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Abstract 

Here we demonstrate a phosphorodiamidate morpholino oligos 

(PMO)-functionlized nanochannel biosensor for label-free detection of microRNAs 

(miRNAs) with ultrasensitivity and high sequence-specificity. PMO, as a capture 

probe, was covalently anchored on the nanochannel surface. Because of the neutral 

character and high sequence-specific affinity of PMO, hybridization efficiency 

between PMO and miRNAs was enhanced, thus decreasing background signals 

largely and improving the detection specificity and sensitivity highly. The miRNAs 

detection was realized through observing the change of surface charge density when 

PMO/miRNAs hybridization occurred. Not only could the developed biosensor 

specifically discriminate complementary miRNAs (Let-7b) from non-complementary 

miRNAs (miR-21) and one-base mismatched miRNAs (Let-7c), but also it could 

detect target miRNAs in serum samples. In addition, this nanochannel based 

biosensor attained a reliable limit of detection down to 1 fM in PBS and 10 fM in 

serum sample, respectively. It is expected that such a new method will benefit miRNA 

detection in clinical diagnosis. 

 

Keywords: Nanochannels; Biosensor; Label-Free Detection; miRNAs; Hybridization 
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INTRODUCTION 

MicroRNAs (miRNAs) are a class of single-strand, regulation of gene expression, 

small and short noncoding RNAs with 18-24 nucleotides long. Recently, amount of 

studies have indicated that miRNAs play important roles in a wide range of 

physiological processes, and various biological processes.
1,2 

Specifically, their 

aberrant expressions are closely associated with various human diseases, such as 

cancers, diabetes, and neurodegenerative disease.
3,4

 miRNAs can thus be employed as 

new biomarkers for early diagnosis and treatment of major diseases like cancers.
5-7 

Currently, lung cancer is one of the most common cancers in the world because of its 

high incidence. The prognosis of lung cancer is usually challenging because effective 

methods for early diagnosis and treatment are lacking. Recently, let-7 family members 

have become increasingly important in lung cancer because the amount of let-7 in 

lung cancer significantly decreases compared with that in normal lung tissue. Thus 

let-7 members could be used as diagnostic biomarkers for breast cancer screening and 

disease progression.
8, 9

 At present, conventional technical platforms for miRNAs 

profiling include northern blotting,
10,11

 molecular cloning,
12

 microarrays,
13,14

 real-time 

quantitative polymerase chain reaction (qRT-PCR),
15,16

 etc. Nevertheless, those 

approaches have some disadvantages including high detection limit, requirement of a 

large amount of sample, and tedious preparation procedures. Therefore, it is still a 

challenging job to develop a sensitive and specific biosensor for let-7 detection. 

To date, nanochannel-based biosensors have been developed considerably 

because they are highly specific and sensitive, and they have been proven to be a 
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novel biosensing platform.
18-30 

In these nanochannels, conical nanochannel-based 

biosensors have shown outstanding performance, including not only the relative ion 

current change ratios (ratios defined by (I–I0)/I0, where I0 is the initial current), but 

also ion selective permeability dependent sensibly on density of surface charge, 

especially at the tip opening of the channel.
31-33 

For example, Li et al.
19 

reported the 

zinc ions and HPO4
2-

 anions sensor based on 2, 2’-dipicolylamine (DPA)-modified 

multi-nanochannels. This sensor showed specific detection of zinc ions and this 

zinc-ion-chelated on the nanochannels surface could secondarily detect HPO4
2-

 anions. 

