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Abstract

A very simple sensing device based on biomimetic nanochannels has been

developed for label-free, ultrasensitive and highly sequence-specific detection of

DNA. Probe DNA was modified on the inner wall of the nanochannel surface by

layer-by-layer (LBL) assembly. After probe DNA immobilization, DNA detection

was realized by monitoring the rectified ion current when hybridization occurred. Due

to three dimensional (3D) nanoscale environment of the nanochannel, this special

geometry dramatically increased the surface area of the nanochannel for

immobilization of probe molecules on the inner-surface and enlarged contact area

between probes and target-molecules. Thus, the unique sensor reached a reliable

detection limit of 10 fM for target DNA. In addition, this DNA sensor could

discriminate complementary DNA (c-DNA) from non-complementary DNA (nc-

DNA), two-base mismatched DNA (2bm-DNA) and one-base mismatched DNA

(1bm-DNA) with high specificity. Moreover, the nanochannel-based biosensor was

also able to detect target DNA even in an interfering environment and serum samples.

This approach will provide a novel biosensing platform for detection and

discrimination of disease-related molecular targets and unknown sequence DNA.

Keywords: Nanochannels; Biosensor; Label-Free Detection; DNA; Hybridization
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1. Introduction

Biological ion channels are functional protein complexes and embedded in cell

membranes. Many ion channels are selective for a given ion or a molecule across the

cell boundaries, so they play a crucial role in cellular metabolic processes and also

become a model system to construct biosensors (Hiller and Sunderland, 2001; Kumar

and Gilula, 1996). Nevertheless, this performance of ion channels only exists on live

cell membrane, which severely handicaps its development and practical application.

To work around those problems, a number of artificial biomimetic nanochannels,

inspired by biological ion channels have been designed (Hou, 2013; Hou et al., 2012;

Daiguji, 2010; Howorka and Siwy, 2009). Because of their robust mechanical and

chemical properties, some biosensors and other nanodevices have been reported and

triggered enormous research interests (Inglis et al., 2011; Wei et al., 2012; Jiang et al.,

2012; Haywood et al., 2015). Comparing with other biosensors, the nanochannel-

based biosensors have special three dimensional (3D) nanoscale environment (Guo et

al., 2015; Nie et al., 2015; Zhang et al., 2015). For instance, this special geometry

dramatically increases the surface area of nanochannel for immobilization of probe

molecules on the inner-surface and enlarges contact area between probes and target-

molecules (Kim et al., 2015). Such a great property is very useful for building a



highly sensitive and specific biosensor. Therefore, it is desirable to develop the

nanochannel-based biosensor for high sensitive and specific detection of biomolecules

(Sun et al., 2014; Liu et al., 2015; Sun et al., 2015; Gao et al., 2015; Wang et al.,

2015; Sun et al., 2012; Ali et al., 2015; Xu et al., 2015; Ali et al., 2015).

Sequence-specific nucleic acids detection and analysis have become a hot topic

and caught much attention due to their widespread applications in the fields of

molecular biology, disease diagnosis, pathogen detection, forensic analysis, food

industry and so on (Bowtell, 1999; Lam et al., 2013; Janasek et al., 2006; Drummond

et al., 2003; Hay Burgess et al., 2006). Nowadays, various biosensors have been used

for nucleic acids detection such as electrochemical sensors (Pollet et al., 2009; Yang

et al., 2014; Daniels et al., 2007; Pourmand and Fan, 2008; Berggren et al., 1998),

field-effect transistor (FET) biosensor (Cai et al., 2014; Zheng et al., 2015; Cai et al.,

2015; Zhang et al., 2010), optical systems (Huang et al., 2011; Akhavan et al., 2012;

Panke et al., 2007; Aoki and Tao, 2007; Feng et al., 2008). In particular, most of them

usually introduce one dimensional (1D) or two dimensional (2D) nanomaterials to

improve sensitivity, and realize label-free detection, because of nanostructure’s unique

properties. Nevertheless, development of nucleic acids biosensor with high sequence

specificity and sensitivity is still a challenge. It is expected that 3D nanoscale

environment benefits immobilization of more probe molecule on the small surface of



the nanostructures and transportation of more target molecule to the sensing interface,

thus improving the detection sensitivity and specificity.

