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Abstract  

Artifical nanopores have become promising tools for sensing DNA instead of 

their biological counterparts. Here we report a new technique to sense DNA through a 

conical-shaped nanopore embedded in track-etched PET membrane. Two streptavidin 

conjugated monovalent DNA probes based on formation of biotin and streptavidin 

moncovalent bond can bind two distinct segments of target DNA. The size of target 

DNA linked two components is double that of each streptavidin conjugated 

monovalent DNA probe. By precisely controlling the tip diameter of conical nanopore 

embedded in PET polymer, the events due to translocation of the streptravidin 

conjugated monovalent DNA probes through the nanopore can be filtered and 

undetected on purpose; the current-pulses due to translocation of the target 

DNA-induced self-assembled complex will be detected. The two streptavidin 

conjugated DNA probes cannot be linked by multi-mismatched DNA. So the 

multi-mismatched DNA will not induce any current-pulse signatures. The 

current-pulse signatures for the self-assembled complex can be used to confirm the 

existence of target DNA. The concept of size dependent detection of self-assembled 

complex on molecule level shows strong promise for detection of biomolecules 

without interference of probes. 
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1 Introduction 

Resistive-pulse [1] sensors, which while applied to the detection of molecule 

[2-16]
 
are referred to as stochastic sensors [1, 16], use a nanopore in a polymer or 

biological membrane as the sensor element. In resistive pulse sensing, the membrane 

was embedded in two chambers of a conductivity cell so that different electrolyte 

solution could be placed on each side of the PET membrane. The resulting ionic 

current flowing through the nanopore is measured and as the analytes translocate 

through the nanopore downward current pulses are produced by the transient blocking 

of ion current. The frequency of such current pulses is relevant to the concentration of 

the analyte, and the magnitude and duration of the current pulse indicates the identity 

of the analyte. 

Most ideal resistive pulse sensing work used the biological protein nanopore 

such as α-hemolysin and porin MspA, which were embedded in a supported 

lipid-bilayer membrane as the sensing element. The α-hemolysin nanopore can be 

made selective by biological or chemical preparation, and has been applied to various 

analytes assay such as metal ions [13], oligonucleotides[15], proteins [9], and small 

molecules [16]. However, the supported lipid bilayer membrane that houses the 

nanopore was frail [16] and it is a key impediment to developing practical sensors 

based on this biological technology. 

Recently, artificial nanopores embedded in polymer, silicon or Si3N3 membrane 

[17, 18] have been prepared. A microlithographic method was utilized to prepare 

artificial nanopores, which uses a focused ion[2] or electron[3]
 
beam to bear the 



nanopore into a silicon or Si3N3 membrane. With the purpose of detection of analytes 

such as DNA, the functions of the single nanopores have been utilized [19]. Siwy had 

been exploring an alternative technology, named the track-etching method[20-23] and  

pointed out nanopores would be developed into a general platform technology to 

investigate the biophysics, physicochemistry, and chemistry of individual 

molecules[24-26]. 

In this study, we foucus on selective resistive-pulse sensing of single stranded 

DNA (40 bases) through a conical nanopore embedded in PET membrane. Many 

researches have been done before to explore the behavior of translocation of a single 

stranded DNA and double stranded DNA through a nanopore [2, 27, 28]. With the 

purpose of improving the selective translocation of DNA through a nanopore, the 

functionalization of the nanopore [19] was necessary. Nevertheless, the lifetimes of 

these selective nanopores will inevitably decrease after immobilizing probe DNA due 

to translocation of the target DNA. Despite the advantageous features offered by 

external functionalization of nanopore, one persistent limitation is that one membrane 

grafted with certain molecule probe is only suitable for one specific target and the 

regeneration of nanopore functionality may be impeded by the further tedious 

modification.  

Here we provide another strategy of using a conical nanopore without 

modifications embedded in a PET polymer. The tip diameter of the nanopore is 9 nm 

and the base diameter of the nanopore is 520 nm. The target DNA could selectively 

hybridize with the two Streptavidin conjugated DNA probes. The size of the final 
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self-assembled complex was much larger than that of each Streptavidin conjugated 

DNA probe and can be detected. The size of Streptavidin conjugated DNA probes 

(4.5 nm×4.5 nm)[29] is smaller than the tip diameter of the nanopore, so the probes 

cannot effect the analysis results. Unspecific DNA which cannot induce the assembly 

of the two Streptavidin conjugated DNA probes also has little interference with the 

analysis results. So we can successfully distinguish the target DNA from unspecific 

DNA, using the conical nanopore in the polymer membrane.  

The analyte was driven electrophoretically through the conical nanopore (from 

base to tip), and the translocation could be found as transient pulses in the current. 

