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CHARACTERIZATION NUCLEIC ACIDS UNWINDING AND EXPLORING ITS 

APPLICATION IN MIRNA DETECTION IN THE NANOPORE 

 

Yong Wang 

Dr. Li-Qun (Andrew) Gu, Dissertation Supervisor 

ABSTRACT 

      MicroRNAs (miRNAs) are a class of short (~14-27 nucleotides) noncoding 

RNAs that regulate gene expression at the post-transcriptional level. As powerful 

gene regulators, miRNA binding induces either translational repression or 

cleavage of target mRNAs. MiRNAs play important roles in development, cell 

differentiation, and regulation of cell cycle, apoptosis and signaling pathways. 

Aberrant expression of miRNAs has been found in all types of tumors. Different 

cancer types have distinct miRNA expression profiles. Reverse transcription real-

time polymerase chain reaction (qRT-PCR) and microarrays have been 

developed for detecting microRNA; however, these methods need labeling and 

amplification, as they also suffer from cross-hybridization, low selectivity and lack 

of valid internal controls.  

      The development of nanopore sensors for microRNA detection is a new 

effort. One of the superior properties of nanopore is that the ion current in a 

nanometer-scaled pore structure is very sensitive to the presence, location and 

conformation of single target molecules occupying the ion pathway. This 
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sensitivity allows elucidating single molecule kinetics from characteristic changes 

in the pore conductance, and further, quantifying the target from the occurrence 

of single molecule signature events.  

      Here we show that a nanopore sensor based on the alpha-hemolysin protein 

can selectively detect microRNAs at the single molecular level in the plasma 

samples of lung cancer patients without labeling and amplification of microRNAs. 

First, we uncovered a signature current pattern that can be used to electrically 

track the double-stranded DNA (dsDNA) unzipping process. With the signature 

signals, we can also distinguish the release of dsDNA without unzipping. Second, 

based on the electrical signatures we identified, we have designed a nanopore-

based microRNA sensor that uses a programmable oligonucleotide probe to 

generate a signature electrical signal for the direct and label-free detection of 

target microRNA in a fluctuating background, such as plasma RNA extracts from 

clinical samples.  

      This sensor can quantify picomolar levels of cancer-associated microRNAs 

and can distinguish single-nucleotide differences between microRNA family 

members. This nanopore method can be a useful tool for quantitative studies of 

microRNAs, which are important for non-invasive screening and the early 

diagnosis of diseases such as cancer. 

 



CHAPTER 1 

INTRODUCTION 

1.1 Nanopores  

      A nanopore is a small hole, with the diameter from several nanometers (nm) 

to hundreds of nanometers. It could be a pore-forming protein, ion channels or as 

a hole in synthetic materials such as glass, silicon, silicon nitride or graphene. 

The nanopores are used as a single-molecule detector for broad biotechnological 

applications (Howorka and Siwy, 2009), such as DNA sequencing (Rhee and 

Burns, 2006; Branton et al., 2008), sensing of nucleic acids, exploring DNA-

protein, protein-protein interactions, studying enzyme functions, and for detecting 

small peptides and terrorist agents (Liu et al., 2010). 

  

1.1.1 Solid state nanopores 

      Solid state nanopores are a hole in synthetic membranes, generally made in 

silicon membranes, and one of the most common being silicon nitride (Dekker, 

2007; Siwy and Howorka, 2010; Keyser, 2011), and others as grapheme (Garaj 

et al., 2010; Siwy and Davenport, 2010; Tada et al., 2011), glass (Ding et al., 

2009; Gu and Shim, 2010) or glass slides (Fertig et al., 2001).  

      Solid-state nanopores can be manufactured with several techniques including 

ion-beam sculpting (Li et al., 2001), transmission electron microscope (TEM) 

technique or electron beams (Storm et al., 2003). 

 

1 
 



1.1.2 Biological nanopores  

      Biological nanopores are protein nanopores, formed by pore-forming proteins 

inserted into a lipid bilayer membrane or other polymers.  

 

1.1.2.1 Alpha-hemolysin (α-HL)                      

      Hemolysins are toxins produced by bacteria that cause lysis of red blood 

cells. Alpha-Hemolysin (α-HL) secreted by Staphylococcus aureus forms a 

homo-heptameric beta-barrel in biological membranes (Protein Data Bank:7AHL) 

(Song et al., 1996).   

 

 

 

 

 

 

 

 

 
Figure 1.1: The structure of Alpha-hemolysin. 

 

       

      Several properties of α-HL make this membrane pore/channel suitable for 

various biotechnological applications: this self-assembled channel is stable over 

a wide range of pH and temperature. The channel stays open and can be 
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inserted into various biological or synthetic lipid bilayers. The inserting proceeds 

spontaneously and does not require specific ionic conditions. Furthermore, the 

precise mushroom structure (Figure 1-1) makes this pore unique for bio-

detection: the big cap has a 2.6 nm opening, 4.6 nm nanocavity. In the center of 

the pore, it has a constriction site of 1.6 nm, which allows single-stranded DNA 

(ss DNA, diameter ~1.2 nm) pass through very fast, but not double-stranded 

DNA (dsDNA, diameter ~ 2.2 nm). The 2 nm β-barrel stem spans the lipid 

bilayer. The nanopore is a molecular-scale pore structure that is able to detect 

the position and conformation of a single molecule in the pore with great 

sensitivity (Bayley and Jayasinghe, 2004). 

 

1.1.2.2 Mycobacterium smegmatis porin A (MspA)                     

      MspA porin (MspA) is a membrane β-barrel protein produced by 

Mycobacteria, which allows nutrients to enter the bacterium.  

      The protein forms a tightly interconnected octamer with eightfold rotation 

symmetry that contains a central channel. The cylindrical geometry structure of 

the MspA channel was established by electron microscopy, and later the atomic 

structure was established (Faller et al., 2004). Dr. Gundlach and his colleagues 

at the university of Washington are interested in MspA nanopore sequencing, as 

well as bio-detection to probe nano-scale physics of proteins and polymers. They 

found that the wild-type MspA channel prevents ssDNA translocation, but the 

mutated channel was proven to be suitable for DNA sequencing (Derrington et 

al., 2010; Manrao et al., 2011) as well as single-molecule DNA detection (Butler 
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et al., 2008). The geometry dimensions of the MspA protein pore are shown in 

Figure 1-2.………………………...……………………………………………………….    

 

 

 

 

 

 

 

 
Fig 1-2: The simple geometry dimensions of MspA. 

 

 

1.1.2.3 Bacterial virus phi29 motor protein  

      Motor proteins are powered by the hydrolysis of ATP. They are a class of 

molecular motors that can move along the surface of a suitable substrate. For 

example, myosin moves along microfilaments.  

    The Bacterial virus phi29 motor protein has been extensively studied since 

1987  by Dr. Guo and his colleagues at the University of Kentucky (Guo et al., 

1987). They incorporated the phi29 motor channel into the lipid bilayer 

membrane which allows the dsDNA to pass through the pore. This engineered 

pore can be used for single molecule sensing, dsDNA sequencing (Wendell et 

al., 2009; Jing et al., 2010), as well as delivery of therapeutics (Shu et al., 2011). 

The dimensions of the phi29 motor protein are shown in Figure 1-3.    
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Fig 1-3: The simple geometry dimensions of Bacterial virus phi29 motor protein porin.

 

 

 

 

 

 

 

 

1.1.2.4 β-Barrel Membrane Proteins   

      Dr. Movileanu and his colleagues from Syracuse University are working on 

redesigning pores from bacterial outer membrane proteins and pore-forming 

toxins, which contain a robust β-barrel structure. They explored the ferric 

hydroxamate uptake component A (FhuA), a monomeric 22-stranded β-barrel 

protein from the outer membrane of Escherichia coli, and after engineering, the 

pore showed greater conductance compare to the wild-type pore, which could be 

applied for stochastic single-molecule sensing of proteins and nucleic acids 

(Mohammad et al., 2011).  

 

1.1.2.5 Outer Membrane Carboxylate Channels (OCC)  

      Gram-negative bacteria contain ion channels within the outer membrane 

(OM), which acquires water-soluble, small compounds that are required for cell 

growth and normal function. The majority of molecules are taken up by the 
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members of the OprD outer membrane protein family. Dr. Bert van den Berg and 

his colleagues found that OprD channels require a carboxyl group in the 

substrate for efficient transport. They renamed the family Occ, for outer 

membrane carboxylate channels, and crystal structures of Occ family members 

show large variations in pore sizes. They demonstrated that Occ channels show 

high specificity for antibiotics uptake, as well as substrate specific (Eren et al., 

2012).  

 

1.1.2.6 Anthrax toxin 

      Anthrax is a disease, which is caused by Bacillus anthracis, a spore-forming, 

rod-shaped bacterium. The lethality of the disease is caused by the tripartite 

protein toxin, called anthrax toxin. Anthrax toxin is composed of three proteins: 1) 

protective antigen (PA), 2) edema factor (EF), and 3) lethal factor (LF). Like the 

voltage-gated channels (KcV) studied in the artificial membranes (Shim et al., 

2007; Tan et al., 2010), the PA pore was found to form an ion-selective channel 

(Blaustein and Finkelstein, 1990; Blaustein et al., 1990).  

     Studies also found that PA formed pore conductance can be eliminated at 

positive voltage after EF (red) binding (Figure 1-4).  
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Fig 1-4: The protective antigen (PA) channel in the lipid bilayer and the 
conductance-voltage relationships before and after edema factor (EF) binding. 
The picture was modified from poster 3710, B571, biophysical meeting, 2012. 

 

 

 

1.1.3 Hybrid nanopores   

      The biological nanopores offer an atomically precise structure and are 

available for genetic engineering, but solid state nanopores offer a range of 

sizes, durability, and structure control, and are also better suited for integration 

into devices. However, each system has its limitations: aHL relies on delicate 

lipid bilayers (or polymers) for mechanical support, while solid state nanopores 

are biological in-compatible and are difficult to modify, modification. Furthermore, 

the fabrication of solid-state nanopores with precise dimensions, especially in the 

nanometer range, still remains challenging.      

      Composing hybrid nanopores is a newly evolved research filed since 2007. 

Researchers are working on functionalizing solid state nanopores with coating 

biological compatible polymers, or inserting biological-forming pores into the solid 

state nanopores, which make the hybrid nanopores available for different 

applications (Venkatesan and Bashir, 2011).  
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1.1.3.1 Alpha-hemolysin solid state nanopore   

      Scientists with expertise on biological pore and solid state pore worked 

together and made the first hybrid pore. Dr. Dekker and his colleagues from Delft 

University of Technology collaborated with Dr. Bayley and his colleagues from 

the University of Oxford and they showed that a single, pre-assembled aHL 

protein pore can be inserted into a silicon nitride membrane with small holes, with 

a diameter of 2.4–3.6 nm (Hall et al., 2010). By attaching a dsDNA to the aHL, 

the protein pore can be threaded into the silicon nitride pores. And more exciting, 

this hybrid pore retains its function and they demonstrated the translocation of 

ssDNA through this hybrid pore. A schematic view of the hybrid pore is shown in 

Figure 1-5. The αHL pore was directed into the solid state pore by the attached 

dsDNA. Before αHL pore insertion, the pore current is at level a, then the dsDNA 

slides into the solid state pore decreasing the current to level b. Finally, a stable 

current level c was generated by the αHL pore inserted in the solid state pore. At 

all three current levels, DNA translocation events were observed. 

 

Figure 1-5: Schematic view of the alpha-hemolysin inserted into the solid state 
nanopore, and the DNA translocation events during the hybrid pore formation.   
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1.1.3.2 DNA Origami Nanopores  

      Inspired by the results of Hall et al. (2010) on aHL protein pore combined with 

the solid state nanopores, Drs. Keyser, Liedl and their colleagues from the 

University of Cambridge and Ludwig-Maximilians-Universitat Munchen developed 

a novel approach for the formation of hybrid nanopores. They demonstrated that 

the DNA origami structures can be inserted into the solid state nanopores to form 

the functional hybrid nanopores. DNA origami can repeatedly inserted into and 

ejected from solid state nanopores with diameters around 15 nm. These hybrid 

nanopores are capable of single molecule sensing (Bell et al., 2012). 

 

1.1.3.3 Functionalized Solid Nanopore 

      In order to overcome the limitations of the solid state nanopore, many 

research groups are working on coating specific recognition sequences and 

receptors to the nanopore, or chemical functionalization of solid nanopores.  

      Dr. Bashir and his colleagues demonstrated that the SiO2 nanopores can be 

functionalized with hairpin DNAs. They found different translocation time 

distributions between perfectly complementary ssDNA and ssDNA in which there 

was a single base mismatch, showing the potential of this approach to detect 

single-nucleotide polymorphisms (SNPs) (Iqbal et al., 2007).  

      Dr. Dekker and his colleagues constructed a biomimetic complex by 

covalently tethering either Nup98 or Nup153 (phenylalanine-glycine (FG) 

nucleoporins) to a solid-state nanopore, and these functionalized nanopores in 
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SiN can be used for the study of nucleocytoplasmic transport at the single-

molecule level (Kowalczyk et al., 2011). 

      Dr. Mayer and his colleagues have shown that the sensitive detection and 

discrimination of proteins can be achieved by altering the surface chemistry in a 

nanopore. Inspired by the lipid-coated olfactory sensilla of insect antennae, SiN 

nanopores can be coated with a lipid bilayer and used to identify streptavidin 

proteins and antibodies (Yusko et al., 2011).  

      The incorporation of receptor or ligands into the bilayer allows the solid state 

nanopore to have chemical specificity, slows the translocation of target 

molecules, prevents pores from permanent blocks and decreass non-specific 

binding, thereby resolving many issues inherent to solid-state nanopores. A lipid-

bilayer-coated nanopore architecture has been developed in both SiN (Yusko et 

al., 2011) and Al2O3 (Venkatesan et al., 2011) nanopores.  

      Another trend of solid state nanopore modification is metal coating of the 

solid state nanopore. Some groups are working on gold coated pores for using in 

single molecule sensing (Siwy et al., 2005; Wei et al., 2010a, 2010b). 

Furthermore, Dr. Martin and his colleagues found that these pores can be 

chemically modified by assembling a monolayer of alkane-thiols (SAM) on the 

gold surface of the pore interior (Sexton et al., 2007, 2010). For example, studies 

have shown that how the pore conductance is changing during the self-assembly 

of HS-(CH2)15-(OCH2CH2)3-OH molecules (Tinazli et al., 2005), or nitrilotriacetic 

acid which are used to chelate Ni2+ (NTAx, x = 1, 2, or 3). The structures are 

shown in Figure 1-6. The monolayer can be further coated through the S-S 
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connections and the Ni2+ loaded NTA receptor can specifically bind His6-tagged 

proteins (Sigal et al., 1996; Tinazli et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-6: Structures of nitrilotriacetic acids. 
 