Recently, the highly specific and sensitive nanochannels based biosensors have

been developed as efficient sensing platforms in detecting nucleic acids (Xia et al.,

2013; Ali et al., 2014; Farimani et al., 2010). The principle of the nanochannel-based

DNA biosensors is that the immobilized probe specifically hybridizes with single-

stranded target nucleic acids on the channel surface. The hybridization event changes

the surface charge density and/or effective diameter of the nanochannel, and triggers

the membrane current change, which can be recorded by instrument. For instance, Xia

et al. (Xia et al., 2013) developed a novel nanochannel-based method for detecting

oligonucleotides through forming complex supersandwich structures capable of

blocking the nanochannel. And this system could also detect DNA in complex

matrices and serum sample. But this sensing strategy had to introduce multiple probes

to construct complex DNA nanostructure inside the nanochannel. Ali and co-workers

(Ali et al., 2014) reported a simple, highly selective and label-free sensing system, in

which peptide nucleic acid (PNA)-modified nanochannel was proposed for the

sequence-specific detection of DNA. Very unfortunately, this method does not further

investigate the method’s sensitivity and involve the real sample detection. It is still a

challenge to develop a simple, cost-effective and label-free nanochannel biosensor for
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DNA sensing with high sensitivity and specificity in both buffer and complex real

sample.

Herein, we demonstrate a very simple and facile strategy to fabricate a novel

nanochannel sensing platform for label-free detection of DNA with high sequence-

specificity and sensitivity. Moreover, the nanochannel-based biosensor is also able to

detect target DNA even in an interfering environment and serum samples. In the

present work, the probe DNA is modified on the channel surface by layer-by-layer

(LBL) assembly (Ali et al., 2010), which is a very straightforward and effective

strategy for functionalization of the nanochannel surface. This method avoids the

requirements for complex chemical steps in modification process. In order to improve

sequence-specificity and restrain interference, the DNA-modified membrane is

incubated with bovine serum albumin (BSA) to prevent possible nonspecific binding

events by blocking the active sits on the channel surface. The high sequence

specificity of this system is subsequently demonstrated by using the complementary,

one-base mismatched, and noncomplementary DNA sequences. Most significantly,

even in complex matrices and real sample, this biosensor also shows highly specific

response and negligible interference.

2. EXPERIMEATAL SECTION

2.1. Materials and DNA Sequences



Poly(ethylene terephthalate) (PET, 12 um thick) membranes were irradiated with
Ar ion beam of energy 18 MeV/nucleon (Tsinghua University, Beijing, China). The
track density is about 4x10°/cm”. All DNAs were 16-mer in length and diluted with
0.1 M KCI prepared in PBS (pH 7.0). The sequence of the DNA probe is 5’-
CACAAAACGGGGGCGG-3’. The sequences of the DNAs employed for
hybridization are 5’-CCGCCCCCGTTTTGTG-3’ (complementary, c-DNA), 5’-
CCGCACCCATTTTGTG-3’ (two-base mismatched, 2bm-DNA), 5’-
CCGCCCCCATTTTGTG-3’ (one-base mismatched, Ibm-DNA), 5’-
AATAAAAATGGGGTGT-3>  (non-complementary, - nc-DNA). BSA  and
polyethyleneimine (PEI) were purchased from Sigma-Aldrich. Sodium hydroxide
(NaOH), hydrochloric acid (HCI), formic acid (HCOOH), potassium chloride (KCl),
sodium dihydrogen phosphate (NaH,PO4), and sodium hydrogen phosphate
(Na,HPO4) were purchased from Sinopharm Chemical Reagent Shanghai Co. Ltd.