Sun et al.
18

 developed a reaction-based biomimetic nanochannel sensor for detection 

of Cys with high selectivity and sensitivity in real sample. Wen et al.
23

 used 

layer-by-layer assembly method to immobilize p-sulfonatocalix[4]-arene (SCX4) on 

nanochannel surface. This sensing system has been used for acetylcholine (Ach) 

detection with high sensitivity and selectivity. Siwy’s group
25

 introduced a 

monoclonal antibody (mAb F26G3) modified nanochannel for γ-D-glutamic acid 

(γDPGA) detection from Bacillus anthracis. Sun et al.
30 

and Ali et al.
28

,
 
respectively, 

reported a simple, highly selective and label-free sensing system, in which 

deoxyribonucleic acid (DNA) or peptide nucleic acid (PNA)-modified nanochannel 

was proposed for the sequence-specific DNA detection. In these work, DNA or PNA, 

has been employed as probe molecule and immobilized on the channel surface 

through various modification methods. Because of electrostatic hindrance between 

DNA/DNA duplex, it is not preferable to use DNA as a capture probe for highly 

sensitive detection in nanochannel biosensor. The PNA-modified nanochannel was 
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reported to have a notable sensitivity.
28

 Nevertheless, PNA has limitations on length 

synthesis (22 bp in maximum), which is not suitable for real applications. For 

example, a longer probe length is usually required in the process of gene expression. 

So it is still interesting to develop a simple, cost-effective and label-free nanochannel 

biosensor for miRNAs detection by choosing a unique probe molecule.
 

Phosphorodiamidate Morpholino Oligos (PMO), belonging to the 3rd generation 

of antisense oligonucleotides, was discovered in 1985 by summerton.
34, 35 

PMO is a 

synthetic DNA analog with a neutral backbone of morpholine rings. Compared with 

PNA, PMO shows not only higher solubility in aqueous solutions, but also more 

flexible in length. For example, Zhang et al.
36

 reported a morpholino modified silicon 

nanowires field-effect transistor (FET) biosensor for label-free and sequence-specific 

detection of DNA. This unique sensing platform exhibited good specificity and 

sensitivity. Recently, a label-free DNA electrochemical biosensor, in which 

morpholino functioned as capture probe was reported.
37 

Furthermore, a colorimetric 

method was also proposed for label-free DNA detection by using a new type of 

morpholino/Au nanoparticle conjugates. When morpholino-DNA hybridization took 

place, nanoparticle assemblies could be formed, leading to the colorimetric target 

recognition.
38

 In a word, PMO has a good stability, solubility and specificity, making 

it an ideal probe molecule for nanochannel sensing. Recently, electrochemical 

detection systems have been developed for DNA and single nucleotide 

polymorphisms (SNPs) sensing by measuring the flux of electroactive probe ions 

flowing through a PMO modified porous anodic alumina (PAA) nanochannel 
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array.
39-41

 A thin layer of Au film acting as an electrochemical detector was sputtered 

on one side of PAA nanochannel, and negatively charged Fe(CN)6
3- 

was used as the 

electroactive probe to give an electrochemical signal. This electrochemical method is 

unable to monitor the surface charge change of non-conductive PAA nanochannel 

directly because it requires additional electrochemical indicator. Moreover, the 

sensitivity of these methods is not satisfactory yet. 

Alternatively, detection approach of measuring the ionic current flowing through 

nanochannels can directly demonstrate the charge on the channel surface, making the 

detection direct, sensitive and simple. In this paper, we report a unique 

nanochannel-based biosensor for miRNA detection by monitoring ionic current 

caused by surface charge change during PMO immobilization and PMO/miRNA 

hybridization. In this system, PMO as a probe is modified on the channel surface by 

covalent bond, and miRNA detection is realized via PMO/miRNA hybridization. 

While the hybridization event takes place, the membrane current change can be 

recorded, resulting in the surface charge density change of the nanochannel. Last but 

not least, the complementary, one-base mismatched and noncomplementary miRNA 

sequences are employed to demonstrate the high sequence specificity of this sensing 

platform. Most importantly, this sensor could be applied for miRNAs detection in real 

serum samples. 

 

EXPERIMENTAL SECTION 

Materials and miRNA Sequences 
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Poly (ethylene terephthalate) (PET, 12-µm thick) membranes were irradiated 

with Ar ion beam of energy 18 MeV/nucleon (Tsinghua University, Beijing, China). 