 

 

1.2 Single Channel Recording Techniques  

1.2.1 Patch clamp techniques 

      The Patch Clamp technique was developed by Erwin Neher and Bert 

Sakmann who received the Nobel Prize in 1991 for their discoveries concerning 

the function of single ion channels in cells (Neher et al., 1978; Neher, 1988). A 

patch-clamp microelectrode/pipette is placed next to a cell/neuron. In a patch 
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clamp experiment, gentle suction is applied through the microelectrode to draw a 

piece of the cell membrane (patch) into the microelectrode tip which forms a high 

resistance seal with the pipptte. This configuration is the "cell-attached" mode. At 

this time, when the micropipette is quickly withdrawn from the cell membrane, the 

patch of membrane still remains attached to the micropipette, and exposing the 

intracellular surface of the membrane to the external solutions. This forms the 

"inside-out patch" mode. This is helpful when one wishes to manipulate the 

environment at the intracellular surface of ion channels, such as the channels 

that are activated by intracellular ligand.  

      After the cell-attached mode is formed, when strong suction is applied as a 

pulse, the small patch of membrane in the electrode tip can be disrupted, leaving 

the electrode sealed to the rest of the cell and the solution in the microelectrode 

is connected with the cytoplasm solution, which forms the "whole-cell" mode. 

While the "perforated patch" technique tries to make small holes on the patch 

(when cell-attached mode formed) with pore-forming agents so that large 

molecules such as proteins can be kept inside the cell, but ions can pass through 

the holes freely.  

      After the whole-cell mode is formed, the micropipette can be withdrawn from 

the cell, allowing a patch of membrane to bleed out from the cell membrane, 

which can reform as a membrane on the tip. And the original outside of the cell 

membrane is facing outward. This forms the "outside-out patch" mode. This 

mode is very useful when the channel is activated from the extracellular side. 
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This mode allows the researcher to perfuse the same membrane patch with 

different solutions with different ligands. 

      Scientists Bert Sakmann and  Erwin Neher  edited the book "Single-Channel 

Recording". This book gives both theoretical background and practical advice 

regarding both experimental setup and data analysis. Whole-cell, single 

channels, and perforated patch are discussed. The practicalities of suitable patch 

glass, noise abatement, and capacitance cancelation are also covered. 

 

1.2.2 Planar lipid bilayer recording  

      Planar lipid bilayers are used for functional studies of ion channel proteins 

using electrophysiological patch clamp techniques.  

      An important advance in biomembrane methodology was established by 

Wescott and his colleagues in 1962, when they reported a method for forming 

planar lipid bilayer membranes separating two aqueous phases (Mueller et al., 

1962). A dispersion of artificial cell membranes (phospholipid or other surface-

active lipid) in a nonpolar solvent (such as decane) is spread beneath an 

aqueous phase across an aperture several millimeters/micrometers in diameter 

drilled through a partition of some nonpolar material such as polyethylene (PE), 

polytetrafluoroethylene (PTFE), or polychlorotrifluoroethylene (PCTFE). The 

bilayer forms spontaneously.  And this planar lipid bilayer can be used for 

biological studies such as Incorporation of rhodopsin (Montal and Korenbrot, 

1973). A critique review of the formation of planar lipid bilayers and their 

electrical properties can be found in White et al. (1976).  
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      Later, the capacitance of planar bilayer lipid membrane was studied with a 

patch clamp amplifier (Toyama et al., 1991), and single-channel recording 

studies were perform on the membrane reconstituted into a planar lipid bilayer 

(Kawahara et al., 1986). Voltage-gated ion channels in planar lipid bilayer 

membranes were also extensively studied (for review see (Latorre and Alvarez, 

1981) as well the peptide/protein-lipid bilayer interactions (Jost and Griffith, 1980; 

Kagan et al., 1990),  

      In the planar lipid bilayer recording, the lipid bilayer composition is important 

for different ion channels to function normally. Studies have found that the 

function of membrane proteins varies with the thickness of the bilayer (Mitra et 

al., 2004; Yuan et al., 2004). The property of lipid headgroup is also important for 

the normal function of channel proteins. Studies have found that an anionic 

phospholipid is required for the KcsA potassium channel to remain its function in 

the artificial lipid bilayer (Valiyaveetil et al., 2002; Williamson et al., 2002, 2003). 

      In conclusion, the artificial planar lipid bilayer provides an alternative platform 

that allows the electrophysiological studies of ion channels.  
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CHAPTER 2 

CHARACTERIZATION OF DSDNA UNWINDING IN THE NANOPORE 

 

2.1 Introduction 

      The nanopore is a receptive single-molecule detector for broad 

biotechnological applications (Maglia et al., 2010; Bayley and Cremer, 2001; 

Bayley and Jayasinghe, 2004; Gu and Shim, 2010; Howorka and Siwy, 2009; Ma 

and Cockroft, 2010; Movileanu, 2009). The ion current through a nanopore is 

sensitive to the target molecules that occupy the pore lumen, therefore from 

characteristic change in the nanopore current, different molecular states can be 

electrically identified and the kinetic pathway in a single molecular reaction can 

be elucidated. The nanopore is being developed as a rapid, label-free and low-

cost technology for DNA sequencing (Bayley, 2006; Branton et al., 2008; 

Kasianowicz et al., 1996). Toward this goal, single-molecule nucleic acids and 

their interaction with nanopore has been extensively characterized (Bockelmann 

and Viasnoff, 2008; Dudko et al., 2007; Kasianowicz et al., 1996; Mathe et al., 

2006; McNally et al., 2008; Muzard et al., 2010; Sauer-Budge et al., 2003; 

Sutherland et al., 2004; Vercoutere et al., 2001, 2003; Zhao et al., 2008; 

Ashkenasy et al., 2005; Mitchell and Howorka, 2008; Stoddart et al., 2009; 

Howorka et al., 2001b), which includes many topics such as how the nanopore 

conductance is sensitively changed with the sequence of a single-stranded DNA 
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or RNA in the pore and how a double-stranded DNA is unzipped driven by 

voltage across the pore.  

      Understanding molecular behaviors of nucleic acids in the nanopore not only 

gives insight into their important biophysical mechanisms, but is also beneficial 

for biosensor development (Howorka et al., 2001a, 2001b; Howorka and Bayley, 

2002). We recently proposed a robust nanopore method of differentiating and 

quantifying cancer-associated microRNAs (miRNAs) in human blood samples, an 

approach with the potential in non-invasive and cost-effective cancer detection 

(Wang et al., 2010). For clinical detection, the circulating miRNAs were 

hybridized with their specific DNA probes. The hybrid was trapped in the α-

hemolysin (αHL) protein pore, followed by unzipping driven by the 

transmembrane voltage. The key to this sensor was a signature current pattern 

that acts as an unzipping marker. By recognizing signature signals, single miRNA 

molecules in blood can be identified. Therefore, it is a priority to characterize the 

unzipping signature, which determines both selectivity and sensitivity of the 

sensor.  

      Unzipping of various double-stranded DNAs (dsDNAs) has been detected 

using the nanopore. When a short (3-9 bps) blunt-ended hairpin was unzipped in 

the αHL pore, it generated a “shoulder-spike” current block. By measuring the 

block duration, single mismatches in the hairpin stem can be discriminated 

(Vercoutere et al., 2001, 2003). When a dsDNA with a overhang (hairpin 

(Sutherland et al., 2004; Mathe et al., 2006; Dudko et al., 2007; Bockelmann et 

al., 2008; McNally et al., 2008; Zhao et al., 2008; Muzard et al., 2010) or blunt 
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end (Sauer-Budge et al., 2003) at the other terminal) carrying an overhang was 

trapped in the pore, the transmembrane voltage can pull the overhang that 

occupies the β-barrel, driving the unzipping of the double-stranded domain. By 

programming the voltage profile and analyzing the long block duration, the 

unzipping kinetics has been understood (Sutherland et al., 2004; Mathe et al., 

2004, 2006; Dudko et al., 2007; Bockelmann et al., 2008; McNally et al., 2008; 

Zhao et al., 2008; Muzard et al., 2010; Sauer-Budge et al., 2003). The dsDNA 

with one strand covalently tethered to the lumen of nanopore can also be 

unzipped. In this configuration, the electrical force pulled the complementary 

strand, tearing it off from the tethered strand (Howorka et al., 2001b). Although 

the nucleic acids unzipping, as an important biological process,  has been widely 

investigated using the nanopore single molecule approach, the signature current 

pattern we have identified for miRNA detections has not been reported previously.  

      Given the importance in biosensor construction, we are motivated to 

elucidate the molecular mechanisms behind the unzipping signatures we have 

identified. In this report, we designed a series of dsDNA carrying overhangs of 

different lengths. These DNAs were found to generate multiple characteristic 

current patterns, each being attributed to a specific single DNA configuration in 

the nanopore. Most notably, the characteristic multi-current long blocks clearly 

revealed the sequential steps in an unzipping procedure. The unzipping 

signatures enabled us to track when the unzipping occurred after the DNA is 

trapped in the pore, and what is the motion pathway of the unzipped single-

stranded DNA (ssDNA). The signature signals also allowed us to identify whether 
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a trapped dsDNA is unzipped or returns to the cis solution without unzipping, 

whether the dsDNA is trapped in the “overhang-in” (Figure 2-2 a,b,c) or “blunt 

end-in” (Figure 2-2 d) orientation, as well as how the unzipping efficiency and 

DNA trapping directionality is controlled by the length and sequence of 

overhangs. 

 

2.2 Materials and Methods 

      The electrophysiology setup and methods for nanopore experiments have 

been detailed elsewhere (Shim and Gu, 2008; Shim et al., 2009). Briefly, the 

recording apparatus was composed of two chambers (cis and trans) that were 

partitioned with a Teflon film. The planar lipid bilayer of 1,2-diphytanoyl-sn-

glycerophosphatidylcholine (Avanti Polar Lipids) was formed spanning a 100-150 

nm hole in the center of the partition. Both cis and trans chambers were filled 

with symmetrical 1 M KCl buffered with 10 mM Tris and titrated to pH 8.0. All 

solutions are filtered before use. Single α-hemolysin proteins were inserted into 

the bilayer from the cis side to form molecular pores. DNA oligonucleotides 

including 3’-biotinlated DNA (Table 2-1) were synthesized and electrophoresis-

purified by Integrated DNA Technologies, IA. Before testing, the mixtures of 

ssDNAs were heated to 90°C for 5 minutes, then gradually cooled down to room 

temperature and stored at 4°C. 

      In the single channel recording, the cis solution was grounded and the 

voltage was applied from the trans solution, so that a positive voltage would drive 

the translocation of a negatively charged DNA through the pore from cis to trans. 
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Single-channel currents were recorded with an Axopatch 200A patch-clamp 

amplifier (Molecular Device Inc., formerly Axon Inc.), filtered with a built-in 4-pole 

low-pass Bessel Filter at 5 kHz, and acquired with Clampex 9.0 software 

(Molecular Device Inc.) through a Digidata 1332 A/D converter (Molecular Device 

Inc.) at a sampling rate of 20 kHz•s-1. The data were analyzed using Clampfit 9.0 

(Molecular Device Inc.), Excel (MicroSoft) and SigmaPlot (SPSS) software. 

Because the ssDNA translocation events (~100us μs (Meller et al., 2000, 2001) 

can be well distinguished from the signature blocks for trapping a dsDNA (100-

103 ms), we used 1 ms as the boundary. Blocks shorter than 1 ms were counted 

as the passage of ssDNAs in the pore, while blocks longer than 1 ms as the 

events of dsDNA. The poly(dC) was chosen as the DNA overhangs, because 

earlier studies have shown that poly(dC) has the shortest translocation time 

(Meller et al., 2000; Chen and Li, 2007) with the least possibility to form coiled 

structures (Chen and Li, 2007; Muthukumar, 1999) compared to other 

oligonucleotides. According to previous studies (Meller et al., 2000, 2001; Shim 

and Gu, 2008), there are two translocation times that can be measured, the peak 

time and the exponentially decaying time constant, from the duration histogram 

of short-lived blocks. The peak time marks the most probable translocation time 

and the decaying constant reflects the temporal dispersion of the translocation. In 

this report, we simply measured the translocation duration by averaging all short 

events. The duration of signature blocks (long-lived blocks) was obtained by 

fitting the dwell-time histogram to an exponential distribution or by averaging all 

the long events in cases there were not enough events for accurate fitting. Data 
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were given as the mean ± SD, based on at least four separate experiments. The 

electrophysiology experiments were conducted at 22 ± 2°C.  

 

2.3 Results and Discussion 

2.3.1 Characteristic current patterns formed by the dsDNA with an 

overhang.  

      We first employed DNA C30 as the model to identify characteristic current 

patterns. As shown in Table 2-1, the double-stranded domain of C30 contains 22 

base pairs and adopts the sequence of the miRNA miR-155, a potential 

biomarker in lung cancer (Rabinowits et al., 2009; Rosell et al., 2009a). The 

overhang of C30 comprises 30 deoxycytidines, which acts as a signal tag 

attached to the 3’-terminal of the anti-sense stand.  

      C30 presented to the cis side of the αHL pore generated both short- and 

long-lived current blocks (Figure 2-1). Monitored at +100 mV in 1 M KCl, the 

spike-like short blocks lasted for 200±10 μs on average and almost fully reduced 

the pore conductance (Figure 2-1a). As both the duration and conductance are 

similar to that of blocks formed by either strand of C30 alone, these short blocks 

should be attributed to the rapid passage of un-hybridized ssDNAs in the pore 

(Meller et al., 2000, 2001).  
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Table 2-1. Sequences of dsDNAs utilized in this research. 

dsDNA                           Sequence 

C0      5’-TTAATGCTAATCGTGATAGGGG-3’a 
     3’-AATTACGATTAGCACTATCCCC-5’ 

C8      5’-TTAATGCTAATCGTGATAGGGG-3’ 
  3’-(C)8AATTACGATTAGCACTATCCCC-5’ 

C12      5’-TTAATGCTAATCGTGATAGGGG-3’ 
  3’-(C)12AATTACGATTAGCACTATCCCC-5’ 

C20     5’-TTAATGCTAATCGTGATAGGGG-3’ 
 3’-(C)20AATTACGATTAGCACTATCCCC-5’ 

C30      5’-TTAATGCTAATCGTGATAGGGG-3’ 
  3’-(C)30AATTACGATTAGCACTATCCCC-5’ 

HP-C30      5’-TTAATGCTAATCGTGATAGGGGCGAGACAACGCTCTCTCGTTGTCTCG-3’b 
  3’-(C)30AATTACGATTAGCACTATCCCC-5’ 

SA-C30      5’-TTAATGCTAATCGTGATAGGGGAAAAAA-3’-biotin-steptavidin 
  3’-(C)30AATTACGATTAGCACTATCCCC-5’ 

a: The sequence of the sense strand originated from that of microRNA miR155.  
b: The sequence of 3’-hairpin domain came from a previous report (Mathe et al., 
2004) for a better comparison of the results.  

