/µl BSA, 1U/µl MlyI, 1U/µl NbBtsI, 

2µM protection oligo, ddH2O was incubated in reaction chamber for 1 hour at 37° C. The 

reaction chamber was washed with 1xPBS containing 0,05% tween 20. 

2.3.5.  Protection oligonucleotide removal 

UDG solution containing 1x Neb buffer4, 0,5ug/µl BSA, 0,1U/µl UDG was incubated in 

reaction chamber for 30 minutes at 37° C. The reaction chamber was washed with 1xPBS 

containing 0,05% tween 20. 

2.3.6. Ligation 

Ligase solution containing 1x Neb buffer4, 0,5ug/µl BSA, 0,1U/µl T4 DNA ligase, 

0,5mM ATP was incubated in reaction chamber for 30 minutes at 37° C. The reaction 

chamber was washed with 1xPBS containing 0,05% tween 20. 

2.3.7. RCA 

RCA solution containing 1x Neb buffer4, 0,5ug/µl BSA, 0,5U/µl φ29 DNA polymerase, 

0,25mM dNTP was incubated in reaction chamber for 1 hour at 37° C. The reaction chamber 

was washed with 1xPBS containing 0,05% tween 20. 

2.3.8. Detection oligo hybridization 

Detection solution containing 1x Hybridization buffer and 0,1µM cy3 labeled detection 

oligonucleotide was incubated in reaction chamber for 20 minutes at 37° C. The reaction 

chamber was washed with 1xPBS containing 0,05% tween 20. 

2.3.9. Drying of glass slide 

The glass slide was put in 70% ethanol for 2 min, followed by 85% ethanol for 2 min, 

followed by 99% ethanol for 2 min. Ethanol was evaporated. Vectashield mounting media for 

fluorescence was added. A cover slip was attached. 

2.4  Image analysis 

Fluorescent signals were detected on a Zeiss Apotome Axiovert 200M Fluorescence 

Microscope using x 20 or x 40 objectives. Images were acquired with an Axiocam HRm 



15 

 

camera and processed with the Zeiss Axion Vision 4.8 software. Quantification of signals was 

done with ImageJ 1.46 software by finding intensity maxima. 
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3. Results 

3.1. Enzymatic cutting 

Correct probe formation after hybridization to the target requires two restriction 

endonucleases that recognize and cleave certain sequences in the probe. MlyI recognizes a 

double stranded region of the probe resulting from hybridization of the probe to the protection 

oligonucleotide. Therefore, MlyI cleavage cannot occur if the protection oligo is not present. 

To make sure that enzymatic cutting was performed properly, a 6% urea denaturing 

polyacrylamide gel experiment was set up. Probes were enzymatically pre-cut with 

combinations of the restriction endonuclease enzymes MlyI and NbBtsI. The result from the 

enzymatic cleavages on the gel can be seen in figure 2. The cleavage fragments seen as bands 

are as expected following correct cleavage. As can be seen in figure 2, MlyI cleavage does not 

occur when protection oligonucleotide is absent. The length of the cleavage products 

following correct enzymatic cleavage can be seen in the top left corner of figure 2.   

 

Figure 2. Probe fragments resulting from enzymatic cleavages on a Novex 6% Urea TBE polyacrylamide gel. 

The bands following cleavage with MlyI and NbBts agree with the expected fragment sizes. 
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To further assess the dependence of the enzymes involved in correct probe formation, an 

experiment was run where either MlyI, NbBtsI or T4 DNA ligase were not added in the 

protocol. As expected, when leaving out either of these enzymes, no fluorescent signals could 

be seen compared to when running the full protocol as shown in figure 3. 

 

Figure 3. Dependence of enzymes required for signal detection. The two restriction endonucleases MlyI and 

NbBtsI as well as T4 DNA Ligase are required for correct probe formation and as a result rolling circle 

amplification. 

The desired properties of the unfolding probes method are high sensitivity and specificity 

of detection. Sensitivity refers to the ability to detect low amounts of the target molecule and 

specificity refers to the ability to only detect the target molecule against a large background of 

other entities. 

Another important parameter to consider when developing a new molecular detection 

method is efficiency of detection, where 100% efficiency means that every target molecule 

present in the assay is detected. There are different ways to measure efficiency, either by 

comparing the number of detectable signals to the number of targets present, if that number is 

known, or by comparing the number of signals to another method. Padlock probes are a 

similar probing method to unfolding probes, described earlier, that can be used to assess 

performance. 