Without the interference of Streptavidin conjugated DNA probes, the current-pulse 

signal can be related to the assembled complex induced by the target DNA. Since the 

size of single-stranded DNA (40 bases) was too small for the nanopore to detect, the 

Streptavidin conjugated DNA probes was used in the experiment. In the previous 

study, only proteins and large DNAs could be detected in the resistive-pulse sensing. 

Meanwhile, the strategy could detect various target DNA by changing the sequence of 

the probe using one certain nanopore. What’s more, the advantages of the strategy is 

that it provides a simple method without further pretreatment processes [30] and 

functionalization procedures [19].  



 

Scheme 1. Nanopore-based biosensor embedded in PET membrane. (a) In the 

absence of target DNA, the translocation of Streptavidin conjugated DNA probes 

cannot be detected by the biosensor. (b) In presence of the target DNA, the target 

DNA induced self-assembled DNA-protein complex. The translocation of the 

complex can be detected by the biosensor. 

2 Materials and methods  

2.1 Materials  

12 µm thick polyethylene terephthalate (PET) which was irradiated with swift 

Au ion of 11.4 GeV/nucleon at UNILAC linear accelerator to create a single damage 

track through the membrane were obtained from GSI, Darmstadt, Germany. Ultrapage 

purified oligonucleotides were obtained from Alpha DNA, Inc. Streptavidin and 

bis-tris propane were purchased from Sigma-Aldrich. The oligonucleotide sequence 

for the Biotin-labeled oligonucleotide probe 1 is 

5
’
Biotin-ACACACACACTCATCTGTGA-3

’
, and the oligonucleotide sequence for 

probe 2 is 5
’
-AGAGAACCTGGGATATATAT-Biotin3

’
. The sequence for target 



DNA is 5
’
-ATATATATCCCAGGTTCTCTTCACAGATGAGTGTGTGTGT-3

’
. The 

sequence for unspecific DNA is 5
’
-ACACAAAACCTATGTACACATGACAGAT 

GAGTGTGTGTGT-3
’
. Oligonucleotides were stored at -20 

o
C and were heated to 95 

o
C for 5 min and gradually cooled to room temperature before use. 

2.2 Nanopore preparation 

Single conical nanopore was prepared in 12 µm thick polyethylene terephthalate 

(PET) membrane by the track-etching technique. Either side of the tracked PET 

membrane was independently exposed to the UV light (365 nm and 254 nm) for 1 h, 

and then the membrane was embedded between two chambers of a conductivity cell 

so that different electrolyte solution could be placed on each side of the PET 

membrane. The procedure of chemical etching included two steps. An etching 

solution (9 M NaOH) was placed on one side of the membrane and the stopping 

solution (1.0 M formic acid plus 1.0 M KCl) was placed in the other side of the 

membrane. Each side of conductivity cell was added with a Pt electrode and A 

Keithley 2536A picoammeter/voltage-source (Keithley Instruments, Cleveland, OH) 

was employed to measure the ion current while chemical etching using a 

transmembrane potential of 1 V. The procedure of the etching lasted 2 h in the room 

temperature in the first step. The tip diameter obtained after the first etching was 

normally in the range of 1 to 7 nm [31] after 2 hours of the first step, a second step 

was applied to modulate the tip diameter of the conical nanopore. In the second step, 

1M NaOH was was placed on both sides of the membrane. A Pt electrode was placed 
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into the electrolyte to measure the nanopore ion current. The etching lasted for 30 min 

and then rinsed with purified water before measuring the current-voltage curve. 

2.3 Assembly of DNA-Protein Complex 

The Streptavidin solution ( 100 μL, 33 μM ) was mixed with probe 1 (10.7 μL, 

28μM) and probe 2 (25 μL, 12 μM), the solution was diluted to 3 mL and the final 

concentration for each component was 1.1 μM for Streptavidin, 100 nM for probe 1 

and 100 nM for probe 2. As previous research reported [32], the abundance of 

Streptavidin was monovalent when the ratio exceeds up to 2.5. In this experiment, a 

far beyond ratio (5.5) was adopted to make sure the main product is monovalent. In 

the control experiment, the unspecific DNA was added into the Streptavidin 

conjugated probes solution with a final concentration of 100 nM in 3 mL. For the 

present study of target DNA sensing, the target DNA was added into the Streptavidin 

conjugated probes solution with the final concentration 100 nM in 3 mL. The 

self-assembly reaction lasted for 5 h, then the solution was added into the base side of 

the nanopore. Streptavidin (pI ~7.0)[33] and DNA were highly negatively charged in 

the buffer (20 mM bis-tris propane, pH 9, 1 M KCl), therefore the assembled complex 

would be driven from the base side to the tip side while applying a negative potential 

on the base side of the nanopore. 