The track density is about 4×10
5
/cm

2
. The length of PMO and miRNA sequences is 

22 base pairs, respectively. The sequence of the PMO probe is 

5′-H2N-AACCACACAACCTACTACCTCA-3′. The sequences of miRNAs are 

5′-UGAGGUAGUAGGUUGUGUGGUU-3′ (complementary, let-7b), 

5′-UGAGGUAGUAGGUUGUAUGGUU-3′ (one-base mismatched, let-7c), 

5′-UAGCUUAUCAGACUGAUGUUGA-3′ (non- complementary, miR-21). Sodium 

hydroxide (NaOH) and formic acid (HCOOH) were purchased from Sinopharm 

Chemical Reagent Shanghai Co. Ltd. (Shanghai, China). Bovine serum albumin 

(BSA), RNaseZap, 1-ethyl-3-(3- dimethyllaminopropyl) carbodiimide (EDC, 98%) 

and N-hydroxysulfosuccinimide (sulfo-NHS, 98.5%) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). All solutions were prepared in ultrapure water 

at molecular biology level, which was purchased from Genom Biological 

Pharmaceutical Technology co., LTD (Hangzhou, China). 

Fabrication of conical nanochannels 

The chemical etching of 12 µm-thick PET membrane was conducted according 

to our previous work.
30

 Conical nanochannels were obtained by the following two 

steps: In the first step, UV light (365 nm) was irradiated on each side of the PET 

membranes for 4 h. The second step was the asymmetric etching process. One side of 

the cell was filled with etching solution and the other side was added with stopping 

solution to neutralize the etching solution, further slowing down the etching process. 
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After chemical etching, the film was washed and immersed in distilled water to 

remove residual salts. Field emission-scanning electron microscopy (FE-SEM, Zeiss 

SIGMA, Germany) was used to characterize the nanochannel size of both sides. As 

seen in Figure S1, the diameter of large opening of conical nanochannel was found to 

be about 1.1 µm and the small opening was approximately 51 nm. 

PMO Immobilization 

After etching, the nanochannel surface carrying the carboxylic groups (-COOH) 

was obtained. The membrane was immersed in a 15 mg/ml EDC and 3 mg/ml 

sulfo-NHS mixture solution for 40 min. And the film was washed thoroughly with 

pure water. Then PMO (10 µM, pH 7.1) solution was added onto two sides of the 

unmodified PET film for 12 h. Subsequently, the film was washed with distilled water 

to remove unreacted probe PMO and incubated with 10 mg/mL BSA solution for 1 h 

to block the un-reacted binding sites, followed by being washed by distilled water. 

The current-voltage (I-V) curves measurement by employing 0.5×PBS (pH 7.1) as 

electrolyte was conducted to prove the success of the modification. 

PMO-miRNA hybridization 

The PMO-modified nanochannel membrane was exposed to miR-21 solutions 

and incubated at 37°C for 4 h. After PMO-miRNA was hybridized, the film was 

cleaned with 0.5×PBS (pH 7.1) solution and distilled water, respectively, to remove 

the unhybridized miR-21. After washing, the ion flux was measured using 0.5×PBS 

(pH 7.1) as an electrolyte. The same procedure was repeated when let-7c and let-7b 

were hybridized with probe PMO on the channel surface, respectively.  
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Ion currents measurement 

A Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH, USA) was 

used for the measurement of in currents. Ag/AgCl electrodes were applied for the 

transmembrane potential across nanochannel. Electrolyte solution, 0.5×PBS (pH 7.1), 

was filled in each half of cells after PET film was fixed. Then the data recording was 

conducted with a scanning voltage varying from -2 V to +2 V for 40 s in 0.5×PBS 

(pH 7.1). Each measurement was repeated 5 times to get the average current value at 

different voltages.  

Characterizations 

The nanochannel diameter was determined by FE-SEM. X-ray photoelectron 

spectroscopy (XPS) spectra of the nanochannels were obtained by an ESCALAB 

250Xi XPS (Thermo Fisher, America) and the source gun types were Al and Ka. 

Laser scanning confocal microscopy (LSCM) image of the inner membrane surface 

was obtained by a confocal laser scanning microscope (Zeiss LSM710, Germany). 