The unfolding probes were compared to padlock probes to assess the performance of the 

unfolding probes using the protocol described earlier. Four target oligonucleotide 

concentrations, ranging from 10 fM to 500 fM were immobilized on a streptavidin coated 

glass slide. After running the unfolding probes protocol, fluorescent signals were quantified 
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for each reaction. Results showed that the efficiency of unfolding probes was lower than that 

of padlock probes as seen in figure 4. At target concentration 500fM, the ratio of unfolding 

probe signals to padlock probe signals were 0,33. 

 

Figure 4. Efficiency of unfolding probes compared to padlock probes. The number of signals was plotted for 

four different target concentrations. Theoretical maximum refers to the maximal amount of signal for a given 

target concentration. 

These results led much of the work into investigating the reason for the reduced efficiency 

seen in unfolding probes compared to padlock probes. 

3.2 Efficiency optimization 

It is useful to address the differences between padlock probes and unfolding probes when 

trying to investigate the difference in detection efficiency. The padlock used in figure 1 had a 

length of 65 nucleotides, compared to the unfolding probes that had a length of 158 

nucleotides. The difference in length may give rise to a need for longer incubation times for 

probe to target hybridization since the diffusion rate is lower for bigger molecules. 

Furthermore, the unfolding probes has a complex structure involving both target 

complementary parts as well as internal secondary structure accomplished by self-

complementarity,  whereas  the padlock probes only has target complementary parts. 

3.2.1 Probe to target hybridization 

Diffusion of a molecule is dependent on its size and shape by the relation showed in 

equation 1, where R is the ideal gas constant, T is temperature, r is radius of the molecule, N 
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is avogrados number and v is the viscocity of the medium. It should be noted that equation 1 

is valid for a spherical particle, but even though an oligonucleotide is a linear molecule the 

relation should hold.  

  
  

     
  (1) 

Unfolding probes are about three times longer than padlock probes, thereby giving rise to 

a threefold decrease in the diffusion constant. It is therefore possible that one hour incubation 

for probe to target hybridization is not enough to reach equilibrium. An experiment was set up 

to test this hypothesis, where the amount of detectable RCA product was compared for 

different incubation lengths as shown in figure 5. 

 

Figure 5. Amount of RCA product formed at different probe to target incubation lengths. The highest amount of 

signals was observed for two hours incubation. 

Another experiment was performed, where two hours of incubation was compared to 

incubation overnight, shown in figure 6. Results indicated that longer incubation did in fact 

increase efficiency, however not to the extent to fully explain the lower efficiency compared 

to padlock probes.  The background was higher and more variable when incubating overnight 

compared to two hours incubation. 
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Figure 6. Probe to target incubation for two hours compared to incubation overnight. Overnight incubation gave 

rise to a two-fold signal increase compared to two hours incubation.  

3.2.2 Probe structure 

Two new probe designs were created to investigate whether detection efficiency could be 

increased when changing different properties of the probes. One probe was designed to be 

more "flexible" by increasing the length of the single stranded linker parts of the probe. The 

regions that were increased are denoted with A in figure 7. The idea was that since double 

stranded DNA is more constrained in terms of freedom to rotate, by introducing more single 

stranded nucleotides which can rotate freely, the probe could hybridize to the target strand and 

unfold more easily.  

Another probe was designed to increase the hybridization strength of the loop structure. 

The regions that were altered are shown in figure 4, denoted with B. The new probe designs 

were compared to the original design in terms of amount of detectable signals as shown in 

figure 8. Results showed that the probe with increased hybridization strength had about a two-

fold decrease in signals compared to the original design. The background resulting from non-

specific probe formation was also significantly higher compared to the original design. The 

probe with increased flexibility showed a similar efficiency as the original design, however 

with a high variability.  
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Figure 7. Regions of the probe structure that was altered when constructing new designs. In one design, region 

A was elongated, increasing flexibility. In another design, the double stranded region B was elongated, thereby 

increasing the strength of hybridization. 

 

Figure 8. Comparison of two new probe designs to the original design. The new designs gave rise to less signals 

compared to the original design. 