 

2.4 Currents-pulse measurements of nanopore 

The membrane was embedded in a two chambers of a conductivity cell filled 

with 3 mL of 20 mM bis-tris propane buffer solution (pH =9) that was also 1 M in 



KCl to measure the current-pulse. Ag/AgCl electrodes were placed in each side of the 

conductivity cell and connected to an axopatch 200B (Molecular Devices Corporation, 

Union City, CA) patch-clamp amplifier. The Axopatch was used to apply the desired 

transmembrane potential and to measure the resulting ion current flow through the 

electrolyte-filled nanotube. The current was recorded in the voltage-clamp mode with 

a low-pass Bessel filter at 2 kHz bandwidth. The signal was digitized using a Digidata 

1233A analog-to-digital converter (Molecular Devices Corporation), at a sampling 

frequency of 10 kHz. Data were recorded and analyzed using pClamp 9.0 software 

(Molecular Devices Corporation). 

 

3 Results and Discussion 

3.1 Characterization of Nanopore Diameter in Track-Etched Membrane 

The protocol for etching PET membrane with track is described in the 

experimental section. The tip diameter and base diameter were the critical parameters 

for a conical nanopore. Electrochemical technique is used to measure the tip 

diameters [7]. The I-V curve for pore size measurement was obtained by applying 

transmembrane potential from -0.2 V to 0.2 V and the single nanopore membrane was 

sandwiched between two half chamber filled with conductive solution (100 mM 

NaH2PO4, 1 M KCl and pH=3.0). Keithley 6487 picometer voltage source and 

Ag/AgCl electrodes placed on each side of the nanopore were used to obtain a 

current-voltage curve. The diameter of the tip opening was calculated by the 

following equation [34] 



d = 4LI/πDkV                                                    (1-1) 

Where I/V is the slope of the current-voltage, L is the thickness of the membrane after 

etching, k is the ionic conductivity of measuring solution, d is the diameter of tip 

opening and D is the diameter of base opening. 

The base opening of a single symmetric nanopore was considered equivalent to 

the average pore size embedded in PET membrane (1×10
6
 tracks/cm

2
), which was 

acquired via SEM after etched under the same conditions as the single pore. The base 

diameter of the pore observed from SEM images (Figure 1) is 530 nm. And the tip 

diameter calculated from the aboving equation was 9 nm (Figure 2). 

 

Fig 1. Scanning electron micrograph (SEM) of multipore (base diameter =530 nm) in 

PET polymer (1×10
6
 tracks cm

-2
) under the same etching conditions as that for single 

track-etched nanopore. 

 



 

Fig 2. The current-voltage curve of conical pore in 1M KCl with applied -1.0 V 

voltage. . 

 

3.2 Current-Pulses of the Self-Assembled Complex 

Steady-state current and current-pulse data for target DNA linked protein dimers. 

As a control experiment, a steady-state ion current of -3.7 nA (Figure 3a ) was 

observed for the bare conical nanopore with tip diameter of 9 nm under 

transmembrane potential -1 V and a buffer solution with 20 mM bis-tris propane, 1 M 

KCl and 3mM MgCl2). The current was slight decreased to -3.5 nA after adding 1.1 

μm streptavidin, 100 nM probe 1, 100 nM probe 2 and 100 nM unspecific DNA into 

the half cell facing the base opening of nanopore. The decreases of the currents are 

due to the unspecific absorption of protein and DNA. No current-pulses was observed.  

Since the size of single streptavidin conjugated probe (4.5 nm) is much smaller than 

the tip diameter (9 nm) of conical nanopore and no link occurs between the two 



streptavidin probes with the presence of unspecific DNA, no current-pulse was 

observed in such condition.  

The current-pulse was observed after 100 nM target DNA was added to the 

solution that contained 1.1 μM streptavidin, 100 nM probe 1 and 100 nM probe 2 in 

the half cell facing the base opening of nanopore. Figure 3c depicts a typical 

currents-pulse that generated from target DNA linked stretavidin dimers. The 

continuous currents pulse indicates that the translocation of target DNA-linked protein 

dimer.  

 

Fig 3. Current-time transients for conical nanotube sensor (tip diameter =9 nm, base 

diameter =530 nm) (a) buffer solution. (b) Buffer solution plus 100nM unspecific 

DNA, 1.1 μM Streptavidin and 100 nM probe 1 and 100 nM probe 2. (c) Buffer 

solution plus 100 nM target DNA, 1.1 μM Streptavidin and 100 nM probe 1 and 100 

nM probe 2. Applied transmembrane potential for A, B and C was -1000 mV. 

 



3.3 Optimization of ratio of streptavidin to biotin-labeled DNA 

Histogram of current-pulse amplitude for solution that contains 1.1 μM 

streptavidin, 100 nM probe 1, 100 nM probe 2 and 100 nM target DNA shows the 

average current amplitude(400pA)(Figure 4a).  