 

RESULTS AND DISCUSSION 

Mechanism 

The working mechanism of the PMO-functionalized nanochannel biosensor for 

the label-free detection of miRNA is depicted in Figure 1. At first, through chemical 

etching method, the conical nanochannels are prepared in PET film. After the 

nanochannel is prepared, ionized carboxylic groups (-COO
-
) are exposed on the 
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unmodified conical-shaped nanochannels surface, leading to a negatively charged 

surface. Secondly, the amine-modified PMO is covalently coupled with the carboxylic 

groups by using a mixture of EDC and sulfo-NHS,
42

 through which PMO is 

immobilized on the channel surface. Subsequently, negatively charged BSA is used 

for blocking the unbound sites, leading to more negative charges on the surface. When 

target miRNA is hybridized with probe PMO, charge density of the nanochannel 

surface dramatically changes due to the contribution of negative charges of phosphate 

backbone of miRNA nucleotide. The hybridization between probe and target is 

monitored by recording the I-V curves. 

Surface Modification of Nanochannels 

In this experiment, the surface modification process was conducted by measuring 

the transmembrane ionic current with 0.5×PBS (pH 7.1) solution filled in two halves 

of cells. Before and after surface modification, I-V curves of conical nanochannel 

were recorded in Figure 2A. As discussed, the unmodified conical-shaped PET 

nanochannel surface was negatively charged, and I-V curve of the bare nanochannel 

acted as the control. After the channel surface was covalently coupled with PMO 

probe, a decrease in the negative charge of the nanochannel was obtained. Upon 

introduction of uncharged PMO, the charge on the inner channel surface significantly 

decreased, which leads to remarkable ion current decrease. The curve was observed to 

be almost a straight line. As shown, before modification, permselective transport of 

ions through the nanochannel was measured at a potential of -2 V, and an average 

rectified ion current of -0.535 mA was obtained. Immobilization of PMO led to a 
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54 % decrease in rectified ion current at -2 V. That is because neutral PMO probe 

diminishes the negative charge on the nanochannel surface. The change in the I-V 

characteristics before and after modification indicates that PMO was successfully 

attached onto the nanochannel surface. Afterwards, BSA was employed to block the 

unmodified sites on the surface. As the negatively charged BSA molecule increased 

the negative channel surface charge once again, the rectified ionic current measured at 

-2 V was raised from -0.264 mA to - 0.359 mA. 

To further verify the success of the modified process, XPS was used to detect the 

content of phosphorus and nitrogen elements contained in PMO. In Figures 2B and 

2C, the XPS characterizations were conducted on the unmodified nanochannel 

membrane as the control (black line), and the PMO-modified membrane (green line), 

respectively. On the unmodified PET film surface, only C 1s and O 1s peaks were 

clearly observed. After PMO was introduced to the channel surface (green line), it 

was clearly seen that, both N 1s (399 eV) peak (Figure 2B) and P 2p (133 eV) peak 

(Figure 2C) appeared, further indicating that probe PMO was immobilized on the 

nanochannel surface. All the above data verify the success of the PMO modification 

process on the nanochannel surface. 

Stability  

The stability of PMO functionalized PET film in 0.5×PBS (pH 7.1) was also 

investigated by measuring voltage and current as a function of time. As shown in 

Figure S2, red trace represents the voltage, and blue one represents the corresponding 

transmembrane current. With the voltage ranging from -2 V to +2 V for 520 s (red 
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trace), negligible change on the amplitude and shape of current curves (blue trace) 

appeared. The data show that the stability of the modified nanochannel has not been 

affected when the nanochannel is polarized under different potentials in the electrolyte 

solution. The result indicates that it could be used for miRNA detection.  

Optimization of hybridization time 

In this system, the hybridization temperature was fixed at 37 °C by considering 

the normal body temperature. The hybridization time was investigated when let-7b 

was applied to the PMO-modified nanochannel sensor. As shown in Figure S3, when 

1 nM let-7b was interacted with the PMO-modified nanochannel sensor, the relative 

ion current change ratios: (I – I0)/I0 increased with the hybridization time from 30 to 

180 min. In the period of 30-120 min, the ratios increased sharply along with the 

increasing time. The hybridization tended to be stable after 120 min. In the 

experiment, the optimal hybridization time was chosen as 120 min. 