3.3 Incubation schedule 

The original protocol consisted of several enzymatic steps, that were separated. In the 

original protocol, restriction enzymes MlyI and NbBtsI were incubated together, followed by 

UDG and ligase separately. As a result, the time it took to perform one experiment was 

around 7 hours. It was therefore desirable to shorten this time frame by combining the 

enzymatic steps into one reaction. Furthermore, insight into the kinetics of the reactions could 

be explored.  
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A protocol was set up, in which MlyI, NbBtsI, UDG and ligase were added together. 

Different incubation times for the new protocol were investigated. Results showed that the 

new protocol gave rise to more signals compared to the original protocol. The highest 

detection efficiency was seen for 30 minutes incubation, as shown in figure 9.  

 

Figure 9. Different incubation times when combining the enzymatic steps in one reaction compared to the 

original protocol. 

 In another experiment, 30 minutes incubation when combining the enzymatic reactions 

were again compared to the original protocol shown in figure 10. A protocol with all 

enzymatic steps separated were also included in the experiment.  

However, results shown in figure 10 did not agree with results shown in figure 9. In figure 

10,  a higher amount of signals could be seen with the original protocol compared to the 

protocol with enzymes incubated together.  
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Figure 10. Effect of changing the combination of enzymatic steps. The highest amount of signals were seen with 

the original protocol.  

3.4 Detection of Her2 mRNA in fixated cells 

An assay was developed to test the unfolding probes in a more biological setting. Probes 

specific for Her2 mRNA were designed. The probe target sequence in Her2 mRNA can be 

seen in appendix A. Over expression of the Her2 gene has been shown to play an important 

role in the development of certain breast cancers (11). 

 Some adjustments had to be made in the protocol, such as adding a RNase inhibitor to 

each incubation step to prevent mRNA from being degraded. Furthermore, PBS and ddH2O 

were diethylpyrocarbonate (DEPC) treated to further inactivate RNAses. The altered protocol 

was tested on synthetic targets and compared to the original protocol and the results can be 

seen in figure 12. The assay was tested on two different cell lines. BJhTERT-cells are Her2 

negative and were used as controls. SKOV3-cells are Her2 positive (13) and were used to test 

the performance of unfolding probes.  

The unfolding probes were also compared to in-situ padlock probes for Her2 detection. 

Padlock probes cannot detect RNA directly, so Her2 mRNA was reverse transcribed into 

cDNA. 
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Figure 11. Comparison of Her2 specific unfolding probes to in situ padlock probes on Her2
+
 and Her2

-
 cells. 

Unfolding probes on Her2
-
 cells (A). Unfolding probes on Her2

+
 cells (B). Padlock probes on Her2

-
 cells (C). 

Padlock probes on Her2
+
 cells (D). Blue color: Nuclei stained with DAPI. Red color: Her2 specific Cy3 

fluorescent signals. 

As shown in figure 11,  a clear distinction could be made between the Her2 negative and 

the Her2 positive cells in terms of signals. In figure 11B fluorescent signals surrounding the 

DAPI stained nuclei of cells can be seen. The absence of signals in the Her2 negative cells, 

shown in figure 11A and 11C indicate that the fluorescent signals seen in figure 11B in fact 

do represent individual Her2 mRNAs.  
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Figure 12. The protocol was modified by including diethylpyrocarbonate (DEPC) treated H2O and PBS in 

all reaction steps. An experiment was performed aimed at comparing if the detection efficiency was altered by 

the addition of DEPC. The addition of DEPC affected the amount of signals compared to the original protocol. 
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4. Discussion 

When working in the early stages of method development there are a number of 

parameters that can and need to be optimized. The unfolding probes involve many steps and 

parameters that affect the performance. During the work with this project I have addressed 

multiple aspects of optimization rather than focusing on one issue. Furthermore, the method is 

not yet very robust, as seen by the fact that the same experiment can give somewhat different 

results when done multiple times. However improvements have been made and new insights 

into how the probes work have been achieved. Mainly three areas concerning the efficiency of 

unfolding probes were investigated during this work: Probe to target hybridization, probe 

structure and protocol of molecular reactions. Furthermore, the probes were tested on more 

relevant biological targets compared to the synthetic targets immobilized on slides that were 

used during optimization. 

4.1  Enzymatic cutting 

The two enzymatic cleavages by MlyI and NbBtsI, uracil removal by UDG and ligation 

all have to be highly efficient in order to maintain a high efficiency of detection. Important 

parameters to consider are incubation time, enzyme concentration and buffer conditions. As 

was shown in figure 10, enzymatic cleavage was efficient and correctly performed on a gel.  