 
 

 

      We focused on the long block characterization. The long blocks persisted for 

430±16ms on average and should be formed by the dsDNA C30 as they did not 

appear when either strand of C30 alone was present. The long blocks can be 

classified into four types based on the current patterns (Figure 2-1b through e). 

Pattern I was characterized by three sequential current levels, Level 1 → Level 2 

→ Level 1’ (Figure 2-1b). Level 1 lasted for most of the block duration and almost 

fully reduced the conductance to 110±6 pS. At the end of Level 1, the current 

was discretely promoted to Level 2 at 490±21 pS for 810±83 μs; then dropped 

again to level 1’ with similar conductance to level 1. The current stayed at level 1’ 

for 180±20 μs before resuming to the full open state. The Pattern II (Figure 2-1c) 

27 
 



was identical to Pattern I blocks in Level 1 and Level 2 profiles. However, there 

was no Level 1’ in Pattern II. Instead, the current directly recovered to the full 

open state from Level 2, forming an “end-shoulder” pattern. In addition to multi-

conductance blocks, we also identified two types of single-conductance blocks, 

Pattern III (Figure 2-1d) and IV (Figure 2-1e). The Pattern III blocks showed 

identical conductance to Level 1 identified in Pattern I and II, whereas the Pattern 

IV blocks reduced the current to the unique Level 3 at 200±36 pS, which is 

significantly higher than the Level 1 conductance of all other current patterns 

(Figure 2-1b, c and d). 

 

 

 

 

 

Figure 2-1: Multiple characteristic current patterns in the αHL pore generated by dsDNA with 
an overhang. The DNA in this detection was C30 (Table 1). a. Spike-like short blocks; b 
through e. Long blocks classified as Pattern I (d), II (c), III (d) and IV (e). 

2.3.2 Specific molecular procedures and configurations revealed by current 

patterns.  

      We proposed that Pattern I is a signature of the following molecular 

procedure: as shown in Figure 2-2a, Level 1 is formed by a C30 captured in the 

pore with its overhang trapped in the β-barrel where the voltage pulls the 

overhang, inducing unzipping of the double-stranded domain of C30. Upon 

unzipping, the long strand carrying the overhang is thread through the pore from 

the trans mouth, whereas the short one temporarily halts in the wider nanocavity 
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of the pore, increasing the current to Level 2. When the short strand finally 

traverses the β-barrel, it reduces the pore current to Level 1’.  

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Models showing DNA configurations in the nanopore revealed by 
signature current patterns. Left, current patterns idealized from recordings in Figure 
2-1; right, molecular configurations and processes. a. Pattern I, unzipping of dsDNA 
and translocation of the short strand after unzipping; b. Pattern II, unzipping of 
dsDNA and release of the short strand back to the cis solution; c. Pattern III, return 
of dsDNA to the cis solution without unzipping; and d. dsDNA trapped in the 
opposite orientation and released to the cis solution without unzipping.       

      The occupancy of β-barrel is the key to discriminate this molecular procedure. 

The low conductance of Level 1 supported the configuration that a DNA complex 

such as hairpin (Mathe et al., 2004) and G-quadruplex (Shim and Gu, 2008) is 

trapped in the pore with the overhang occupying the β-barrel. In contrast, the 

partially blocked Level 2 is consistent with a configuration that an oligonucleotide 

resides in the nanocavity, rather than in the β-barrel (Maglia et al., 2008; Shim et 

al., 2009). The similar low conductance of Level 1’ and Level 1 suggested that 

Level 1’ is also associated with a ssDNA in the β-barrel.  
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Table 2-2: Voltage-dependent durations of Level 1, Level 2 and Level 1’ in the unzipping 
signature current pattern (Pattern I). 

 

Voltage (mV) ΤL1 (ms) ΤL2 (ms) ΤL1’ (ms) 

+100 432±16 0.81±0.08 0.18±0.06 

+150 27±5 0.89±0.12 0.13±0.05 

+180 13±2 1.1±0.1 0.12±0.02 
 

 

 

 

 

      The model for Pattern I was further evidenced by the voltage-dependent 

duration of each current level, τL1, τL2 and τL1’ (Table 2-2). τL1 is comparable to 

the time scales for DNA unzipping in the nanopore in earlier studies. For example, 

it needed ~440 ms to unzip a 50 bps dsDNA at +140 mV (Sauer-Budge et al., 

2003; Shim et al., 2009), and ~40 ms for a 10 bps DNA hairpin at +90 mV (Mathe 

et al., 2004). τ1 can be greatly shortened by 35 fold from 430 ms to 13 ms as the 

voltage increases from +100 mV to +180 mV, in agreement with a voltage-

enhanced unzipping process (Meller et al., 2001). Compared with τL1, τL2 slightly 

varies between 0.81-1.1 ms in the same voltage range. The independence of τL2 

to voltage is consistent with a ssDNA in the nanocavity because the voltage drop 

in this domain is small (10% of the applied voltage) (Howorka and Bayley, 2002). 

This is also consistent with our earlier finding that the unfolding of a G-

quadruplex DNA aptamer encapsulated in the nanocavity is independent to the 

voltage (Shim and Gu, 2008). τL1’ becomes voltage-dependent again. It can be 

shortened from 180±20 μs to 120±20 μs by increasing the voltage from +100 mV 

to +180 mV, supporting the voltage-dependent translocation of a single-stranded 

oligonucleotide (Meller et al., 2001).  
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      Because Level 2 and Level 1’ mark different configurations of the unzipped 

short strand of C30, it would be possible to regulate the properties of both current 

levels by altering the short strand structure. This hypothesis was verified through 

the following tests. When employing a modified C30, HP-C30 with a hairpin at 

the 3’-end of short strand (Table 2-1), we observed a novel type of three-level 

current pattern (Figure 2-3a). Its Level 1 and Level 2 were similar to C30’s 

Pattern I blocks in both conductance and duration (Figure 2-2a), consistent with 

the unzipping of HP-C30 and transference of the unzipped short strand from the 

nanocavity to the β-barrel. However, the duration of Level 1’ was drastically 

prolonged by 80 folds to 15±1.9 ms, compared to that of C30’s Pattern I blocks 

(Figure1-1b). The prolonged Level 1’ is in agreement with the unzipping of 

hairpin prior to threading in the β-barrel. When using another modified C30, SA-

C30 attached with a streptavidin at the 3’-end of the short strand (Table 2-1), we 

also observed a new multi-level current pattern (Figure 2-3b). Again, both the 

fully-blocked Level 1 and partially-blocked level 2 were similar to those in C30’s 

Pattern I blocks. However, the current was fixed at Level 1’ until it was forced to 

recover by a negative voltage. The “permanent” Level 1’ can be interpreted by 

that although the short strand of SA-C30 moves into the β-barrel after unzipping, 

its translocation is prevented by the attached large streptavidin. Overall, both 

detections with hairpin- and streptavidin-modified validated the unzipping model 

(Figure 2-2a) proposed for Pattern I blocks (Figure 2-1b).  
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       As the Pattern I blocks have elucidated, it became straightforward to 

understand the molecular procedures in other current patterns. The absence of 

Level 1’ in Pattern II (“end-shoulder” profile) can be explained by the short strand 

DNA confined in the nanocavity directly returns to the cis solution (Figure 2-2b), 

rather than traversing the β-barrel. Therefore, both Pattern I and II are signature 

current patterns that reveal the entire unzipping procedure including the 

movement of unzipped ssDNAs. Since Pattern III blocks feature a single current 

level, and its conductance is identical to Level 1 of both Pattern I and II blocks, 

we propose that this type of blocks is formed by the release of trapped C30 from 

the cis entry without unzipping (Figure 2-2c). The Pattern IV blocks with much 

higher Level 3 conductance is due to C30 in the opposite orientation with the 

blunt end in the nanocavity. In this orientation, the β-barrel was unoccupied, 

giving higher conductance (Figure 2-2c). Similar configurations and resulting 

partial blocks have been reported for short blunt-ended hairpins in the nanocavity 

(Vercoutere et al., 2003), short dsDNA covalently tethered to the nanocavity 

(Howorka et al., 2001b) and the G-quadruplex aptamer encapsulated in the 

nanocavity (Shim and Gu, 2008; Shim et al., 2009). Because no additional 

current change was observed following Level 3, we expected that C30 in this 

trapping orientation does not undergo unzipping (Mathe et al., 2005b; Sauer-

Budge et al., 2003).  
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Figure 2-3: Current patterns and configurations for unzipping of HP-
C30 and SA-C30 with engineered short strands. The sequences of the 
two DNAs were given in Table 1. a, HP-C30, C30 with a hairpin 
extended to the short strand 3’-end; and b, SA-C30, C30 with a 
streptavidin attached to the biotinylated 3’-end of the short strand.  

 

 

 

 

 

 

 

2.3.3 Characterization and regulation of DNA unzipping 

      Discrimination of signature current patterns provides a quantitative method 

for characterizing, and further regulating the unzipping of nucleic acids by factors 

such as the overhang length, voltage, and trapping directionality. To test this 

hypothesis, we designed a series of dsDNAs that possess a common double-

stranded complex attached with different overhangs. As shown in Table 2-1, 

these DNAs included C0, C8, C12, C20 and C30 (studied above). Their 

overhangs comprised 0, 8, 12, 20 and 30 deoxycytidines, respectively at the 3’-

terminal of the anti-sense strand. Figure 2-4a illustrated one configuration of 

these DNAs in the pore in which their overhangs occupy the β-barrel to different 

extents.  
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      C8, C12 and C20 were found to generate the same Pattern I, II, III and IV 

current blocks as C30 shown in Figure 2-1. C0 was different. We did not observe 

the Pattern I and II unzipping blocks for this DNA. Figure 2-4b analyzed the Level 

1 and Level 3 conductance of these current patterns. The Level 1 conductance 

for DNAs carrying an overhang (C8 through C30) was almost identical, ranging 

between 99-110 pS. This character indicated that their overhangs, long or short, 

are trapped in the β-barrel. Notably the overhang of C8 (~2.6 nm) is shorter than 

the distance between the cis opening and the top of the β-barrel (~4 nm). Thus, 

in order for the overhang to enter the β-barrel, the double-stranded domain in the 

DNA must be trapped in the nanocavity, rather than anchored at the cis opening 

(Sauer-Budge et al., 2003). The Level 3 conductance for these DNAs slightly 

varied between 200-260 pS, and was significantly higher than the Level 1 

conductance, suggesting that these DNAs can also be trapped in the opposite 

orientation with the blunt end entering the pore (Figure 2-2d). C0 only generated 

two single-level current patterns at 280±11 pS and 330±10 pS. Both conductance 

values were similar to that of Level 3 conductance for DNAs with an overhang, 

thus, they are probably associated with two trapping orientations, each with a 

blunt end trapped in the nanocavity. 

      Identification of signature current patterns allows for characterizing the 

fraction of each type of blocks. The calculation of fractions of different types of 

blocks is described below: 
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      The fractions of Pattern I and II (FI,II, unzipping), Pattern III (FIII) and Pattern 

IV (FIV) blocks, were measured from the ratio of the numbers of Level 1 (NL1) and 

Level 3 (NL3) blocks,  

31 / LL NNa         (S1) 

and the ratio of the numbers of unzipping (Nunzip) and no-unzipping (Nno-unzip) 

blocks,  

unzipnounzip NNb  /       (S2) 

a and b can be expressed using FI,II, FIII and FIV,  

IVIIIIII FFFa /)( ,        (S3) 

)/(, IVIIIIII FFFb        (S4) 

From Eq. S3, Eq. S4 and the condition 1,  IVIIIIII FFF , we obtained  

  )1/(1 aFIV 

)1/(1)1/(1 abFIII       (S5) 

)1/(, bbF III   

Eq. S5 was used to calculate FI,II, FIII and FIV in Figure 2-5. Values of a and b for 

the DNAs with different overhangs were given in Table 2-3.  

Table 2-3. Measured a and b for the DNAs with different overhangs. 

 C0 C8 C12 C20 C30 

21 / LL NNa   1.16 2.4±0.3 3.2±0.4 5.7±0.5 7.6±0.6 

unzipnonunzip NNb  /  0 0.10±0.02 0.44±0.05 1.2±0.1 1.7±0.2 
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      As shown in Figure 2-4c, the total fraction of Pattern I and II unzipping blocks 

(FI,II) progressively increased from 0 for C0 to 0.63 for C30, whereas the fraction 

of Pattern III (FIII) continuously decreased from 0.54 for C0 to 0.25 for C30 as the 

overhang lengthened. The FI,II and FIII results indicated an overhang length-

determined unzipping process. A longer overhang carries more charges, thus it 

can be pulled more intensively than a shorter overhang under the same electrical 

field in the pore (once the β-barrel is “full”, then change in field is the same, 

however, longer length represents entropic barrier to exit without unzipping). As a 

result, DNA with a longer overhang should demonstrate higher occurrence of 

unzipping (FI,II) and, in turn, a lower occurrence of diffusive escape without 

unzipping (FIII). Figure 2-4c also shows that a contiguous decrease in the fraction 

of Pattern IV blocks (FIV) with the overhang length. This character suggested that 

elongating overhang reduces the trapping occurrence in the “blunt end-in” 

orientation, and in turn increases the occurrence in the “overhang-in” orientation. 

The orientation preference can be explained as that the single-stranded 

overhang is narrower and more flexible than the double-stranded blunt end, thus 

being more favorable to the nanopore with a lower entrance resistance (Hille, 

2001). C0 is a dsDNA with both blunt ends. According to Figure 2-4c, C0’s FIII 

(0.55) and FIV (0.45) are similar, indicating that both blunt ends of C0 enter the 

pore with equal probability and there is no preference in trapping directionality. 

C0’s FI,II was 0, meaning that this DNA can not be unzipped in either trapping 

orientation. We noticed that the blunt-ended short DNA hairpins can be unzipped 

in previous studies (Vercoutere et al., 2001). The different observations between 
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the two studies may originate from the fact that C0 contains more base pairs (22 

bps) than the short hairpins (3-9 bps) used in the other study (Vercoutere et al., 

2001); thus, C0 should feature a longer unzipping time. When trapped in the 

nanocavity, the much weaker electrical field in this pore domain (10% of applied 

voltage) will cause a higher probability for C0 to diffusively escape before 

unzipping.  