(SCRC, China). All solutions were prepared in MilliQ water (18.2 MQ).
2.2. Fabrication of conical nanochannels

The conical nanochannels were prepared by chemical etching of 12 pm thick PET
membrane (Wharton et al., 2007). Before etching process, each side of the PET
membranes was exposed in UV light (365 nm) for 1 h. In order to obtain the conical

nanochannel, etching was performed only from one side. The other side of the cell
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contained a solution that was able to neutralize the etchant as soon as the pore was

opened, thus slowing down the further etching process. The PET membrane was

embedded between the two chambers of a conductivity cell at 30 °C, in which one

chamber was filled with etching solution (9 M NaOH), and the other chamber was

filled with stopping solution (1 M KCI + 1 M HCOOH). Then a voltage of 1 V was

applied across the membrane. The etching process was stopped at a desired current

value corresponding to a certain tip diameter. The membrane was immerged in

distilled water to remove residual salts. The large opening of the conical nanochannel

was called base (D) and the small opening was called tip (dgp). Field emission-

scanning electron microscopy (FE-SEM) was used to characterize the nanochannel

size of both sides. As seen in Figure S1, the base diameter was found to be about 1.2

pum and the tip diameter was about 45 nm.

2.3. Modification of Nanochannels

After the chemical etching process, the track-etched nanochannel film was

immersed in an aqueous solution of the PEI (1 mg/mL, pH 7.0), and allowed to self-

assemble overnight. After adsorption of PEI, the membrane was washed with distilled

water several times. A solution of probe DNA (10 uM, pH 7.0) was then added on the

both sides of PEI modified channel and allowed for incubation for 2 h. The membrane

was washed with distilled water to remove unreacted probe DNA and then incubated
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with 10 mg/ml BSA solution (pH 9.0) for 1 h to prevent possible nonspecific binding

events and then washed by distilled water. To determine the success of the assembly

process, the current-voltage (I-V) curves were measured by using 0.1 M KCI (pH 7.0)

as electrolyte.

2.4. DNA-DNA hybridization

The probe DNA-modified nanochannel membrane was exposed to nc-DNA

solutions and incubated for 1 h at 37 °C. After hybridization, the channel was washed

with 0.1 M KCI (pH 7.0) solution and distilled water to remove the unhybridized

DNA. After washing, the ion flux was measured using 0.1 M KCI (pH 7.0) as an

electrolyte. The same procedure was repeated, when 2bm-DNA, 1bm-DNA and c-

DNA were hybridized with probe DNA on the channel surface, respectively.

2.5. Ion currents measurement

Ion currents were measured by a Keithley 6487 picoammeter (Keithley

Instruments, Cleveland, OH). Ag/AgCl electrodes were used to apply a

transmembrane potential across the film. PET film was mounted between the two

halves of the conductance cell. Both halves of the cell were filled with electrolyte

solution 0.1 M KCI (pH 7.0). Then the data record was carried out with a scanning

triangle voltage signal from -1 V to +1 V with a 40 s period in 0.1 M KCI (pH 7.0).

Each test was repeated 5 times to obtain the average current value at different voltage.
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2.6. Characterizations

The nanochannel diameter was determined by FE-SEM (Zeiss SIGMA,

Germany). 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) of the inner

membrane surface were obtained by using a Zeiss confocal laser scanning unit

mounted on a LSM710 fixed-stage upright microscopy.

3. RESULTS AND DISCUSSION

3.1.Mechanism

The working mechanism of the nanochannel-based biosensor for ultrasensitive

and label-free detection of DNA is depicted in Fig. 1. At first, the conical

nanochannels are prepared by chemical etching of 12 um thick PET membrane. After

the chemical etching process, ionized carboxyl groups (-COQ") are exposed on the

unmodified conical-shaped PET nanochannel surface, resulting in a negatively

charged surface at pH 7.0. Secondly, positively charged PEI is self-assembled on the

channel surface by electrostatic interaction, triggering a change in the polarity of the

nanochannel from negative to positive. After that, negatively charged probe DNA is

further assembled on the positively charged channel surface and negatively charged

BSA is used for blocking, making the positive charge on the surface less. When target
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DNA is hybridized with probe DNA, the surface charge and charge density

dramatically change due to the contribution of negatively charged phosphate

backbone of the DNA nucleotide. The hybridization between probe and target is

monitored by recording the current-voltage (I-V) curves.