More work can be done on investigating if the incubation time and the amount of enzyme 

needed to achieve sufficient enzymatic cutting can be lowered. Not only would this shorten 

the length of the protocol, but also reduce the cost of running an experiment.  

Time was also spent investigating if the enzymatic reactions could be combined into one 

reaction.  Results showed that similar efficiency of detection could be seen when combining 

MlyI, NbBtsI with UDG and ligase. However more work has to be done before adopting a 

change to the protocol. For instance, in the original protocol, there is a washing step between 

each enzymatic reaction serving to reduce background by washing away non-specifically 

bound probes. When combining the enzymatic steps, two washing steps are also removed. 

Furthermore, combining the enzymatic steps can potentially be problematic. For instance, 

MlyI cannot find its recognition sequence to cut if the protection oligonucleotide is removed 

beforehand. That was prevented in the original protocol by the separation of MlyI and UDG 

reaction steps. However, as the results indicated that does not seem to occur to a major extent.  
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4.2  Probe hybridization 

When considering the low efficiency of detection for unfolding probes compared to 

padlock probes, multiple factors can weigh in to account for the loss of detection signals. It 

was shown that longer incubation time did increase the detection efficiency for unfolding 

probes, not surprisingly, seeing as the unfolding probes are about three times longer compared 

to padlock probes. One interesting aspect from the result shown in figure 6 was that the 

background was increased when incubation overnight compared to for two hours. This might 

be due to the model system used, if probes can stick to the surface unspecifically and give rise 

to fluorescent signals. However using longer incubation times is not practical since it is 

desirable for the protocol to be as short as possible. Other measures than increasing the 

incubation time can be taken to shorten the time needed for probe to find and hybridize to a 

target. For instance, reaction chambers with smaller volumes could be used. Furthermore, 

stirring conditions could be improved to shorten the time for probes to find a target. 

4.3  Probe structure 

Unfolding probes have a complex structure involving target complementary sequences, 

self-complementary sequences and secondary structure. Therefore, it can be difficult to 

pinpoint what part of the probe structure that can be optimized and redesigned to increase 

performance. However, attempts were made to change two structural elements, shown in 

figure 8, although performance was not increased by imposing these changes in structure. 

There are two ways to approach the design of unfolding probes. One can, as was done in this 

case, come up with ideas to improve the design that makes sense based on knowledge about 

how the probes work. However, since the structure of the probes are complex as discussed 

previously, it can be hard to know how the changes in fact will affect performance of the 

probes. Another way to approach the problem would be to screen for improved performance 

by synthesizing many probes with small changes in sequence and evaluate them. However an 

oligonucleotide array synthesizer would be required to achieve that.  

4.4 Detection of Her2 mRNA 

The possibility to detect mRNA directly is one of the features of unfolding probes. 

Therefore, it was interesting to test this by setting up an assay for detection of Her2 mRNA. 

Both Her2 negative cells and Her2 positive cells were used to be able to verify that the correct 

target was in fact detected. The Her2 negative cells showed nearly to no signals compared to 

Her2 positive cells, an indication that the correct targets were being detected. As another 
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control, unfolding probes were compared to in situ padlock probes for Her2 mRNA. Similar 

results to the unfolding probes were seen for padlock probes, further indicating that the 

correct target is being detected. Further optimization of the protocol before moving onto 

detecting "real" targets might be the best approach but this proof of concept experiment at 

least showed that progress has been made and that direct detection of mRNA is possible using 

this method.  

Considering the detection of rare biological targets, one way to increase the efficiency of 

detection of a biological target is to have multiple probes for each target. One of the 

advantages with unfolding probes compared to padlock probes is the possibility to have 

multiple probes per target. However, the current design has to be modified by ligating the 

ends of the two target recognition sequences to prevent exonuclease activity of Φ29 DNA 

polymerase to remove probes upstream of a free 3' end during RCA.  

There are other considerations that has to be made when designing probes for biological 

target molecules. The ability to distinguish fluorescent signals that are localized near each 

other might be of concern. It is also desirable to multiplex the method, to be able to analyze 

multiple targets in one reaction. For high multiplexing, the amount of non-overlapping 

fluorophores that can be used to distinguish different targets will not be enough and thus a 

different read-out method might be needed.  