      Characteristic current patterns have indicated two pathways for the dsDNA 

trapped in the nanopore, unzipping or returning to the cis solution (Figure 2-2). If 

Punzip and Preturn represent the unzipping and returning probabilities, their total 

should be 1. Since FI,II is the fraction of total unzipping events and FIII is the 

fraction of returning events, Punzip can be expressed as 

IIIIII

III
unzip FF

F
P




,

,        (1) 

Figure 2-4d shows Punzip values calculated from the fraction data in Figure 2-4c. 

We found that Punzip contiguously increased as the overhang elongated. The 

trend of Punzip can be fitted with the Boltzmann’s distribution,  

RTFVnnz

RTFVnnze /)( 5.0

unzip e
P /)( 5.01 

       (2) 

In this equation V is the voltage drop over the β-barrel, which is approximated as 

the applied transmembrane voltage (+100 mV). z is the charge valence in a 

nucleotide, n is the number of deoxycytidines in an overhang, thus zn represents 

the total charges carried by the overhang. n0.5 is the number of deoxycytidines at 

which the unzipping and returning probabilities are equal, i.e. Punzip = Preturn = 0.5 
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when n= n0.5. The Punzip values between C0 and C20 was fitted using Eq. 2. z 

was fitted to be -0.077, comparable to -0.1 in a previous study (Sauer-Budge et 

al., 2003). The low charge valence is consistent with the high salt concentration 

(1 M KCl) in recording solutions that effectively screen the negative charge on 

DNA phosphates. n0.5 was fitted to be 15.6, meaning that 15.6 deoxycytidines 

are needed in the overhang to drive the unzipping with a probability of Punzip = 

0.5 at +100 mV. Under this condition, the driving force zn0.5V/lβ for unzipping the 

double-stranded domain (22 base pairs) is 3.2 pN, where lβ is the length of β-

barrel (~6 nm (Song et al., 1996)). This force level is lower than theoretically 

predicted ~12 pN as the unzipping threshold force in the solution (Cocco et al., 

2001), suggesting it needs less force to unzip a DNA confined in the nanopore. 

Figure 2-4d also showed that the measured Punzip for C30 (0.71) was far lower 

than the fitted value (0.94) using DNAs with shorter overhangs. This is because 

the overhang of C30 (d(C)30, ~9.6 nm) is sufficiently long enough to occupy the 

entire β-barrel (~6 nm). Consequently, the driving force reaches its maximum 

and the unzipping probability stops increasing. 

      The voltage is another important unzipping regulator. We have measured that 

the ratio of total unzipping and non-unzipping blocks, FI,II/FIII,IV, for C30 increases 

from 1.7 to 3.7 as the voltage leveled up from +100 mV to +180 mV (Figure 2-5a). 

This voltage-dependent block ratio indicated that the voltage enhances the 

unzipping occurrence. We have known that the trapped DNA is either unzipped 

or returns to the cis solution. If kunzip and kreturn are rate constants for the two 

reactions, their ratio can be calculated as the ratio of fractions between unzipping 
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and returning events, IIIIIIreturnunzip FFkk // , . The rate constants are also related 

to the long block dura )returnktion τ, /(1 unzipk  . This is because in a kinetic 

pathway, the lifetime in any single state is the inverted sum of transition rates that 

lead away from the state. Overall, kunzip and kreturn can be calculated by  

)](/[ FFFk  ,, IIIIIIIIIunzip   and )](/[ FFFk , IIIIIIIIIreturn    (3) 

Figure 2-5 showed calculated kunzip unzip
-1 at 

 (4) 

We used Eq. 4 to fit the kunzip dat

 using C30 as the target. k  was 1.5 s

+100 mV, 25 s-1 at +150 mV and 61 s-1 at +180 mV, indicating the voltage-

enhanced unzipping rate constant for this. The voltage-dependent kunzip follows 

the Woodhull’s equation for a binary reaction (two-states),  

RTznVFekVk /)0()(       unzipunzip

a. The fitted zn was -1.21. Supposing the entire 

β-barrel (6 nm) can accommodate 8-12 nucleotides, i.e. n=8-12, the charge 

valence z should be 0.1-0.15. This z value is in agreement with the -0.077 

calculated from the overhang length-dependent unzipping probability (Figure 2-

5b). By extending the fitting curve to 0 mV, we obtained the unzipping rate 

constant in the absence of driving force, kunzip(0)=0.014 s-1.  
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Figure 2-4. Overhang length-regulated DNA unzipping properties. a. Models 
showing the configurations of DNAs in the nanopore for unzipping. DNAs were 
C0, C8, C12, C20 and C30, which contain 0, 8, 12, 20 and 30 deoxycytidine in 

 

the overhang attached to the 3’-end of the anti-sense strand (Table 1). b. 
Overhang length-dependent conductance of Level 1 occurred in the Pattern I, II 
and III blocks, and Level 3 in Pattern IV blocks. c. Fractions of different types of 
blocks generated by these DNAs. F1,II, the total fraction of Pattern I and II 
blocks (unzipping); F1II, Pattern III blocks; and F1V, Pattern IV blocks. d. 
Unzipping probability Punzip calculated from Eq.1. The data between C0 and 
C20 were fitted using Eq. 2. 
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      The nanopore as a single-molecule force spectroscope has been utilized to 

long blocks are due to 

explore the unzipping reactions of nucleic acids (Dudko et al., 2010; Nakane et 

al., 2004). In previous studies, the long blocks of duration 101-102 ms observed in 

the presence of dsDNA were considered as signals for the unzipping reaction. 

The block duration, or the unzipping time, was an effective parameter for 

unzipping characterization. By measuring the voltage- and temperature-

dependence of the block duration, the unzipping kinetics can be detected 

(Sutherland et al., 2004; Mathe et al., 2004, 2006; Dudko et al., 2007; 

Bockelmann and viasnoff, 2008; McNally et al., 2008; Zhao et al., 2008; Muzard 

et al., 2010; Sauer-Budge et al., 2003). In this report, we uncovered that these 

dsDNA-associated long blocks can be further classified. By using dsDNAs 

carrying an overhang as the model, we distinguished a series of characteristic 

current patterns, from single-conductance to multi-conductance blocks, each 

marking a specific molecular procedure or a configuration. Discrimination of 

these current patterns provides a tool to comprehensively explore molecular 

mechanisms of DNA in the nanopore, allowing for precise determination of 

kinetic pathways of these processes including unzipping.  

      Firstly, we clarified that not all the dsDNA-generated 

the unzipping reaction. Only current patterns featuring multiple sequential current 

levels, like Pattern I and II blocks in Figure 2-1, represent the occurrence of 

unzipping, whereas single-conductance current patterns including Pattern III and 

IV blocks reveal the release of DNA from the pore without unzipping. This 

mechanism is different from the hairpin unzipping which generates single-
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conductance long blocks. Once unzipped, the hairpin is transformed into an 

extended ssDNA. Thus, throughout the unzipping procedure, the β-barrel retains 

occupied and no distinguishable current variation can be detected. Secondly, the 

multi-conductance current patterns (Pattern I and II blocks) are markers of the 

entire unzipping procedure. The initial Level 1→Level 2 transition in these blocks 

demonstrates the time point at which the unzipping occurs; the following Level 2 

illustrates the molecular state in which the unzipped short strand temporarily 

halts in the nanocavity; and the final current jump from Level 2 to Level 1’ or to 

the full open level visualizes the motion pathway of the unzipped ssDNA, which 

leaves the pore from either the trans or cis opening. Thus, these sequentially-

occurred characteristic currents form a signature that can be used for recognizing 

the unzipping occurrence. Thirdly, the overhang attached to the dsDNA has been 

found to have at least two functions. By changing the nucleotide number of the 

overhang, we identified that the overhang is a determinant of the dsDNA trapping 

orientations. Earlier studies have identified the trapping directionality of ssDNA 

(3’- and 5’-threading) (Mathe et al., 2005a), and trapping preference of polyT, 

polyC and polyA (Purnell et al., 2008) based on the block conductance. The DNA 

with both blunt ends (without overhang) can enter the pore in both orientations 

with equal probability, whereas the overhang attached to the dsDNA becomes 

more favorable to the nanopore compared with the blunt end of DNAs. This 

trapping preference can be enhanced as the overhang lengthens. Thus, the 

overhang serves as a “trapping inducer” to increase the trapping probability. As 

the overhang is trapped in the β-barrel, the voltage will drive it to induce the 
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unzipping, and the unzipping probability will increase with the number of 

nucleotides in the overhang. Therefore the overhang also functions as an 

“unzipping enhancer”.  
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Figure 2-5. Voltage-dependent unzipping of C30. a. FI,II/FIII,IV-V curve. FI,II/FIII,IV is the ratio 
of fractions FI,II and FIII,IV, representing the ratio of total unzipping and non-unzipping blocks; 
b. Rate constant kunzip. kunzip was calculated using Eq. 3 and data was fitted using Eq. 4.  

 

      The ability to discriminate different molecular configurations in the nanopore 

is important to the construction of a biosensor with both selectivity and sensitivity. 

Using the “electrical marker” to separate the target signals from interfering 

signals will greatly enhance the detecting selectivity. In single molecule detection, 

the sensitivity is determined by the frequency of signature signal occurrence. We 

have shown in Figure 2-4 and 2-5 that the overhang length and trapping 

orientation can be used to control the unzipping occurrence. The overhang 

sequence is also a determinant of the unzipping efficiency. We have compared 

the ratio of total unzipping and non-unzipping block numbers at +100 mV, 

FI,II/FIII,IV, for dsDNA carrying overhangs of poly(dA), poly(dT) and poly(dC). 

FI,II/FIII,IV  is 0.5 for 30 deoxythymidines, and 0.8 for 30 deoxyadenosines. By 
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comparing, FI,II/FIII,IV significantly increases to 1.7 for 30 deoxycytidines (Table 2-

4). All these findings suggest that it is possible to engineer the overhang in order 

to achieve a high frequency of unzipping occurrence, thereby enhancing the 

sensitivity of single molecule detection. The engineered overhang can also be 

combined with other effective approaches to increase the sensitivity, such as 

increasing voltage, constructing desired charge profile lining the pore lumen 

(Maglia et al., 2008), and detecting in a salt concentration gradient (Wanunu et 

al., 2010). We are working in this direction, and recently we have applied the 

unzipping signatures in clinical detection of circulating microRNAs (Wang et al., 

2010), small regulating RNA molecules (Carthew and Sontheimer, 2009) that are 

recognized as potential biomarkers of cancers (Rosell et al., 2009b).  

 

Table 2-4: Voltage-dependent ratios of occurrences between unzipping and no-unzipping events. 

Voltage (mV)  Nunzip/Nnon-unzip  

 3
o
’-(dC)30 
verhang 

 ’-(dT)30 overhang 3’-(dA)30

overhang 
3

+100 1.7±0.3 0.80±0.12 0.50±0.11 

+150 2.0±0.2 n.a. n.a. 

+180 3.7±0.4 n.a. n.a. 
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2.4 Conclusions 
 

e uncovered a signature current pattern that can be used to       In this report, w

electrically track the entire unzipping process, from the time course of unzipping 

to the motion pathway of unzipped single-stranded DNA. With the signature 

signals, we can also distinguish the release of DNA without unzipping as well as 

DNA trapping directionality. Quantitative analysis of signature signals shows that 

the overhang of a DNA is more favorable to the nanopore compared to the blunt 

end. Therefore, the overhang is not only an unzipping driver, but also a controller 

of DNA trapping orientation, allowing for regulating the unzipping with 

programmable probability. Most notably the unzipping signature can act as a 

single-molecule marker for highly selective and sensitive biosensing. 
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CHAPTER 3 

NANOPORE-BASED DETECTION OF CIRCULATING MICRORNAS IN LUNG 

CANCER PATIENTS 

 
 
3.1 Introduction 

      MicroRNAs are important in development and cell differentiation and in the 

regulation of the cell cycle, apoptosis and signaling pathways (Carthew and 

Sontheimer, 2009; Inui et al., 2010). They regulate gene expression at the post-

transcriptional level and can either repress translation or cleave target 

messenger RNAs (Carthew and Sontheimer, 2009). Aberrant expression of 

microRNAs has been found in all types of tumours, including lung cancer 

(Garzon et al., 2009; Ortholan et al., 2009). Different types of cancers exhibit 

distinct microRNAs (Calin and Croce, 2006) that are released in a stable form 

from the primary tumour into the bloodstream (Mitchell and Howorka, 2008). 

Recent studies have shown that circulating microRNAs are enveloped inside 

exosomal vesicles and are transferable to and functional in recipient cells 

(Kosaka et al., 2010; Rabinowits et al., 2009). Therefore, the detection of tumour-

specific circulating microRNAs is useful for the early diagnosis, staging and 

monitoring of cancer (Rosell et al., 2009). 

      Reverse transcription real-time polymerase chain reaction (qRT-PCR) assays 

and microarrays have been developed for the detection of microRNA. However, 

these methods suffer from cross-hybridization, low selectivity and a lack of valid 

internal controls (Chen et al., 2005; Li and Ruan, 2009) because the shortness of 
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the microRNA sequences makes it difficult to design probes and primers. Other 

techniques based on colourimetry, bioluminescence, enzyme turnover and 

electrochemistry have been proposed. Nanoparticles, molecular beacons, deep 

sequencing (Hunt et al., 2009; Yendamuri and Kratzke, 2011) and single-

molecule fluorescence (Neely et al., 2006) have also been applied to microRNA 

detection with enhanced sensitivity and/or selectivity, but these methods either 

need improvements in versatility or require expensive instruments.  

The nanopore is a molecular-scale pore structure that confers great sensitivity 

to the position and conformation of a single molecule that binds to the pore 

lumen (Bayley and Jayasinghe, 2004). From the characteristic change in the 

nanopore conductance, one can electrically elucidate single-molecule kinetic 

pathways and quantify the target. Various nanopore sensors are being 

developed with broad biotechnological applications (Bayley and Jayasinghe, 

2004; Gu and Shim, 2010; Howorka and Siwy, 2009; Ma and Cockroft, 2010; 

Movileanu, 2009)), including the next generation of DNA sequencing technology 

(Bayley, 2006; Branton et al., 2008). The development of nanopore-based 

microRNA detectors is a novel effort in this rapidly evolving field (Wanunu et al., 

2010a). In this report, we propose a robust nanopore sensor that enables the 

sensitive, selective and direct quantification of cancer-associated microRNAs in 

the blood by discriminating single nucleotide differences in microRNA family 

members. 
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3.2 Materials and Methods  

      Oligonucleotides, including microRNAs and DNA probes, were synthesized 

and electrophoresis-purified by Integrated DNA Technologies. Before testing, the 

mixture of each microRNA and the probe were heated to 90°C for 5 min, 

gradually cooled to room temperature and stored at 4°C. RNase-free water was 

used to prepare the RNA samples. 