3.2.Modification of Nanochannels

In this experiment, the I-V curve of the bare nanochannel acted as the control.

The unmodified conical-shaped PET nanochannel surface was negatively charged.

Thus it slightly rectified the ionic current (Fig. 2A). After self-assembling positively

charged PEI at pH 7.0 on the channel surface, a change in the charge of the

nanochannel from negative to positive was obtained. The immediate inversion of the

rectifying characteristics indicates that the successful assembly of PEI on the

nanochannel surface is carried out. Afterwards, probe DNA was easily absorbed on

PEI layer by static interaction, and BSA was employed to block the unmodified sites

on the surface. Upon introduction of DNA and BSA, the charge on the inner channel

surface significantly decreased, leading to a significant decrease in the ion current and

the curve was observed to be almost a straight line (Fig. 2A). This means that the

negatively charged phosphate backbone of DNA and the negatively charged BSA

molecule diminish the positive channel surface charge, leading to a decrease in the

rectified ionic current. R./; reflects the extent of rectification (permselectivity) of the
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conical nanochannels. The value of R/ (defined as the absolute value of the current at

-1 V divided by the current at +1 V) is sensibly correlated with the surface charge.

Consequently, a slight increase/decrease in surface charge can trigger a marked

increase/decrease in rectification ratio of the nanochannel. Fig. 2B. shows the

rectification ratio R_+ of the conical nanochannel. Before modification, the channel

surface was negatively charge, thus it slightly rectified and the R.; was about 2.95.

After PEI was assembled on the inner wall, the charge of the nanochannel changed

from negative to positive. The rectifying characteristics inversed and R.;+ changed to

0.20. When probe DNA was modified, the surface charge remarkably decreased,

leading to a significant decrease in the ion current and the curve was shown to be

almost a straight line. So the value of R.; was close to 1, resulting in the less

rectifying characteristics. The results indicate that the continuous assembly process is

successfully realized.

To further verify the success of LBL assembly process, XPS was used to evaluate

the chemical composition of PET film (Fig. S2). Fig. S2A shows wide energy XPS

spectra of each functionalized process. In this experiment, the XPS characterizations

were conducted on the unmodified nanochannel membrane as the control (black line),

PEI modified film (green line), and probe DNA self-assembly membrane (wine red

line), respectively. On the unmodified PET film surface, only C 1s and O 1s peaks
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were clearly observed. Narrow energy spectra comparing N1s peaks between the bare

PET film and the PEI-modified one were shown in the Fig. S2B. It was clearly seen

that after PEI was introduced to the channel surface (green line), a N 1s (399 eV) peak

appeared, meaning that PEI was modified on the surface as anticipated. The probe

self-assembly on the channel surface was also verified by narrow energy spectra of the

PEI-modified film and the probe DNA- assembled one (Fig. S2C). The presence of P

2p (133 eV) peaks on the probe-modified film (wine red line) further indicated the

probe DNA was immobilized on the surface of the PET nanochannel. All the above

data verify the success of LBL assembly process on the surface of the PET

nanochannel.

3.3.Stability of modified nanochannel

We also investigated the stability of the probe DNA-modified nanochannel in

terms of the voltage and current signals with respect to time in 0.1 M KCI, pH 7.0, by

applying a scanning voltage varying from —1 V to +1 V for 520 s. As shown in Fig.

S3, the amplitude and shape of the current curve (black trace) showed negligible

change. The data show that the functionalized nanochannel sensor is stable and can be

used for DNA detection.