Specificity  

The specificity of the PMO-functionalized nanochannel biosensor was performed 

by applying complementary target miRNA, non-complementray target miRNA, and 

mismatched target to the sensor, as illustrated in Figure 3A. The functionalized 

nanochannel membrane was immersed in 1 nM miR-21, let-7c, and let-7b at 37 °C for 

2 h, respectively. Then, the film was washed with 0.5×PBS (pH 7.1) to remove 

physically adsorbed miRNA molecules. The hybridization on the channel surface was 

monitored by transmembrane current. Figure 3B shows the ion current of the probe 

PMO-modified nanochannel incubated with 0.5×PBS, 1 nM miR-21, let-7c, and 
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let-7b, respectively. 0.5×PBS was acted as the control (black line) in this experiment. 

Upon exposure of the modified channels to miR-21 solution, only slight change in the 

relative ion current change ratios was observed. Addition of let-7c resulted in a 

negligible response, probably owing to some nonspecific adsorption. When the film 

was interacted with let-7b, the current increased remarkably. Figure 3C presents 

current change ratios of the modified nanochannel while 1 nM concentration of the 

above-mentioned 3 miRNA strands was applied. For let-7c, the relative ion current 

change ratio was larger than that of miR-21, but still much smaller than that of let-7b. 

It is obvious that the relative ion current change ratio for let-7b was much larger than 

that of let-7c and miR21. The data indicate that the PMO-functionalized nanochannel 

biosensor can distinguish let-7b from let-7c and miR21, exhibiting a remarkable 

specificity. 

Verification of PMO-miRNA hybridization by fluorescent imaging and XPS 

The hybridization event occurring on the nanochannels surface was verified by 

LSCM. As shown in Figure 4A, two Cy3-labeled target miRNA (Cy3-let-7b and 

Cy3-miRNA-21), respectively, were used to hybridize with the immobilized probe 

PMO. When the probe modified nanochannels were immersed to 1 nM 

Cy3-miRNA-21 solutions at 37 °C for 2 h, negligible fluorescent signal was seen. The 

result reveals that the hybridization of PMO with miRNA-21 did not occur. However, 

the strong fluorescent signal appeared after hybridization between PMO and 

Cy3-let-7b occurred, indicating that Cy3-let-7b has successfully been hybridized with 

the probe PMO on the nanochannel surface. In addition, the fluorescent signal showed 
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that the membrane thickness was ca. 12 ± 0.5 µm, which is consistent with its actual 

thickness. The data prove that let-7b has been hybridized with probe PMO on the 

nanochannel surface as anticipated. 

To further verify the successful hybridization between PMO and miRNA, XPS 

was used to detect the content of sulphur elements contained in Cy3 when cy3-let-7b 

was hybridized with probe PMO, as above-mentioned. As shown in Figures 4B, 4C 

and 4D. The XPS characterizations were conducted on the PMO-modified membrane 

(green), and cy3-let-7b hybridization membrane (yellow line), respectively. On the 

PMO-modified PET film surface, only C 1s and O 1s, N1s (Figures 4B), P2p (Figures 

4C) peaks were clearly observed. After Cy3-let-7b was hybridized with probe PMO 

on the nanochannel surface, it was clearly seen that a S2p (166 eV) peak appeared 

(Figures 4D), further indicating that Cy3-let-7b has been hybridized with probe PMO. 

All the above data verify the successful hybridization of PMO and let-7b on the 

surface of the PET nanochannel. 