      Nanopore electric recording: The electrophysiology setup and methods for 

nanopore experiments have been detailed elsewhere (Shim et al., 2009). Briefly, 

the recording apparatus was composed of two chambers (cis and trans) that 

were partitioned with a Teflon film. The planar lipid bilayer of 1,2-diphytanoyl-sn-

glycerophosphatidylcholine (Avanti Polar Lipids) was formed spanning a 100-150 

um hole in the center of the partition. Both cis and trans chambers were filled 

with symmetrical 1 M KCl buffered with 10 mM Tris and titrated to pH 8.0. All 

solutions were filtered before use. Single α-hemolysin proteins were inserted into 

the bilayer from the cis side to form molecular pores. DNA and RNA 

oligonucleotides (Table 3-1) were synthesized and electrophoresis-purified by 

Integrated DNA Technologies, IA. Before testing, the mixtures of ssDNA probes 

and ssRNAs were heated to 90°C for 5 minutes, then gradually cooled down to 

room temperature and stored at 4°C.  

      Total RNA extraction from plasma: Peripheral blood samples were obtained 

from the University of Missouri Ellis Fischel Cancer Center with Institutional 

Review Board approval. Whole blood with the EDTA preservative was 

centrifuged at 1,600g for 10 min at room temperature and the plasma was 
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transferred to new tubes. Total RNAs containing microRNAs were extracted from 

350 ml of plasma using the mirVana PARIS Kit (Ambion) according to the 

manufacturer’s protocol. The final elution volume was 100 ml. 

Table 3-1: Sequences of studied microRNAs and their probes. 
 

mir-155 5’-UUAAUGCUAAUCGUGAUAGGGG-3’ 

    Pnt 5’-CCCCTATCACGATTAGCATTAA-3’ 

    P5’-C30 5’-C30-CCCCTATCACGATTAGCATTAA-3’ 

    P3’-C30 5’-CCCCTATCACGATTAGCATTAA-C30-3’ 

    P155 5’-C30-CCCCTATCACGATTAGCATTAA-C30-3’ 

Let-7a 5’-UGAGGUAGUAGGUUGUAUAGUU-3’ 

    Pa 5’-C30-AACTATACAACCTACTACCTCA-C30-3’ 

Let-7b 5’-UGAGGUAGUAGGUUGUGUGGUU-3’ 

    Pb 5’-C30-AACCACACAACCTACTACCTCA-C30-3’ 

Let-7c 5’-UGAGGUAGUAGGUUGUAUGGUU-3’ 

    Pc 5’-C30-AACCATACAACCTACTACCTCA-C30-3’ 

miR-39 5’-UCACCGGGUGUAAAUCAGCUUG-3’ 

    P39 5’-C30-CAAGCTGATTTACACCCGGTGA-C30-3’ 

 

      Normalization of the nanopore and qRT-PCR data using spiked-in C. Elegans 

microRNA miR-39 as control: We introduced spiked-in synthetic microRNA as 

control to validate the nanopore sensor’s capability of detecting microRNA in 

human samples. The spiked-in RNA oligonucleotide in the detection matches the 

sequence of C. Elegans miR-39, a microRNA that is absent in the human 

genome. About 3.5 ml of 1 nM synthetic miR-39 solution was introduced to each 

350 ml plasma sample after the addition of 2× denaturing solution (mirVana 

PARIS Kit) to plasma; thus, the miR-39 concentration in plasma was 10 pM. The 

denaturing solution prevents RNAs from degradation by inhibiting endogenous 
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plasma RNases. For each sample, both miR-155 and spiked-in miR-39 were 

measured using the nanopore sensor and SYBR Green-based qRT-PCR. In 

nanopore detection, the probes for miR-155 and miR-39 were P155 and P39. We 

first measured the signature event frequencies, f155 and f39, of hybrids miR-

155·P155 and miR-39·P39, respectively. The variability of f39 reflects the 

difference in miR-39 concentrations among samples after RNA extraction. 

Therefore, the ratio of the two frequencies, f155/f39, should eliminate this 

variability. Finally, the mean f155/f39 ratio of six normal samples was used as the 

standard to calculate each sample’s relative miR-155 level.  

 

3.3 Results and Discussion  

3.3.1 Generation of microRNA signatures in the nanopore.  

      We used the α-hemolysin protein pore as the sensor element. The 

translocation of single-stranded oligonucleotides through this 2-nm pore has 

been studied extensively (Kasianowicz et al., 1996; Akeson et al., 1999; Meller et 

al., 2000, 2001; Mitchell and Howorka, 2008). However, it is difficult to distinguish 

the translocation of different microRNAs because the sequences of all 

microRNAs are short and similar in length (~18-22 nucleotides). One way to 

overcome this challenge is the use of a signature that can discriminate the target 

microRNA in the mixture. We identified such a microRNA signature signal in the 

nanopore using an oligonucleotide probe (Nakane et al., 2004; Vercoutere et al., 

2001; Mathe et al., 2004; Sauer-Budge et al., 2003).  
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      The probe structure is shown in Figure 3-1a. The capture domain of the 

probe was used to bind the target microRNA in the solution. Each end (3’ and 5’) 

of the capture domain was extended with a poly(dC)30 signal tag. Figure 3-1b 

illustrates a sequence of nanopore current events in the presence of microRNA 

miR-155 (Donnem et al., 2011; Rosell et al., 2009) and its probe, P155, on the cis 

side of the pore. The boxed events represent a characteristic type of multi-level 

block that was generated by the miR-155•P155 hybrid. This block type was not 

observed in the presence of miR-155 or P155 alone in the cis solution. In a multi-

level block (Figure 3-1c), Level 1 lasted for 250±58 ms (Figure 3-2a), which is 

almost equal to the entire event duration, and greatly reduced the nanopore 

current, with a relative residual conductance (g/g0) of 0.15. Level 1 was followed 

by a discrete current increase to Level 2, which persisted for 410±20 μs, with a 

g/g0 of 0.42. Finally, the current discretely dropped to Level 3 and remained there 

briefly for 270±30 μs before returning to the full open level. Similar to Level 1, 

Level 3 almost fully reduced the pore current, with a g/g0 of 0.08. The right panel 

in Figure 3-1c depicts the molecular configurations that corresponded to the 

multi-level block. The amplitude and duration of Level 1 were consistent with a 

configuration in which the miR-155•P155 complex was trapped in the nanopore at 

the 2.6-nm cis opening, with either the 3’ or 5’ signal tag of P155 occupying the 

1.6- to 2.0-nm β-barrel. Driven by the transmembrane voltage, the signal tag in 

the β-barrel induced the dissociation of miR-155•P155. The dissociation time (the 

duration of Level 1) was comparable to previously reported time scales for DNA 

unzipping in the pore (Mathé et al., 2004; Sauer-Budge et al., 2003).  

55 
 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1: Capturing single microRNA molecules in the nanopore. a, Molecular diagram of a 
microRNA (red) bound to a probe (green) bearing signal tags on each end. b, A sequence of 
nanopore current blocks in the presence of 100 nM miR-155 and 100 nM P155 in the cis 
solution. Traces were recorded at +100 mV in solutions containing 1 M KCl buffered with 10 
mM Tris (pH 8.0). Red boxes represent the multi-level current pattern. c, Multi-level long block 
(from a) at +100 mV generated by the miR-155•P155 hybrid. Right: diagram showing the 
mechanism of translocation. Level 1 indicates the trapping of the microRNA•probe hybrid in 
the pore, the unzipping of the microRNA from the probe and the translocation of the probe 
through the pore; Level 2, the unzipped microRNA residing in the nanocavity of the pore; 
Level 3, the translocation of the unzipped microRNA through the pore. Lower: multi-level 
blocks at +150 mV and +180 mV. Increasing the voltage reduced the duration of Level 1 and 
Level 3, which supports the above mechanistic model. d, A single-level block (from a) 
generated by a trapped mir-155•P155 hybrid that exited the pore from the cis entrance without 
unzipping. e, A spike-like short block generated by the translocation of unhybridised miR-155 
or P155 from the cis solution. 
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      After unzipping, P155 left the pore through the narrower (trans) opening, and 

Level 1 was terminated. Level 2 featured a large residue conductance, which 

corresponded to a configuration in which mir-155 unzipped from miR-155•P155 

temporarily resided in the nanocavity. This result is consistent with earlier reports 

that an oligonucleotide trapped in the nanocavity can generate partial blocks 

(Maglia et al., 2008; Shim et al., 2009). The MiR-155 in the nanocavity finally 

passed through the β-barrel to yield the short-lived Level 3. The duration of Level 

3 (270 μs) was consistent with the translocation duration of mir-155 alone (220 

μs) and the time scale for DNA or RNA translocations in previous studies 

(Kasianowicz et al., 1996; Butler et al., 2006).  

      The molecular mechanism described above was further evidenced by the 

voltage-dependent durations of Levels 1 and 3. Level 1 was shortened by 23-fold 

to 11 ms and Level 3 by 2-fold to 150 μs as the voltage increased from +100 mV 

to +180 mV (Figure 3-1c), which indicated that the voltage both enhanced the 

unzipping of miR-155•P155 and accelerated the translocation of miR-155 (Meller 

et al., 2001; Wang and Gu, 2011). After the electrical recording, we also 

identified miR-155 in the trans solution using RT-PCR (data not shown), which 

supports the hypothesis that the microRNA unzipped from a microRNA• probe 

hybrid can translocate to the trans side of the pore. 

      The miR-155•P155 hybrid also produced single-level long blocks that had 

similar conductances (g/g0=0.15) to Level 1 of the multi-level block (Figure 3-1d). 

The single-level block was formed by the trapped miR-155•P155 complex that 
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returned to the cis solution without unzipping (Mathé et al., 2005; Sauer-Budge et 

al., 2003).  

      The frequency ratio of multi-level to single-level events monotonically 

increased with the voltage, from 0.42 at +100 mV to 1.4 at +180 mV (Table 3-2). 

This voltage-dependent frequency variation was consistent with the observation 

that higher voltage increased the unzipping probability of miR-155•P155 and 

decreased its escaping probability.  

Table 3-2. Frequencies of mult-level long events, single-level long events and short 
translocation events in the presence of miR-155 and P155. 

 fmulti (s
-1) fsingle (s

-1) fmulti / fsingle ftransl (s
-1) 

+100 mV 4.2±0.6 10±1 0.42 8.5±1.8 

+150 mV 45±8 49±4 0.91 50±5 

+180 mV 77±13 53±2 1.4 84±13 

fmulti : frequency of multi-level long events; fsingle: frequency of single-level long events; 
ftransl : frequency of short translocation events. 100 nM miR-155 and 100 nM P155. 

      

      In addition to the characteristic long events, we also observed spike-like short 

blocks in the same recordings (Figure 3-1e). Both their duration (220±21 μs) and 

conductance (g/g0=0.16) were similar to the translocation of unhybridised miR-

155 (220 μs) and the P155 (160 μs) present in the cis solution. The histogram of 

different block durations are shown in Figure 3-2.  
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Figure 3-2. Histograms of block durations. a. Signature blocks generated by the mir-
155•P155 hybrid. b. The short Level 3 state in the signature block. c. and d. Short 
blocks by translocation of miR-155 (c) and P155 (d) alone. Data was obtained from 
current traces recorded in 1 M KCl at +100 mV.  

      

 

 

       The above analysis indicated two important functions performed by the 

signal tag of the probe: the guidance of the microRNA•probe complex 

entrapment in the pore and the inducement of the dissociation of the 

microRNA•probe complex. The configuration change during unzipping gave rise 

to the signature current patterns, which enabled the recognition of single target 

microRNA molecules. Because of the probe’s specificity, the frequency of the 
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signature signal (fsig) was independent of the presence of multiple nucleic acids 

such as of Let-7a and of Let-7b components.  Therefore, the frequency of the 

signature signal (fsig) could be used to quantify the target microRNA in the 

mixture. Overall, the signature signal ensured the high selectivity that is required 

for microRNA detection in plasma RNA extract.  

 

3.3.2 Quantification of microRNA using probes with optimized sequences.  

      The frequency of signature events can be used to quantify microRNA by the 

equation fsig = kon [miR]0, where [miR]0 is the microRNA concentration and kon is 

the occurrence rate constant of signature events. kon is a key determinant of 

quantification sensitivity and can be vastly improved by the optimisation of the 

probe structure. Figure 3-3a shows that the probe without the signal tag (Pnt) 

gave the lowest kon at 2.8±0.6104 M-1s-1. kon tripled to 6.8±1.3104 M-1s-1 when 

the probe was attached to a poly(dC)30 tag at the 5’ end (P5’-C30). However, kon 

was vastly increased by 50-fold to 1.4±0.3106 M-1s-1 when the poly(dC)30 tag 

was attached to the 3’ end (P3’-C30). This orientation discrimination of single-

stranded oligonucleotides in the nanopore is consistent with previous studies 

(Mathé et al., 2005; Butler et al., 2006; Purnell et al., 2008). As expected, the 

P155 probe that contained both 3’ and 5’ poly(dC)30 achieved the highest kon at 

2.0±0.2106 M-1s-1. In addition to the tag directionality, kon is also dependent on 

the tag length. For example, the poly(dC)30 tag showed much higher efficiency in 

the generation of signature events than a shorter tag, such as poly(dC)8, and 

was more efficient than poly(dA)30 and poly(dT)30 tags (unpublished data). Using 
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P155 as the probe, we verified that the frequency of the signature event was 

proportional to the miR-155 concentration range from 10 to 100 nM (Figure 3-3b). 