3.4.Verification of DNA-DNA hybridization by fluorescent imaging
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The hybridization event occurring on the inner surface of nanochannel was
verified by LSCM. As shown in Fig. 3, Cy3 fluorophore labeled target DNA (Cy3-
DNA) was used to hybridize with the immobilized probe DNA. When the probe
modified nanochannel was incubated with 0.1 M KCI, pH 7.0, negligible fluorescent
signal was seen. However, the strong fluorescent signal appeared after hybridization,
indicating that the Cy3-DNA has successfully been hybridized with the probe DNA on
the nanochannel surface. In addition, the fluorescent signal showed the membrane
thickness was ca. 12.3+ 0.5 p m, which agrees with its actual thickness (Fig. 3B). The
data demonstrate that c-DNA has been hybridized with probe DNA on the

nanochannels surface.
3.5.0ptimization of DNA biosensor conditions

PH is always related to the protonation of PEI and phosphate backbone of DNA
and exerts significant impact on the surface charge and charge density. Therefore, the
effect of varying pH (5.0, 6.0, 7.0, 8.0, 9.0) on the PEI-modified nanochannel sensor
was studied by relative R_;; change ratios (ratios defined by (R—R)/ Ry, where Ry is
the initial rectification ratio, R is the rectification ratio after treating with DNA
strands, respectively.) in a solution containing 1 nM c¢-DNA for 1 h at 37 C,
respectively (Fig. S4A). The maximum R./; change ratios for c-DNA were found to be

at pH 7.0. That could be ascribed to enhanced protonation of phosphate groups of
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DNA at acidic condition. While electrostatic interaction between probe DNA and PEI
was reduced at basic condition because the positive charge of PEI decreased.

Therefore, pH 7.0 was chosen for the determination of DNA in this work.

The hybridization time and temperature of the nanochannel sensor were also
investigated, respectively. As shown in Fig. S4B, when 1 nM c-DNA was interacted
with the sensor at pH 7.0, and the hybridization temperature was fixed at 37 'C, the R.
/+ change ratios obviously increased with the increasing hybridization time from 30 to
100 min. The hybridization tended to be stable after 60 min, indicating that the
hybridization reaction was nearly completed in 60 min. The effect of the varying
hybridization temperature (25-55°C) on R.. change ratios of c-DNA was also
investigated. As shown in Fig. S4C, the maximal R_; change ratios occurred between
37 and 45 °C, but the difference of R./. change ratios at 37 and 45 °C seemed to be
very slight. In this system, the hybridization temperature was chosen as 37 °C by

considering the normal body temperature.
3.6.Specificity

The specificity of the nanochannel for label-free recognition of DNA was
investigated by transmembrane ion current in 0.1 M KCI, pH 7.0 (Fig. 4A). The
functionalized nanochannel membrane was immersed in 1 nM nc-DNA, 2bm-DNA,

Ibm-DNA, and fully complementary (c-DNA) oligomers solution for 1 h at 37 °C,
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respectively. Then, the film was washed with 0.1 M KCI, pH 7.0 to remove physically

adsorbed DNA molecules. The hybridization on the channel surface was monitored by

transmembrane current. Fig. 4A shows the ion current of the probe DNA modified

nanochannel incubated with 0.1 M KCI, pH 7.0, 1 nM nc-DNA, 2bm-DNA, 1bm-

DNA and c-DNA, respectively. In this experiment, 0.1 M KCI, pH 7.0 acted as the

control (black line). Upon exposure of the modified channels to nc-DNA oligomer

solution, only slight change in I-V characteristics was observed. The small current

change might come from some nonspecific adsorption. When this same experiment

was conducted in the presence of c-DNA, the transmembrane ionic current increased

very significantly. Fig. 4B shows the relative R4 change ratios of the modified

nanochannel in the presence of 1 nM concentration of the above DNA strands. For

I1bm-DNA, R change ratio was larger than that of nc-DNA, but still much smaller

than that of c-DNA. Although 1bm-DNA could hybridize with probe and form a

duplex on the channel surface, this structure was unstable and could be unzipped

during the washing. When interacted with two-base mismatched sequence, the duplex

between 2bm-DNA and probe was much less stable, R.;+ change ratio of 2bm-DNA

was smaller than that of 1bm-DNA. It is obvious that the R_;+ change ratios for c-DNA

was much larger than those of nc-DNA, 2bm-DNA and 1bm-DNA. The data indicate
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that the nanochannels as the nucleic acids sensor can distinguish ¢c-DNA from nc-

DNA, and bm-DNA, exhibiting a remarkable specificity.