Sensitivity  

For purpose of investigating the sensitivity of the nanochannel-based biosensor, 

various concentrations of let-7b (from 100 aM to 1 nM) were introduced to hybridize 

with the PMO-modified nanochannel. And the responses of the nanochannel 

biosensor to different concentrations of let-7b were shown in Figure 5A. It is clear 

that the relative ion current change increased generally with the increased 

concentration from 100 aM to 1 nM. This sensor displayed a good response to let-7b 

in a concentration range. A blank control experiment with 0.5×PBS without any 
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miRNA was conducted to show the noise value and dashed line indicates the value of 

three-fold noise in Figure 5B. Based on the fact that the signal exceeds the 

background by 3 times, the sensitivity of the nanochannel sensor was found to be 1 

fM, which is 1 order magnitude higher than that of the previous work regarding 

PNA-miRNA hybridization.
 43

 

Cheng et al. reported a Au nanoparticles (NPs) quenching-based competition 

assay system for label-free miRNA detection. This method was sensitive and specific 

to target miRNA with detection limit down to 3.8 pM.
44

 Trau et al. introduced 

elevated affinity interaction to design an amplification-free miRNA detection assay 

with detection limit down to 10 fM.
45 

Cai et al. reported a double-strand displacement 

based fluorescence sensor for quencher-free miRNA detection, in which the detection 

limit is 5 nM.
46

 Miao et al. described a hybridization chain reaction based silver 

nanoparticles colorimetric method for miRNA detection and the detect limit is 1 pM.
47 

Luo et al. developed an DNA probe modified reduced graphene oxide coated surface 

plasmon resonance (SPR) biosensor for real-time monitoring of miRNA-DNA 

hybridization. Duplex-specific nuclease (DSN) was introduced to amplify signal and 

the sensitivity of this sensor is as high as 3 fM.
48 

Our group has recently developed a 

gold nanoparticles (AuNPs)-functionalized graphene FET biosensor for miRNA 

detection with ultra sensitivity and high specificity.
43 

This system applied AuNPs to 

amplify detection signal and introduced capture probe PNA to improve the specificity 

and sensitivity. The detection limit is 10 fM. 

The various methods for miRNA sensing based on probe-miRNA hybridization 
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were illustrated in Table S1. Compared with other label-free miRNA detection 

methods, the nanochannel-based miRNA sensor has special 3D nanoscale 

environment. Moreover, morpholino, as a probe molecule, does not contain charges, 

which eliminates the background signal. Not only is the sensor unnecessary to 

introduce signal amplification strategy, but also it could reach a reliable detection 

limit of 1 fM for target miRNA. The sensitivity of the developed method is about 1 

order of magnitude higher than that reported by FET, 3 orders of magnitude higher 

than that reported by photoluminescence, and colorimetric method, and 1 order of 

magnitude higher than that reported by electrochemistry, respectively。 

Reproducibility and Reusability 

To evaluate the reproducibility of the nanochannel sensor, the relative ion current 

change ratios (at -2 V) of 4 functionalized nanochannels in the presence of 1 nM 

concentration of Let-7b were obtained (Figure 6A). As seen, the relative ion current 

change ratios did not change remarkably from 4 parallel experiments, indicating that 

multiple nanochannels give rise to similar results on the detection of miRNA.  

Reusability of the PMO modified nanochannels biosensors was also investigated 

(Figure 6B). 4 successive experiments were repeated at the same nanochannel by 

immersing the biosensors into absolute ethyl alcohol solution at room temperature for 

4 h on shaking table for denaturation, and subsequently applying the same 

concentration of Let-7b to the nanochannel for re-hybridization. By repeating the 

process, denaturation and re-hybridization were successively performed. When 

denaturation was carried out, the current decreased. When the hybridization was 
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conducted, the current increased again. Reversible variation of the ionic current of 

nanochannels at -2 V (re-hybridization: red squares and denaturation: blue squares) 

shows that this biosensor has a reliable reusability and can be re-used for multiple 

times. 

Serum sample analysis 

In order to further investigate the practical application of the nanochannel-based 

biosensor, we challenged miRNA detection in real samples. Bovine serum was used as 

real sample, and target miRNA was spiked into the serum with varying concentrations. 

In 5 % fetal bovine serum sample containing various concentrations of let-7b (from 

100 aM to 1 nM), the sensor still maintained high detection ability to target miRNA. 