This correlation was measured at +100 mV in 1 M KCl. The frequencies in any 

two miR-155 concentrations, such as 10 and 25 nM, were significantly separated 

(p<0.005). Wanunu et al. (2010b) have reported that a gradient of salt 

concentration across a synthetic nanopore vastly increased the capture rate of 

dsDNA. Also, the use of an engineered nanopore (Maglia et al., 2008) proved 

effective in increasing the event frequency for high sensitivity. In addition we 

have shown here that the application of high voltage also can increase the 

capture rate. The voltage-dependent frequency of mir-155•P155 signature events 

is shown in Figure 3-3c.  
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Figure 3-3. Enhancing the detection sensitivity by optimising the probe sequence. a. Left, 
current traces showing the frequency of signature events for miR-155 hybridised to the 
probes P5’-C30 (top), P3’-C30 (middle) and P155 (bottom), monitored at +100 mV in 1 M KCl. 
Right, the occurrence rate constant of the signature events for miR-155 detection with 
different probes. The results using any two probes were statistically significant (p<0.005); b. 
the [miR-155] - f155 correlation for target concentration ranges between 10 and 100 nM. The 
results of detections in any two miR-155 concentrations were statistically significant (p<0.01). 
c. Voltage-dependent frequency of mir-155•P155 signature events. Data was obtained from 
current traces recorded in 1 M KCl with 10 (□) and 25 (�) nM mir-155 in the presence of 100 
nM P155. 
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3.3.3 Discrimination of single nucleotide differences between microRNAs. 

      Among the over 800 human microRNAs that have been identified, many 

members of the same family possess similar sequences or single nucleotide 

polymorphisms (SNPs). The SNPs are associated with significant biological 

properties of cancers, such as susceptibility, prognosis, and the response to 

therapeutic agents (Cho, 2009). However, sequence-similar microRNAs or SNPs 

are difficult to distinguish using current PCR or hybridisation-based methods 

(Chen et al., 2005; Hunt et al., 2009; Li and Ruan, 2009). Because dsDNAs that 

contain a single nucleotide mismatch are identifiable in the nanopore based on 

their unzipping time (Howorka et al., 2001; Nakane et al., 2004; Sauer-Budge et 

al., 2003; Vercoutere et al., 2001), we decided to study whether the nanopore 

could discriminate single nucleotide differences in microRNA family members.  

      We selected the Let-7 tumour-suppressing microRNA family (Calin and 

Croce, 2006; Garzon et al., 2009; Ortholan et al., 2009) as the target. Let-7 is 

down-regulated in lung cancer and, therefore, is useful as a biomarker and 

potential therapeutic agent (Landi et al., 2010). Let-7a and -7b each contain two 

different nucleotides (see sequences in Table 3-1), and their probes were Pa and 

Pb, respectively. The hybrids let-7a•Pa and let-7b•Pb were fill-matched, but let-

7b•Pa and let-7a•Pb contained 2 mismatches. Figure 3-4a shows that the 

unzipping time, τsig, at +120 mV decreased 3.2-fold from let-7a•Pa (155±28 ms) 

to let-7b•Pa (48±11 ms) (p<0.005) and 6.9-fold from let-7b•Pb (165±47 ms) to let-

7a•Pb (24±2 ms) (p<0.005) (Figure 3-4a). Similarly, Let-7a and -7c each 

contained only one different nucleotide. Figure 3-4b shows that when using Pa 
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and Pc to target Let-7a and -7c, respectively, at +100 mV, τsig decreased 2.4-fold 

from let-7a•Pa (303±45 ms) to let-7c•Pa (124±39 ms) (p<0.005) and 2.0-fold from 

let-7c•Pc (342±49 ms) to let-7a•Pc (179±38 ms) (p<0.005), respectively. The 

duration of signature events for fully-matched microRNA•probe hybrids and that 

with mismatches are shown in Table 3-3. 

      Based on receiver operating characteristic (ROC) curves (Figure 3-4c), we 

measured the area under the ROC curve (AUC, Figure 3-4d), which is an 

indicator of the ability to discriminate nucleotide differences between microRNAs. 

The AUCs varied between 0.72 and 0.83 and increased with the ratio of event 

duration between fully-matched hybrids and mismatches. This duration ratio-

dependent AUC was further verified through simulation (Figure 3-4d). The ROC 

analysis strongly suggested the possibility of the discrimination of SNPs in 

microRNAs based on the duration of signature events. This discriminatory ability 

was tested in a mixture of 100 nM Let-7a and Let-7b and probed with Pa. Based 

on the AUCs, the optimal cut-point (OCP) duration was calculated to be ~190 ms, 

which was the threshold duration that provided the best discriminatory ability. 

Block events that were longer than the OCP occurred for Let-7a•Pa, and events 

that were shorter than the OCP occurred for Let-7c•Pa. The numbers of events 

were transformed into the concentrations of Let-7a and Let-7c, which were 85 nM 

and 120 nM, respectively. Both concentrations varied 15-20% from the real 

concentration (100 nM).  
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Figure 3-4. The differentiation of let-7 microRNAs containing one or two different nucleotides. 
The sequences of let-7a, -7b, and -7c are provided in Table 3-1. a, The detection of let-7a 
and let-7b using the probe Pa or Pb at +120 mV. Left, current traces. Right, the signature 
event duration. b, The detection of let-7a and -7c using the probe Pa or Pc at +100 mV. Left, 
current traces. Right, the signature event duration. c, Receiver operating characteristic 
(ROC) curves for the discrimination of events for fully-matched microRNA•probe hybrids 
(defined as positive events) and probes containing mismatches (defined as negative events). 
□: let-7a•Pa / let-7b•Pa, ○: let-7b•Pb / let-7a•Pb, ■: let-7a•Pa / let-7c•Pa, and ●: let-7c•Pc / let-
7a•Pc. d, Correlations between the areas under the ROC curves (AUCs) and the ratio of 
event duration for fully-matched hybrids versus mismatches. ●: AUCs measured from the 
ROC curves in panel c (Table 3-4), ○: AUCs calculated from ROC analyses based on 
simulated datasets (Figure 3-5 and Table 3-5). The computer-generated event duration 
followed an exponential distribution. The ratios of event duration for the ROC analysis were 
1, 2, 3, 4, 5 and 10. 
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Table 3-3: Durations of signature events for fully-matched microRNA•probe hybrids and 
that with mismatches. 

 

microRNA•Probe let-7a•Pa let-7b•Pa let-7b•Pb let-7a•Pb 

τsig (ms) 

at +120 mV 

155±28 

(n=7) 

48±11 

(n=7) 

165±47 

(n=6) 

24 ± 2 

(n=5) 

p-value <0.005 <0.005 

microRNA•Probe let-7a•Pa let-7c•Pa let-7c•Pc let-7a•Pc 

τsig (ms) 

at +100 mV 

303±45 

(n=6) 

124±39 

(n=4) 

343±49 

(n=6) 

179±38 

(n=4) 

p-value <0.005 <0.05 

 

Table 3-4: Areas under ROC curves (AUC) for separation of microRNAs with one nucleotide 
difference (let-7a and let-7c) and with two nucleotide difference (let-7a and let-7b). 

 let-7a•Pa let-7b•Pb   let-7a•Pa let-7c•Pc 

let-7b•Pa 0.75 n.a.  let-7c•Pa 0.73 n.a. 

let-7a•Pb n.a. 0.83  let-7a•Pc n.a. 0.71 

 

      The receiver operating characteristic (ROC) curve is a plot of the true positive 

rate (sensitivity) against the false positive rate (1-selectivity) for the different 

possible cutoff points that separate the entire duration distribution into the 

positive and negative components. In the microRNA detection, the events for 

fully matched microRNA•probe hybrids were denoted as “positive”, and that for 

mismatched hybrids as “negative”. The separation accuracy was measured by 

the area under the ROC curve (AUC). An AUC of 1 represents a perfect 

separation; an area of 0.5 represents no separation ability. AUC was analyzed 
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online using free software at the website:……………………………………………... 

http://www.rad.jhmi.edu/jeng/javarad/roc/JROCFITi.html 

 

 

 
 

Table 3-5: Areas under ROC curves (AUC) and optimal cutoff point (OCP) at various 
duration ratio and event number ratio. 

τP/τN 
(s/s)  

1/1 2/1 3/1 4/1 5/1 10/1 

AUC 0.51 0.72 0.73 0.76 0.78 0.93 

OCP n.a. 1.33 1.74 1.88 1.98 2.18 

NP/NN  200:800 200:400 200:200 200:150 200:100 200:50 

AUC 0.83 0.81 0.76 0.76 0.79 0.78 

OCP 1.88 1.88 1.85 1.79 1.81 1.97 

Figure 3-5: Simulation on separation of fully-match (positive) and mismatch 
(negative) events based on event duration. a. ROC curves at various duration ratios. 
There were 400 events of both types participating in the analysis; b. ROC curves at 
various event number ratios of the two type of events. The duration ratio τP/τN= 3. 
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      Both AUC and OCP were calculated from the ROC curves shown in Figure 3-

5. OCP is a cutoff duration at the maximal value of the Youden index. The 

Youden index is defined as {sensitivity+selectivity-1}, calculated from the ROC 

curve, and range between 0 and 1. A cutoff duration leading to complete 

separation of long and short duration distribution results in the Youden index =1, 

whereas complete overlap gives the Youden index = 0. The cutoff duration value 

that returns the maximum of the Youden index, i.e. “optimal” cutoff point (OCP) 

(Greiner et al., 2000 Preventive Veterinary Medicine 45, 23-41) gives the most 

accurate separation. In Table 3-5, the  τP  / τN is the duration ratio of the “positive” 

and “negative” datasets. Each dataset contained 200 exponentially-distributed 

duration values. The dataset with a longer mean duration was denoted as 

“positive”; the shorter one as “negative”. NP / NN: the event number ratio in the 

“positive” (NP) versus the “negative” dataset. τP  / τN was 5 in this simulation.  

 

3.3.4 Detection of microRNA levels in lung cancer patients.  

      Lung cancer is the leading cause of cancer mortality in men and women 

worldwide and is responsible for approximately 1.2 million deaths each year 

(Silvestri et al., 2009). Because there is no valid screening procedure available, 

more than 70% of patients are diagnosed at advanced stages, with a 5-year 

survival rate of less than 15% (Silvestri et al., 2009). The development of new 

methods for early diagnosis is critically needed to save lives in lung cancer 

patients. Using microarray and qRT-PCR methods, distinct microRNA expression 

profiles can be revealed in normal and lung cancer tissues (Chen et al., 2005; 
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Hunt et al., 2009; Li and Ruan, 2009). Over 100 microRNAs are dysregulated in 

lung cancer (Calin and Croce, 2006; Garzon et al., 2009; Kosaka et al., 2010; 

Mitchell et al., 2008; Ortholan et al., 2009; Rabinowits et al., 2009; Rosell et al., 

2009). High levels of miR-155 and low levels of let-7a-2 correlate with 

significantly poor prognoses and shorter survival times in lung cancer patients 

(Patnaik et al., 2010; Yanaihara et al., 2006). 

      We detected plasma miR-155 in lung cancer patients using a prototype of the 

nanopore sensor. Peripheral blood samples were obtained from six lung cancer 

patients and six healthy volunteers after local IRB approval. Total plasma RNAs, 

which contained microRNAs, were extracted from 350 µl of each plasma sample 

using a mirVana PARIS Kit (Ambion, Austin, TX), with a final elution volume of 

100 µl. The elution volumes were then divided into two 50-µl aliquots for the 

nanopore and RT-PCR assays (Shi and Chiang, 2005). One aliquot was mixed 

with the recording solution that contained the P155 probe. The nanopore current 

retained a low level of noise even in the presence of plasma samples, and 

distinct short and long blocks (marked with red arrows) were indentified in both 

the control (Figure 3-6a,c) and lung cancer groups (Figure 3-6b,d). The 

characteristic long blocks of miR-155 shared the same current profile and 

properties with the synthetic miR-155 RNA (Figure 3-1). In the absence of P155, 

no long blocks were observed (Figure 3-6a,b), but short blocks were observed as 

a translocation of single-stranded oligonucleotides, such as free microRNAs. One 

reason for the identification of more short events in the presence of P155 (Figure 

3-6a,b) than in the absence of P155 (Figure 3-6c,d) is that the DNA probe (P155) 
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translocation rate was 8.4 times higher than that of the microRNAs. Overall, the 

characteristic long blocks could be attributed to miR-155•P155 hybrids and served 

as signatures for the identification of single molecules of miR-155.  

      The frequencies of miR-155 signature events (f155) for all the samples in the 

lung cancer and control groups were measured in the presence of spiked-in 

synthetic C. elegans microRNA miR-39. Figure 3-6e shows that all of the f155 

values in the lung cancer group were higher than those in the control group 

(p<0.001). However, Figure 3-6f indicates that the frequencies of spiked-in miR-

39 events (f39) were independent of the samples (p>0.01). To evaluate the 

variability during sample preparation, the ratio f155/f39 was used to normalise the 

assays. Figure 3-6g shows that the mean f155/f39 in the lung cancer group 

(0.62±0.06) was significantly higher than the f155/f39 in the control group 

(0.24±0.05) (p<0.001). The Levels of miR-155 and spiked-in miR-39 in human 

plasma samples detected by the nanopore sensor are shown in Table 3-6. 

      The relative levels of miR-155 that were measured with the nanopore were 

further compared using the qRT-PCR method (Figure 3-6h). Collectively, the 

mean level of mir-155 was increased 2.6-fold in the lung cancer group compared 

to the control group as measured by the nanopore sensor (p< 0.001), but a 4.3-

fold increase was obtained using the qRT-PCR method (p<0.02). The latter 

method had a greater variability. Therefore, although both the nanopore and 

qRT-PCR assays indicated a significant elevation of miR-155 in lung cancer 

patient samples, the nanopore method demonstrated higher accuracy with no 

requirement for labeling or amplification (Figure 3-6h).  
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Figure 3-6: The detection of miR-155 in the plasma of lung cancer patients. a through d, The 
signature events found in current traces for total plasma RNAs from healthy volunteers (a) 
and lung cancer patients (b) in the presence of 100 nM P155 probe. No signature events were 
observed in the absence of P155 (c and d). The traces were recorded in 1 M KCl at +100 mV. 
e, The frequencies of miR-155 signature events (f155) from six healthy individuals (#1 to #6) 
and six patients with lung cancer (#7 to #12) in the presence of spiked-in synthetic miR-39. f, 
The frequencies of miR-39 signature events detected using P39 (sequence in Table 3-1) from 
all the samples that were used in e. Each sample was measured n times (n≥4) using 
independent nanopores. The data are displayed as means±SD. g, f155/f39 calculated from 
panels e and f. h, Box and whiskers plots of the relative miR-155 levels in the healthy and 
lung cancer groups measured with the nanopore sensor and qRT-PCR. The boxes mark the 
intervals between the 25th and 75th percentiles. The black lines inside the boxes denote the 
medians. The whiskers denote the intervals between the 5th and 95th percentiles. The filled 
circles indicate data points outside of the 5th and 95th percentiles. 
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Table 3-6: Levels of miR-155 and spiked-in miR-39 in human plasma samples detected 

by the nanopore sensor. 
 