3.7.Sensitivity

The sensitivity of the nanochannel-based biosensor was investigated by adding

various concentrations of c-DNAs (from 1 fM to 1 nM) to hybridize with the probe-

DNA functionalized nanochannel. And the results were shown in Fig. 5. Rectified ion

current (measured at -1 V) and R.; change ratios generally increased as the

concentrations of the ¢c-DNAs were increased from 1 fM to 1 nM. In a certain

concentration range, the modified nanochannel displayed a response to c-DNA. The

detection limit was determined according to the method reported in literature (Xia et

al., 2013). When nc-DNA oligomer was interacted with the probe DNA-modified

nanochannel, the R_; change ratio of nc-DNA was found to be about 0.48. It is very

clear that the R_; change ratio is probably caused by non-specific adsorption. If the

ratio is above 0.48, an effective and reliable detection occurs and the ratio (0.5) is

defined as a threshold. In this experiment, when 1 fM c-DNA was interacted with the

probe DNA-modified nanochannel, the R.; change ratio was about 0.46 (< 0.5).

However, upon addition of 10 fM c-DNA to incubate with the functioned channel

sensor, the R change ratio was about 0.97 (> 0.5). According to the above

discussion, the detection limit was determined to be 10 fM (Fig. 5B).
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Radecki et al. (Radecki et al., 2015) developed an electrochemical based ion

barrier switch-off system for DNA detection with a detection limit of 1.99 pM. He and

Ma (He and Ma, 2014) used quantum dot (QD) doping-induced photoluminescence

for DNA detection with detection sensitivity of 10 pM. Song et al. (Song et al., 2014)

reported a label-free and non-enzymatic amplification fluorescent method based on

hybridization chain reaction (HCR) amplification technique and fluorescence copper

nanoparticles (CuNPs) as indicators for DNA detection. Target DNA could trigger

HCR process and formed dsDNA polymers on the beads. Then, CuNPs were

synthesized on dsDNA polymers resulting in significantly amplified fluorescence

signal. This method was sensitive and specific to target DNA with a detection limit of

0.4 nM. A label-free colorimetric method for highly sensitive detection of DNA by

coupling target-catalyzed hairpin assembly and Exolll-assisted signal amplification

was developed by Wu et al. (Wu et al., 2015). This method could discriminate

mismatched DNA from target DNA and exhibits a high sensitivity with a low

detection limit of 81 fM. Ju et al. (Ju et al., 2013) constructed probe DNA-Ag

nanoparticle-graphene oxide modified interface for DNA detection (limit of detection

LOD 1 pM) through surface-enhanced raman spectroscopy (SERS) method. Our

group has recently proposed a reduced graphene oxide (R-GO) field-effect transistor

(FET) biosensor for label-free detection of DNA with ultra sensitivity and high
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specificity (Zhang et al., 2014). This system applied R-GO nanomaterial to amplify

detection signal and introduced peptide nucleic acid (PNA) instead of DNA as the

capture probe to enhance the specificity and sensitivity. The detection limit as low as

100 fM was achieved.

The various methods for DNA sensing based on DNA-DNA hybridization are

illustrated in Table S1. Compared with other label-free DNA detection methods, the

nanochannel-based DNA sensor has special 3D nanoscale environment. Not only is

the sensor unnecessary to introduce signal amplification strategy, but also it could

reach a reliable detection limit of 10 fM for target DNA. The sensitivity of the

developed method is about 1 order of magnitude higher than those reported by FET

and colorimetric, respectively, 3 orders of magnitude higher than that reported by

photoluminescence, and 4 orders of magnitude higher than that reported by

electrochemistry.