4.5 Possible applications 

One possible future application for unfolding probes could be high throughput mRNA 

screening. Rapid information on quantity and location of multiple transcripts at once could be 

valuable to researchers in many fields. However, in order to use unfolding probes for mRNA 

screening, work has to be put into issues concerning multiplexing. As discussed previously, 

the limited  amount of non-overlapping fluorophores will require a different read-out method 

in order to distinguish targets in multiplex. A way to overcome this problem could be to 

introduce a barcode sequence in the circularized probe, specific for each target. The 

complement of the barcode will be multiplied many times during RCA, and the sequence of 

the barcode could then be read through sequencing by ligation, thereby identifying individual 

targets. 
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Appendix A 

The first part of Her2 mRNA is shown below and the target sequence for the padlock 

probe and unfolding probe used is highlighted in red.  

 Her2 target sequence for padlock probe 

  1 gttcccggat ttttgtgggc gcctgccccg cccctcgtcc ccctgctgtg tccatatatc  

 61 gaggcgatag ggttaaggga aggcggacgc ctgatgggtt aatgagcaaa ctgaagtgtt  

121 ttccatgatc ttttttgagt cgcaattgaa gtaccacctc ccgagggtga ttgcttcccc  

181 atgcggggta gaacctttgc tgtcctgttc accactctac ctccagcaca gaatttggct  

241 tatgcctact caatgtgaag atgatgagga tgaaaacctt tgtgatgatc cacttccact  

301 taatgaatgg tggcaaagca aagctatatt caagaccaca tgcaaagcta ctccctgagc  

361 aaagagtcac agataaaacg ggggcaccag tagaatggcc aggacaaacg cagtgcagca  

421 cagagactca gaccctggca gccatgcctg cgcaggcagt gatgagagtg acatgtactg  

481 ttgtggacat gcacaaaagt gagtgtgcac cggcacagac atgaagctgc ggctccctgc  

541 cagtcccgag acccacctgg acatgctccg ccacctctac cagggctgcc aggtggtgca  

601 gggaaacctg gaactcacct acctgcccac caatgccagc ctgtccttcc tgcaggatat  

661 ccaggaggtg cagggctacg tgctcatcgc tcacaaccaa gtgaggcagg tcccactgca  

721 gaggctgcgg attgtgcgag gcacccagct ctttgaggac aactatgccc tggccgtgct  

781 agacaatgga gacccgctga acaataccac ccctgtcaca ggggcctccc caggaggcct  

841 gcgggagctg cagcttcgaa gcctcacaga gatcttgaaa ggaggggtct tgatccagcg  

901 gaacccccag ctctgctacc aggacacgat tttgtggaag gacatcttcc acaagaacaa  

Her2 target sequence for unfolding probe 

  1 gttcccggat ttttgtgggc gcctgccccg cccctcgtcc ccctgctgtg tccatatatc  

 61 gaggcgatag ggttaaggga aggcggacgc ctgatgggtt aatgagcaaa ctgaagtgtt  

121 ttccatgatc ttttttgagt cgcaattgaa gtaccacctc ccgagggtga ttgcttcccc  

181 atgcggggta gaacctttgc tgtcctgttc accactctac ctccagcaca gaatttggct  

241 tatgcctact caatgtgaag atgatgagga tgaaaacctt tgtgatgatc cacttccact  

301 taatgaatgg tggcaaagca aagctatatt caagaccaca tgcaaagcta ctccctgagc  

361 aaagagtcac agataaaacg ggggcaccag tagaatggcc aggacaaacg cagtgcagca  

421 cagagactca gaccctggca gccatgcctg cgcaggcagt gatgagagtg acatgtactg  

481 ttgtggacat gcacaaaagt gagtgtgcac cggcacagac atgaagctgc ggctccctgc  

541 cagtcccgag acccacctgg acatgctccg ccacctctac cagggctgcc aggtggtgca  

601 gggaaacctg gaactcacct acctgcccac caatgccagc ctgtccttcc tgcaggatat  

661 ccaggaggtg cagggctacg tgctcatcgc tcacaaccaa gtgaggcagg tcccactgca  

721 gaggctgcgg attgtgcgag gcacccagct ctttgaggac aactatgccc tggccgtgct  

781 agacaatgga gacccgctga acaataccac ccctgtcaca ggggcctccc caggaggcct  

841 gcgggagctg cagcttcgaa gcctcacaga gatcttgaaa ggaggggtct tgatccagcg  

901 gaacccccag ctctgctacc aggacacgat tttgtggaag gacatcttcc acaagaacaa  