Sample # f155 (min-1) f39 (min-1) f155 / f39 Relative miR-
155 level a 

 1 0.67±0.04 2.29±0.34 0.292 1.22 

 2 0.50±0.13 2.62±0.33 0.192 0.80 

 3 0.62±0.09 2.65±0.25 0.236 0.99 

Normal 4 0.61±0.12 2.35±0.29 0.258 1.08 

 5 0.68±0.15 2.95±0.20 0.230 0.97 

 6 0.70±0.06 3.14±0.35 0.224 0.94 

   (Mean) a 0.239 1 

 7 1.63±0.15 2.75±0.44 0.593 2.49 

 8 1.62±0.14 2.58±0.57 0.627 2.63 

Lung 9 1.71±0.16 2.52±0.21 0.675 2.83 

cancer 10 1.74±0.18 2.76±0.38 0.633 2.65 

 11 1.69±0.16 2.57±0.25 0.658 2.76 

 12 1.39±0.11 2.74±0.12 0.507 2.12 

   (Mean) 0.615 2.57 

a: Relative miR-155 level was obtained by normalizing each sample’s f155 / f39 to 
the mean f155 / f39 of the normal samples 1-6, which was 0.239 as highlighted in 
the table.  

 

3. 4 Conclusions 

      In conclusion, we designed an oligonucleotide probe to generate the 

signature signal in a nanopore system for the direct and label-free detection of a 

target microRNA in a fluctuating background, such as a plasma RNA extract. 
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This nanopore method can be optimised by the incorporation of unnatural 

compounds, such as locked nucleic acids (LNA) and peptide nucleotide acids 

(PNA) (Kloosterman et al., 2006; Neely et al., 2006), into the probe sequence to 

enhance both specificity and sensitivity. During the preparation of this paper, 

Wanunu et al. (2010a) also reported utilising a 3-nm synthetic pore to quantify 

the translocation of enriched microRNAs that were hybridised to the probe. This 

strategy can be adapted to fabricate nanopore arrays (Kim et al., 2006) for 

microRNA profiling. We speculate that an ideal nanopore device in the future 

would integrate the protein pore in a synthetic nanopore system with the 

advantages of both, as reported recently (Hall et al., 2010). Overall, the nanopore 

method could prove a useful tool for quantitative studies of microRNAs and the 

discovery of disease markers. Once the microRNA markers are established, this 

approach will have the potential for the noninvasive screening and early 

diagnosis of diseases, such as cancer. 

 

Note: This chapter was modified from a published work by: Yong Wang, Dali 

Zheng, Qiulin Tan, Michael X. Wang & Li-Qun Gu. Nanopore-based detection of 

circulating microRNAs in lung cancer patients. Nature Nanotechnology 6, 668–

674, (2011).………………………………………………………..………………………
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CHAPTER 4 

FUTURE DIRECTIONS 

4.1 Introduction  

      MicroRNAs are a class of short (~18-22 nucleotides) non-coding RNAs that 

are important in development and cell differentiation and in the regulation of the 

cell cycle, apoptosis and signalling pathways (Carthew and Sontheimer, 2009; 

Inui et al., 2010). By either repressing translation or cleaving the target 

messenger RNA (Diederichs and Haber, 2007; Bartel, 2009), these microRNAs 

regulate approximately 30% of human gene expression (Bartel, 2004, 2009; 

Diederichs and Haber, 2007) at the post-transcriptional level. Aberrant 

expression of microRNAs has been found in all types of tumours (Garzon et al., 

2009; Ortholan et al., 2009), and different types of cancers exhibit distinct 

microRNAs profiles. MicroRNAs can be released from the primary tumour into 

the bloodstream in a stable form. Circulating microRNAs are enveloped inside 

exosomal vesicles and are transferable to and functional in recipient cells 

(Rabinowits et al., 2009; Rosell et al., 2009; Kosaka et al., 2010). Therefore, the 

detection of tumour-specific circulating microRNAs is useful for the early 

diagnosis, staging and monitoring of cancer (Mitchell et al., 2008; Rabinowits et 

al., 2009; Rosell et al., 2009; Kosaka et al., 2010).  

      The nanopore is a molecular-scale pore structure that is able to detect the 

position and conformation of a single molecule in the pore with great sensitivity12. 

From the characteristic change in the nanopore conductance, one can electrically 
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elucidate single-molecule kinetic pathways and quantify the target. Various 

nanopore sensors are being developed with broad biotechnological applications 

(Bayley and Jayasinghe, 2004; Howorka and Siwy, 2009; Movileanu, 2009; Gu 

and Shim, 2010; Ma and Cockroft, 2010; Olasagasti et al., 2010), including the 

next generation of DNA sequencing technology (Bayley, 2006; Branton et al., 

2008). The development of nanopore-based microRNA detectors is a novel effort 

in this rapidly evolving field, and Wanunu et al. (2010a) first reported utilising a 3-

nm synthetic pore to quantify the translocation of enriched microRNAs that were 

hybridised to the probe.  

      Single-nucleotide polymorphisms (SNPs) among microRNA have big effects 

on cancer (Song and Chen, 2011). The SNPs are associated with significant 

biological properties of cancers, such as susceptibility, prognosis and response 

to therapeutic agents.  The difference of the unzipping time between microRNA 

family members with SNA was identified in a nanopore sensor (Wang et al., 

2011).  

 

4.2: Future Directions 

      Utilizing a biological nanopore, clinically-relevant miRNA-155 was detected in 

blood samples and miRNAs with only one or two nucleotides differences among 

let-7 family that can be differentiated by the unzipping time of the probe-

microRNA hybrid (Wang et al., 2011). Nanopore detection needs no labeling and 

amplification of the target MicroRNA. The difference of the unzipping time 

between microRNA family members with SNA can be differentiated, but needs 
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further improvement. This differences are apparent at a voltage of 100 mV, but 

higher voltages could confer higher sensitivity in a nanopore sensor. In clinical 

samples, the trapping frequency of the target probe-microRNA hybrid is 0.5-

2/min, so a long recording time is needed to generate enough event numbers for 

data analysis. Also, there may be some other dsRNAs in the RNA samples 

extracted from blood that may affect the results (Wang et al., 2011).  

      Therefore, improvements could occur in three directions: 1) improve the 

sensitivity of the nanopore sensor; 2) improve the resolution of the nanopore 

sensor to differentiate single nucleotide difference among nucleic acids, 

especially at high voltages and 3) eliminate the background RNAs in the clinic 

sample.  

 

4.3 To Improve the Sensitivity of the Nanopore Sensor 

4.3.1 Engineered nanopore 

      Studies have found that altering the charge profile lining the pore lumen can 

significantly increase the trapping rate (sensitivity) of ssDNA in the nanopore 

(Maglia et al., 2008). We will test two mutations, M113R and D128K, which add 

positively charged amino acid residues at the constriction site and the end of the 

stem.  

 

Figure 4-1: Two mutations M113R (left) and D128K (right). 
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      We will test dsDNA using these two mutations and expect to see the trapping 

rates increase.                  

 

4.3.2 Salt gradient  

      A previous study has shown that a salt gradient across the pore can generate 

an enhanced electrical field (EEF) (Figure 4-2), which increases the capture rate 

of dsDNA at high throughput using a solid nanopore (Wanunu et al., 2010b). 

However, it is not clear if the salt gradient can increase the capture rate of DNA 

in the biological α-HL pore, or if it can increase the capture rate of other 

biomolecules, such as single-stranded nucleotides, peptides, or DNA-protein 

complexes.  

 

Trans  

 

 

 

 

 
Cis (DNA) 

 

 

 

Figure 4-2: The principle of the salt gradient generates the enhanced electric filed (EEF). 

      Therefore, we will test the capture rate of nucleic acids, peptides and DNA-

protein complexes under an enhanced electric field in the nanopore system. And 
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we expect to see the similar results that the molecules trapping rate will be 

increased under the EEF. The principle underlying the EEF: under symmetric salt 

conditions, the application of a potential across the membrane produces an 

electric field profile away from the pore mouth. This electric field near the pore 

attracts the negatively charged DNA into the pore. Under asymmetric salt 

conditions, the applied voltage results in cation selectivity, K+ ions are 

continuously pumped from trans side to cis side (Figure 4-2) by both the 

chemical and electrical potential gradients. The pore mouth at cis side is 

effectively polarized and the magnitude of the electric field increases. This effect 

enhances the capture rate of the DNA present at cis side (Wanunu et al., 2010b).  

 

4.3.3 Lower pH value 

      Studies found that a single nucleobase can be recognized at alkaline pH  

(Franceschini et al., 2012), and at the lower pH values, the ssDNA trapping rates 

was increased when compared to the neutral pH (de Zoysa et al., 2011). We will 

test the dsDNA in the nanopore sensor at a pH range from 6.0, 5.5, 5, 4.5 and 4 

and we expect to see the dsDNA trapping rate increases under these pH values 

too. At lower pH values, more positively charged H+ ions may lining inside the 

pore which can attract the negatively charged DNA, this may also increase the 

translocation time (Franceschini et al., 2012).  

 

4.4: To Improve the Resolution of the Nanopore Sensor to Differentiate 

Single Nucleotide Differences Among Nucleic Acids. 
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4.4.1 Shear dissociation 

4.4.1.1 Introduction 

      Studies using an atomic force microscope (AFM) have shown that the dsDNA 

could be unzipped through two geometries: tear and shear (Albrecht et al., 2003; 

Kufer et al., 2008). The unzipping forces were more than 3 times higher for shear 

dissociation compared to tear unzipping (Smit et al., 1988; Strunz et al., 1999). 

Later in a differential measurement format, the bond-rupture probabilities of the 

same base pairs is more than 15 times lower in shear geometry than in tear 

geometry (Albrecht et al., 2003). We have demonstrated the tear unzipping 

signature in the nanopore (Wang et al., 2011). We hypothesize that shear 

dissociation time is significantly longer than tear unzipping time, and a single-

base pair mismatches would significantly decrease the shear dissociation time. 

 

4.4.1.2 Preliminary data and experiment design 

    We have designed a 22-base pairs (bp) dsDNA with a biotin-strepdavidin link 

which can be unzipped by the voltage (Figure 4-3 upper panel). The dsDNA 

complex was trapped in the nanopore first (Figure 4-3A), and the dsDNA went 

through tear unzipping (Figure 4-3B) until the dsDNA unzipping was blocked 

when the big head (strepdavidin) was blocked by the pore opening (Figure 4-3C). 

Then the dsDNA is thought to transverse the pore following shear dissociation. 

After the dissociation process is finished, the biotin-strepdavidin-ssDNA complex 

stayed in the nanocavity temporarily (Figure 4-3D) and finally stretched into the 
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stem by the applied voltage (Figure 4-3E). In the middle panel of Figure 4-3, a 

single trace recorded at 180 mV follows the steps described above.  

 

       

 

 

 

 

 

 

 

 Tear and shear unzipping 

 

 
Single bp 
mismathes Shorter dsDNA   

 

 

Figure 4-3: Experiment design to demonstrate shear dissociation in the nanopore. 
Upper panel: A: biotin (green)-strepdavidin (blue)-dsDNA complex trapped in the 
nanopore; B: dsDNA during tear unzipping; C: the big strepdavidin reach the pore 
and stop tear unzipping, shear dissociation starts; D: shear dissociation finished and 
biotin-strepdavidin-ssDNA complex trapped in the nanocavity temporarily; E: the 
ssDNA stretched into the stem by the applied voltage; F; the scheme of biotin 
(yellow)-strepdavidin (red)-ssDNA (blue) complex in the pore which indicates that it 
is 6 bases from biotion to the constriction site. Middle panel: A single trace recorded 
at 180 mV. Bottom panel: future experiments with a shorter dsDNA (left panel) and 
single-base pair mismatches in the shear dissociation geometry. 
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      There are 6 bases from the biotin to the constriction site of the pore (Stoddart 

et al., 2009) (Figure 4-3F, upper panel), which corresponds to 9-bp in length for 

dsDNA (Figure 4-3C, upper panel). So for our 22-bp dsDNA, it will have 13-bp 

tear unzipping and 9-bp shear dissociation. We found that the at 180 mV, the 

tear and shear dissociation time for the 22-bp dsDNA is 67.3 ms by exponential 

fit (N=547 events), which is more than 40 times longer than the same dsDNA 

without the biotin-strepdavidin which  contains only tear unzipping, the unzipping 

time is about 1.45 ms by exponential fit (N=536 events). This difference is 

consistent with other measurements. In AFM studies, the unzipping forces were 

more than 3 times higher for shear dissociation compared to tear unzipping (Smit 

et al., 1988; Strunz et al., 1999). Later, in a differential measurement format, the 

bond-rupture probabilities of the same base pairs is more than 15 times lower in 

shear geometry than in tear geometry (Albrecht et al., 2003). So the long 

dissociation time in current profile A through C (Figure 4-3 upper panel) should 

include the dissociation in shear geometry. 

      To confirm the long unzipping time in current profile A through C (Figure 4-3 

upper panel) indeed includes the dissociation in shear geometry. We will carry 

several control experiments: 1) get recordings at different voltages and a voltage-

dependence of the tear and shear dissociation time should appear, i.e. higher 

voltage will give a shorter dissociation time, which includs the shear dissociation 

time; 2) design a shorter dsDNA (Figure 4-3, bottom left panel), and we expect to 

see a decrease in the unzipping time. After these control experiments are 

confirmed, we will design a single-base pair mismatch in the shear dissociation 
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geometry. We expect to see a significant decrease in the dissociation time 

compared to what we have seen in the tear unzipping geometry (Wang et al., 

2011). 

 

4.4.1.3 Discussion 

      Currently, the best resolution obtained in shear and tear unzipping has been 

around 10-bp by AFM (Strunz et al., 1999; Krautbauer et al., 2003). If we can 

confirm the shear dissociation in our nanopore experiment, which has more than 

40 fold difference in unzipping time in shear and tear unzipping geometries for 

only 9-bp, it will be possible to increase the resolution in the nanopore 

experiment, which could serve as a new platform for the unzipping studies at a 

more refined level. Furthermore, we hope to show that shear dissociation will 

improve the ability to discriminate SNA in the microRNA families. This study 

could provide a useful way to detect the SNPs and their function among 

microRNAs. 

      It may be problematic to confirm the shear dissociation signature event. The 

dsDNA with the big strepdavidin could possibly decrease the unzipping 

probability and increase the chance of diffusing back, i.e. the applied voltage 

would be less effective, and the highest voltage we can apply in the nanopore 

system is 200 mV. But we still expect to see that some of the dsDNA can be 

unzipped at high voltages (150 mV and 180 mV). But at low voltage we may not 

be able to see many signature events and we may need to use a higher 

concentration and record for a longer time to obtain a sufficient number of 
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unzipping events. For single-base pair mismatches, we expect to see a 

significant difference in the unzipping time, but this is still uncertain. 