3.8.Interference and serum sample analysis

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

biosensor, we challenged DNA detection in interfering system and serum samples. In

this experiment, 1 nM c-DNA was mixed with 100 nM nc-DNA solution, and the high

concentration of nc-DNA acted as interfering substance. As shown in Fig. 6A, when

the modified nanochannels was interacted with the interfering substance without
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target DNA, the R_; change ratio was below the threshold of 0.5. So it is clear that

this phenomenon takes place probably due to non-specific adsorption. A significant

signal changed, after the same nanochannel was incubated with the solution

containing 1 nM c¢-DNA and 100 nM interfering substances. The results indicate the

biosensor presents an ability of anti-interference when challenged in interfering

system.

In 5% fetal bovine serum sample containing 1pM and 1nM c-DNA, the sensor

still maintained high detection ability to target DNA. Fig. 6B shows the R.;. change

ratios of the nanochannel incubated with 1 pM and 1 nM target DNA in electrolyte

and 5 % fetal bovine serum sample, respectively. The R/, change ratios of 1 pM and 1

nM target DNA in serum sample were smaller than those in electrolyte. This is due to

the fact that serum is a very complex mixture, and the multicomponent could degrade

the performance of DNA sensing. Hence, the hybridization efficiency of probe DNA

with target DNA in serum might decrease compared with that in electrolyte.

Nevertheless, the biosensor still works well in both interfering system and serum

samples, showing that it has the potential of being applied in the practical

applications.

4. CONCLUSIONS
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In summary, we have presented a very simple and facile strategy to fabricate a

novel nanochannel-based sensing platform for label-free detection of DNA in

confined 3D nanospace with high sequence-specificity and sensitivity. And this

biosensor also showed high response and robust anti-interference when challenged in

interfering system and serum samples. The unique 3D geometry of nanochannels

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

between probe and target molecule. The probe-DNA functionalized nanochannel

could discriminate c-DNA from nc-DNA, 2bm-DNA and 1bm-DNA strands with high

selectivity by monitoring the rectified ion flux upon hybridization on the channel

surface. Moreover, a reliable detection limit of 10 fM for target DNA was achieved. It

is expected that this approach has universal applications in detecting other disease-

related molecular targets.
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Fig. 1. Schematic illustration of the probe DNA functionalized nanochannel biosensor

for DNA detection.

Fig. 2. A) Current-voltage (I-V) and B) rectifying characteristics of the LBL assembly

process on the conical nanochannel. I-V curve of the bare nanochannel acted as the

control. R.;; defined as the absolute value of the current at -1 V divided by the current

at +1 V. The immediate inversion and tremendous decrease about I-V curve prove the

success of the continuous assembly process.
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Fig. 3. LSCM observation of the nanochannels before A) and after B) Cy3

fluorophore labeled target DNA hybridized with probe on the channel surface. Strong

fluorescent signal from the cross-sectional view proves the successful assembly inside

the nanochannels.

Fig. 4. A) I-V curves of the nanochannels after treated with 1 nM nc-DNA, 2bm-

DNA, 1bm-DNA, and c-DNA for 1 h at 37 °C, respectively. In this experiment, 0.1 M

KClI, pH 7.0 acted as the control (black line). B) R_;change ratios measured in 0.1 M

KCI pH 7.0 of the modified nanochannel in the presence of 1 nM concentration of the

above DNA strands.

Fig. 5. A) I-V curves of the nanochannel biosensor hybridized with c-DNA at a series

of concentrations (1 fM-1 nM), and B) The corresponding R./; change ratios versus

various concentrations. In a certain concentration range, the modified nanochannel

sensor displayed a response to c-DNA.

Fig. 6. R.; change ratios measured A) without or with the addition of 1 nM target

DNA in 100 nM interfering sequences (nc-DNA prepared in 0.1 M KCIl, pH 7.0)

respectively. B) R.;.change ratios measured in both electrolyte and 5% serum sample

containing 1 pM and 1 nM c-DNA.
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Highlights

e 3-D nanochannel-based biosensor for DNA detection has been proposed.

e DNA-DNA hybridization has been employed to realize label-free and sensitive

detection of DNA by using the fabricated nanochannel biosensor.

e The fabricated nanochannel biosensor is able to detect DNA in interfering

system and serum sample.

e High sensitivity has been achieved based on this detection system.

e The developed sensing platform shows good sequence discrimination.
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