As shown in Figure 7A, it was found that the relative ion current change increased 

generally with the increased concentrations of let-7b from 100 aM to 1 nM in 5 % 

fetal bovine serum sample. In a range of let-7b concentration, this nanochannel sensor 

showed good response to let-7b. Similar to the above-mentioned discussion, a blank 

control test with 5 % fetal bovine serum without any miRNA was performed. Dashed 

line in Figure 7B indicates the value of three-fold noise. The detection limit of the 

sensor was determined to be 10 fM. The results demonstrate that the biosensor still 

works well in serum samples, showing its potential of being applied in the practical 

applications.  

 

CONCLUSIONS 

In summary, we have developed a very simple and facile strategy to fabricate a 
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novel PMO-modified nanochannel sensing platform for miRNA detection in confined 

3D nanospace with high sequence-specificity and sensitivity. After PMO was 

covalently immobilized on the nanochannel surface, hybridization between 

PMO-miRNA took place, making the miRNA detection highly sensitive and specific. 

Moreover, the nanochannel also showed high response and robust anti-interference 

when challenged in serum samples. The unique 3D geometry of the nanochannels 

enlarged surface area for the functionalization of probe molecule and thus improved 

the affinity between probe and target molecule. The PMO functionalized nanochannel 

could specifically discriminate Let-7b from miR-21, and Let-7c. In addition, this 

nanochannel biosensor achieved sensitivity as high as 1 fM in PBS and 10 fM in 

serum sample, respectively. It is anticipated that such a new method will benefit 

miRNA detection in clinical diagnosis with high sensitivity and specificity. 
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Figure captions: 

Figure 1. Schematic illustration of the PMO-functionalized nanochannel biosensor 

for miRNA detection. 

Figure 2. A) Current-voltage (I-V) characteristics of conical nanochannel with tip d = 

51nm and base D = 1.1 µm, bare nanochannel(■), immobilized PMO probe (●), and 

BSA blocking (◆) on the channel surface, respectively. I-V curves were measured in 

0.5×PBS (pH = 7.1) solution. B) Wide survey of XPS analysis on the bare and the 

PMO-modified PET surface, respectively. C) Narrow survey of XPS analysis on P 

element on the bare and the PMO-modified PET surface, respectively. 

Figure 3. A) Schematic illustration showing the specificity of the nanochannel 

biosensor for miRNA detection. B) I-V curves of the PMO functionalized 

nanochannel biosensor after treated with 1 nM miR-21, let-7c, and let-7b, respectively. 

In this experiment, 0.5×PBS, pH 7.1 acted as the control (black line). C) The relative 

ion current change ratios of the modified nanochannel in the presence of 1 nM 

concentration of the above-mentioned 3 miRNA strands. 

Figure 4. A) LSCM observation of the nanochannels before and after two different 

Cy3 fluorophore labeled miRNA (Cy3-miRNA-21 and Cy3-let-7b, respectively) 

hybridized with PMO on the channel surface. B) Wide survey of XPS analysis on the 

PMO-modified and Cy3-let7b hybridized PET surface, respectively. Narrow survey of 

XPS analysis on P element (C) and S element (D) on the PMO-modified and 

Cy3-let7b hybridized PET surface, respectively. 

Figure 5. A) I-V curves of the nanochannel biosensor hybridized with let-7b at a 
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series of concentrations (100 aM-1 nM), and B) The relative ion current change 

versus various concentrations.  

Figure 6. A) The relative ion current change ratios at -2 V (I-I0/I0) of 4 modified 

nanochannels in the presence of 1 nM concentration of Let-7b; B) Reusability of the 

PMO modified nanochannels biosensors. PMO/miRNA hybridization and 

denaturation were run 4 times on the same nanochannel at -2 V (hybridization: red 

squares and denaturation: blue squares).  

Figure 7. A) I-V curves of the nanochannel biosensor hybridized with let-7b at a 

series of concentrations (100 aM-1 nM) in 5 % fetal bovine serum sample and B) The 

relative ion current change versus various concentrations. 
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