 

4.4.2 Engineered oligonucleotide for slowing-down unzipping 

4.4.2.1 Introduction 

      Studies have found that less-charged complexes (dye-intercalated DNA) 

displayed strikingly longer translocation times when compared to the DNA alone 

(Wanunu et al., 2009). We propose that a neutral polyethylene glycol (PEG) 

molecule engineered into the nucleic acid will slow down the DNA unzipping in 

the nanopore, and a single-base pair mismatch would significantly decrease the 

unzipping time. We have preliminary data that show the dwell time for e dsDNA 

with a polyethylene glycol spacer (PEG, isp18 from Integrated DNA 

Technologies, Coralville, IA) is much longer (around 10 times) than the dsDNA 

without PEG segment (Figure 4-4A, and its current traces in Figure 4-4B). 

Because PEG is neutral, the applied voltage has less effect on the dsDNA with 

the PEG when compared to the dsDNA without the PEG segment.  

      The results demonstrate that dsDNA with PEG can slow down the unzipping 

process. More interestingly, when we used a longer PEG segment (2 isp18 

spacer, Figure 4-4C), we identified a signature for the unzipping process (Figure 

4-4D), and we can clearly see two current levels (two peaks in Figure 4-4E) 

during the unzipping process. We propose that these two current levels were 

generated by the dsDNA unzipping and re-zipping at the constriction site (Figure 

4-4D lower panel, F). At the unzip scheme (Figure 4-4F, left), the DNA is 
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occupying the constriction site which generated a lower current blockage (41.1 

pA). At the re-zip scheme (Figure 4-4F, right), the unzipped dsDNA is re-zipped 

and the PEG is occupying the constriction site which generated a higher current 

conductance (46.7 pA). This proposal is reasonable because the long neutral 

PEG segment (~3.4 nm) is occupying the most part of the β-barrel stem. So the 

unzipping process is slowed and stepped back and forth even when a high 

voltage of 180 mV was applied. This proposal is reasonable because previous 

studies have found that a PEG and DNA can be distinguished by different 

reductions in the α-HL channel conductance caused by the presence of these 

polymers (Sanchez-Quesada et al., 2004; Cockroft et al., 2008).  

      PEG isp18 spacer length calculation: the isp18 spacer contains six C-C 

bonds (135pm) and 12 C-O bonds (141pm), so the total length in linear form 

would be around 2.5nm, but each bond has a tilt around a 120 degree 

connection with the neighbor bond, so the exact length would be around 1.7nm. 

The length of two isp18 spacers would be around 3.4nm. 
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      E A     

Figure 4-4: The dsDNA with PEG segment unzipping in the nanopore. A: A dsDNA with a 
short PEG segment (1.7 nm, left panel) and its scheme (right panel) when it was trapped in 
the nanopore; B: Current traces recorded at 120 mV using the dsDNA in A; C: the same 
dsDNA with a longer PEG segment (3.4 nm, left panel) and its scheme (right panel) when it 
was trapped in the nanopore; D: Current traces recorded at 180 mV using the dsDNA in C. 
Middle panel: enlargement of the current trace in the blue box (upper panel); Lower panel: the 
traces after filtering, we can clearly see two current levels; E: Histogram of current level 
during unzipping, we can see two peaks (41.1 pA and 46.7 pA) which correspond to the two 
current levels in Fig D; F: Scheme for the dsDNA in the nanopore which generate the “unzip” 
(DNA occupying the constriction site) and “re-zip” (PEG occupying the constriction site) 
current levels; G: Future negative control experiments: 1) a shorter dsDNA (left panel); 2) a 
longer dsDNA (middle panel); 3) a dsDNA under the PEG segment (right panel). H: Future 
experiments for designing a single base-pair mismatches at the end of the dsDNA, which we 
expect to discriminate the SNA by the dwell time and current levels during the unzipping 
process. 
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4.4.2.2 Preliminary data and experiment design 

      We will carry out several negative control experiments to confirm if this 

signature current pattern in Figure 4-4D is true: 1) a shorter dsDNA (Figure 4-4G, 

left panel); 2) a longer dsDNA (Figure 4-4G, middle panel); 3) a dsDNA under the 

PEG segment (Figure 4-4G, right panel). We expect similar results from 1) and 2) 

to Figure 4-4 D. The result from 3) should be different than 1) and 2), which will 

be similar to the dsDNA without PEG segment. Then we will design a single-base 

pair mismatched at the end of the dsDNA (Figure 4-4H), which we expect to see 

a significant decrease in the unzipping time, which has been shown in tear 

unzipping (Wang et al., 2011). We also expect to see a difference between the 

“unzip” current level (Figure 4-4D) from the full-matched dsDNA and mismatched 

dsDNA. This expectation is reasonable because 1) the unzipping process is 

significantly slowed down so the unzipped single base passes through the 

constriction site slowly; 2) Many studies have shown single base resolution from 

the current profile in the nanopore (Ashkenasy et al., 2005; Clarke et al., 2009; 

Purnell and Schmidt, 2009). So we expect different type of bases interact with 

the constriction site that will generate distinguishable current levels. 

 

4.4.2.3 Discussion 

      This work will provide a new geometry for DNA unzipping in the nanopore. 

Besides the tear (fast unzipping) and shear dissociation (all rupturing at once), 

we want to demonstrate a new geometry by engineering a small molecule into 

the nucleic acid: slow base pair by base pair unzipping, and then unzipping. If we 
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can discriminate SNA during this slow unzipping process, it will be useful for 

studying the SNPs among microRNAs, and could serve as an alternative 

method. If we can discriminate SNA from the current level because the 

movement of the single base at the constriction site of the nanopore was slowed 

down, we can try to identify the current levels for four types of bases: A, T, C and 

G, which could provide useful information for DNA sequencing and provide some 

new insights for studying the DNA sequencing in the nanopore. 

      We have identified the unzipping signature with the PEG molecules and 

these neutral PEG molecules can slow down the unzipping process. The concern 

is that we do not know how many base pairs were unzipped in each unzip and 

re-zip process (Figure 4-4D, F). It could be different each time, for example, it 

may unzip 3-bp and re-zip, then unzip 4-bp and re-zip. So, in the single-base pair 

mismatches experiment, we may not be able to see the difference between the 

“unzip” current level (Figure 4-4D) from the full-matched dsDNA and mismatched 

dsDNA. That is the possible reason we noticed the sub-current level between the 

“unzip” and “re-zip” current level (Figure 4-4D, bottom panel), but we still can see 

a clear “unzip” level which suggests that there is a majority percent that a favored 

number of base pairs were unzipped at a fixed voltage. Even with this risk, but 

we expect to see a significant difference in the dwell time for the unzipping 

process (Figure 4-4D) from the full-matched dsDNA and mismatched dsDNA like 

we have seen in tear unzipping (Wang et al., 2011). 
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4.5 To Eliminate the Background RNAs in the Clinic Sample 

4.5.1 Introduction 

      Ribonuclease If (RNase If) is a single strand specific RNA endonuclease 

which will cleave at all RNA dinucleotide bonds leaving a 5´ hydroxyl and 2´, 

3´ cyclic monophosphate. RNase If cleaves single-stranded RNA to mono-, di- 

and trinucleotides (Meador Iii et al., 1990). It has a strong preference for single-

stranded RNA over double-stranded RNA. But RNase If will not degrade DNA. 

So RNase If would be the perfect enzyme for digesting all the background RNAs 

after the DNA probe binds to its target microRNA.   

      Therefore Ribonuclease If (RNase If) will cut all ssRNAs after the specific 

DNA probe binding to its RNA target and only microRNA-DNA hybrids will 

remaim after RNase If digestion. Currently, RNA samples from animals and 

humans are available from many companies (Epicentre, Zyagen, Biocompare,  

etc). We also want to find a method to detect the microRNA at the tissue level. A 

further complication is that the total RNA samples from blood and tissues in 

clinical studies contain a lot of other RNAs including microRNAs, mRNAs and 

tRNAs, which could possibly have secondary structure (Lee et al., 2002). We 

tested a rat liver total RNA sample (1 mg/mL, Zyagen, CA). And the sample was 

treated with RNase-free Dnase to remove DNA. From the single-channel 

nanopore recordings, we can see many the non-specific signature events (longer 

than 1ms, red) (Figure 4-5), and the frequency is around 15/min. This frequency 

is too high and we can not use the same method as we used previously (Wang et 

al., 2011).  
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      We propose these non-specific signature events were generated by the 

RNAs with a complex secondary structure. Many studies have shown that ssRNA 

can form hairpin, loop and other secondary structures which can generate long 

blockages in the nanopore because these RNAs cannot be translocated through 

the pore without overcoming the secondary structures (Bundschuh and Gerland, 

2005; Butler et al., 2006; Japrung et al., 2010). Other than the long events, we 

also noticed some spikes with different conductances which were generated by 

linear ssRNA molecules (Figure 4-5) which are similar to what we have seen 

from the synthetic ssRNA molecules (Wang et al., 2011). 

 

 

 

 

Figure 4-5: The current trace recorded at 100 mV from the total Rat Liver RNA sample (15 
ug/mL). We can see lots of the non-specific signature events (> 1ms, red events in the 
trace), and the frequency is around 15/min. This frequency is too high and we can not use 
the same method as we used previously (

 

Wang et al., 2011).   

 

4.5.2 Preliminary data and experiment design 

      Based on the known function of RNase If, we will develop a protocol to 

denature the rat liver RNA sample with secondary structures into a linear form 

(Zyagen, CA) (Figure 4-6A) at 90 degrees. Then the DNA probe (P122) will be 

added to bind specifically to mir-122a (a liver-specific miRNA (Wanunu et al., 

2010a)) (Figure 4-6B), then the sample will be incubated with the RNase If at 37 

degrees. We would expect only RNA-DNA hybridization remains and all other 
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non-hybridized ssRNA will be cleaved into mono-, di- and trinucleotide by RNase 

If. In this way, we will be able to detect the target micRNA (mir-122a here) in a 

complex RNA background in the tissue level.  

      The expected nanopore current recordings are illustrated in Figure 4-6C. In 

the initial control experiment we expect to see only short current blockades due 

to mono-, di- and trinucleotide digested after RNase If (Figure 4-6C, upper 

panel). In the experiment with protection with the DNA probe followed by 

digestion by RNase If, we expect the DNA-RNA hybrids that will generate the 

unzipping signature event as we have shown previously (Figure 4-6C, lower 

panel).  We expect to also see the short current blockades caused by mono-, di- 

and trinucleotide which are the products of background RNAs digested by the 

RNase If. 
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Figure 4-6: Protocol of MicroRNA detection at tissue level. A: rat liver RNA sample 
includes RNAs have complex secondary structure, which can be denatured at high 
temperature into ssRNA; B: A DNA probe can be blended with the single stranded RNAs, 
which will form the DNA-RNA hybrids. After cleavage with the RNase If, only DNA-RNA 
hybrids remain, all other ssRNA will be digested into mono-, di- and trinucleotide, which 
can only generate short current blockades (upper panel in C); C: Upper panel: a control 
test to show that rat liver RNA sample after RNase If digestion will generate short current 
blockades; Lower panel: the sample with the DNA-RNA hybrids will generate the 
signature event as we have shown previously (

 

 

 

Wang et al., 2011). 
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4.5.3 Discussion 

      RNA samples from animals and humans are commercially available. If we 

can confirm this approach, it will be great to study different microRNAs from 

different tissues. We can apply this approach to compare the specific microRNA 

level between the healthy tissue and disease-related tissue. This approach is 

potentially useful for quantitative microRNA detection, the discovery of disease 

markers and non-invasive early diagnosis of cancer. The rat liver total RNA 

sample should not contain any DNAs (ssDNA, dsDNA), so it is very important to 

confirm the control experiment shown in Figure 4-6C, upper panel. If we still see 

the non-specific signature events (longer than 1ms, red) (Figure 4-5) after RNase 

If digestion, this suggests that the sample contains dsDNA or some dsRNA which 

can not be digested by the RNase If, because RNase If will not degrade DNA, 

and it has a strong preference for single-stranded RNA over double-stranded 

RNA. If this control experiment does not give expected results, we may try to 

digest for a longer time or contact different companies to obtain the workable 

sample.  
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4.6 Perspectives 

      An alternative method we can try is the locked nucleic acid (LNA) technique, 

where the ribose ring is “locked” by a methylene bridge connecting the 2’-O atom 

and the 4’-C atom. LNA nucleosides contain the common nucleobases (T, C, G, 

A, U and mC) and are able to form base pairs according to standard Watson-

Crick base pairing rules. LNA makes the pairing with a complementary nucleotide 

strand more rapid and increases the stability of the resulting duplex  which can 

improve the mismatch discrimination (You et al., 2006). A novel LNA-based, 

sequence-specific ‘Zorro-LNA’ was developed recently (Zaghloul et al., 2011). 

LNA has been consider as a promising  technique for cancer treatment, and it 

has been used for in situ detection of microRNA (Kloosterman et al., 2006; 

Havelda, 2010) and MicroRNA profiling, as well as microRNA-based cancer 

diagnostics and therapeutics. We also could apply this LNA technique ito our 

study to see its effect in the DNA unzipping and SNA discrimination ability as well 

as microRNA detection in the nanopore experiment.  

      The key component of the nanopore sensor is the probe, the sequence of 

which is programmable and can be optimized to achieve high sensitivity and 

selectivity. We expect that the probe composition will not be limited to the four 

nucleotides. The incorporation of unnatural compounds such as locked nucleic 

acids and peptide nucleotide acids into the probe sequences may enhance 

selectivity because of the strengthened hybridization between probe and target. 

The probe can also be engineered with a specific barcode through chemical 

modification (Mitchell and Howorka, 2008; Singer et al., 2010) so that multiple 
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microRNAs can be simultaneously detected using distinct probes. The sensor 

can detect microRNAs, various nucleic acid fragments, genetic alterations and 

pathogenic DNAs/RNAs. In the future, nanopore sensor can be devised on new 

membrane platforms such as a droplet–interface bilayer (Bayley et al., 2008) as 

well as stable biological-solid hybrid nanopore arrays (Hall et al., 2010) for high-

throughput microRNA detection. Overall, the nanopore method can be a useful 

tool for quantitative studies of microRNAs and the discovery of disease markers, 

which are important for non-invasive screening and the early diagnosis of 

diseases such as cancer. 
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