The statistic of the currents-pulse duration predicts the distribution of the sizes of 

the mass transfer through the pore. A typical histogram current-pulse duration of 

solution containing 1.1 μM streptavidin, 100 nM probe 1, 100 nM probe 2 and 100 

nM target DNA are depicts in Figure 4b, a broadly distributed current-pulse duration 

was observed. The majority of these counts of the current-pulse durations are below 

100ms. Normally, the current-pulse blow 100 ms are generated from the dimer, and 

the current-pulse up 100 ms are generated from the multimer. These data are in 

accordance with our previous data[32]. 

 

Fig. 4 Histograms of DNA-protein complex current-pulse-peak amplitude data for 

nanotube with tip diameter =9 nm. Solid curve are Gaussian. (a) Buffer plus 100nM 

target DNA , 1.1 μM streptavidin and  100 nM probe 1 and 100 nM probe 2. (b) 



Buffer plus 100nM target DNA , 1.1 μM streptavidin and  100 nM probe 1 and 100 

nM probe 2. Applied transmembrane potential was -1000 mV 

 

The above phenomenon can be explained through the structure of streptavidin. 

Streptavidin has four binding site available for binding biotins, and four possible 

complexes can be formed: mono-, di-, tri- and tetra- complex. By increasing the ratio 

of streptavidin to biotin-labeled DNA up to 2.5, the majority of conjugates will be 

bi-valent complex with less tri-valent complex. In this project, we use the ratio up to 

5.5 to ensure that majority of the conjugates are dimer and to minimize trimer. . 

3.4 Distribution of target DNA linked complex 

Scatter plots of current-pulse amplitude, Δi, vs. current-pulse duration, t, are 

often used to summarize resistive-pulse data [2, 6, 24, 35]. The scatter plot for a 

solution that was 1.1 μM Streptavidin, 100 nM probe 1, 100 nM probe 2 and 100 nM 

target DNA shows that the majority of pulses was located below 100 ms and other 

current-pulses were broadly distributed (Figure 5a). These data also confirm above 

conclusions that a current-pulse signature can be obtained for the protein dimer 

induced by target DNA; even in this case, we still cannot define the current-pulses for 

the protein timer. In addition, no current pulses were observed for a control solution 

containing unspecific DNA. These data proved that unspecific DNA does not bind 

protein conjugated probes. 

In order to reproduce the results, we etched another conical nanopore with a tip 

diameter of 10 nm. From the scatter plot (Figure 5b) of a solution that contained 1.1 



μM Streptavidin, 100 nM probe 1, 100 nM probe 2 and 100 nM target DNA, data 

showed the same trend that we had concluded earlier. Under the transmembrane 

potential difference -1 V, very long current pulses of duration lasting for more than 12 

s exist. The very long current-pulse duration event can be stopped by an increase of 

the voltage to -3 V. The protein mutimers (or multimers) causing these long 

current-pulse durations was forced to translocate through the sensing zone by 

increasing the trans-membrane potential difference. In order to get the current-pulses 

continually without interruption, we increased the voltage to -2 V. The scatter plot 

(Figure 5c) of a solution that was 1.1 μM Streptavidin, 100 nM probe 1, 100 nM 

probe 2 and 100 nM target DNA reinforce our point that this current pulse was caused 

by protein dimer or multimer. 

 

Fig. 5 Scatter plot of current-pulse magnitude (Δi) vs. current-pulse duration (t) for 

DNA-protein complex. (a) Tip diameter =9 nm. Buffer plus 100 nM target DNA, 1.1 

μMStreptavidin and 100 nM probe 1 and 100 nM probe 2. Applied transmembrane 

potential was -1000 mV. (b) Tip diameter =10 nm. Buffer plus 100 nM target DNA, 

1.1 μMStreptavidin and 100 nM probe 1 and 100 nM probe 2. Applied 

transmembrane potential was -1000 mV. (c) Tip diameter =10 nm. Buffer plus 100 



nM target DNA, 1.1 μM Streptavidin and 100 nM probe 1 and 100 nM probe 2. 

Applied transmembrane potential was -2000 mV 

 

4 Conclusion 

We have presented here a new approach to sense DNA through conical shaped 

nanopore embedded in PET polymer. The translocation of each protein conjugated 

probe is undetectable due to the size much smaller than the tip opening of bare conical 

nanopore. On contrary, the translocation of target DNA linked two components is 

detectable because the size of target DNA linked two components is double the size of 

each component and also comparable to the diameter of the tip opening of nanopore. 

The sensing of target DNA can be accomplished by analyzing current-pulses due to 

translocation of the complex linked by target DNA. The concept of target analyte 

induced self-assembling on molecular level can be extended to detect small molecule 

and protein based on nanopore technique. 
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