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ABSTRACT: Integrating biological components into artificial
devices establishes an interface to understand and imitate the
superior functionalities of the living systems. One challenge in
developing biohybrid nanosystems mimicking the gating
function of the biological ion channels is to enhance the
gating efficiency of the man-made systems. Herein, we
demonstrate a DNA supersandwich and ATP gated nanofluidic
device that exhibits high ON−OFF ratios (up to 106) and a
perfect electric seal at its closed state (∼GΩ). The ON−OFF
ratio is distinctly higher than existing chemically modified
nanofluidic gating systems. The gigaohm seal is comparable
with that required in ion channel electrophysiological recording and some lipid bilayer-coated nanopore sensors. The gating
function is implemented by self-assembling DNA supersandwich structures into solid-state nanochannels (open-to-closed) and
their disassembly through ATP−DNA binding interactions (closed-to-open). On the basis of the reversible and all-or-none
electrochemical switching properties, we further achieve the IMPLICATION logic operations within the nanofluidic structures.
The present biohybrid nanofluidic device translates molecular events into electrical signals and indicates a built-in signal
amplification mechanism for future nanofluidic biosensing and modular DNA computing on solid-state substrates.

■ INTRODUCTION

Inspired by those genius designs in living organisms, such as the
membrane ion channels and the nuclear pore complex, the
development of artificial gatelike nanosystems able to perform
programmed functions has elicited considerable interest and
represents the forefront of the interdisciplinary fields of
chemistry, materials science, and nanotechnology.1,2 Typically
in such systems, solid supports (e.g., solid-state nanopores,
mesoporous nanoparticles, or electrochemical electrodes) are
equipped with biological or synthetic molecules working as
macromolecular actuators, transport receptors, or electronic
transducers.3−9

Particularly, the specific Watson−Crick base pairing and
programmable strand-displacement reactions make DNA an
intriguing material for nanoscale science and engineering.10,11

Many impressive achievements have been made in constructing
DNA-based nanofluidic circuits and bioelectronic sensing
devices in recent years.12−16 Martin and co-workers fabricate
a hairpin DNA functionalized nanotube membrane that
selectively recognizes and transports the complementary
strands with single-base resolution.17 Ouyang and Jiang et al.
build a compound DNA nanocompartment array on an
electrode surface to investigate the nonequilibrium gating

mechanism of the flexible nanochannels formed by the compact
DNA molecular motors.18 We further integrate the stimuli-
responsive DNA molecular motors with synthetic nanopores to
construct pH and potassium gating, biohybrid nanofluidic
devices, in which the ionic transport properties can be finely
tuned by the proton and metal ion concentration.19,20

Furthermore, these smart DNA-based nanofluidic systems
find applications in bioinspired energy conversion and label-
free detection of hazardous metal ions.21−24 Early in this year,
two groups of scientists reported independently a superior
hybrid nanopore system by directly inserting DNA origami
structures into solid-state nanopores.25,26 This design strategy
offer excellent adaptability, surface functionality, and bio-
compatibility that pave the way for future single-molecule
nanopore sensors and the next-generation DNA sequencing.
Although substantial progress has been achieved in

fabricating DNA and its analogues dressed switchable nano-
fluidic systems, challenges are still ahead of us.27−30 For
example, Rant and Dietz et al. point out that, even in the state-
of-the-art DNA origami functionalized nanopore systems, the
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DNA gatekeepers are permeable to small ions.26 The leak ionic
current and related current fluctuations would significantly
reduce the resolution of the resistive-pulse sensing.31 Therefore,
an enhancement in gating efficiency of the DNA-nanopore
hybrid system to ionic species is highly demanded.
In this article, we demonstrate a highly efficient and smart

nanofluidic gating system that exhibits extremely high ON−
OFF ratios (up to 106) and perfect electric seals at its closed
state (∼GΩ). The ON−OFF ratio is distinctly higher than that
in existing chemically modified nanofluidic gating systems. The
gigaohm seal is comparable with that required in ion channel
electrophysiological recording and some lipid bilayer-coated
nanopore sensors. Starting from the immobilized capture probe
(CP) on the channel wall, the consecutive DNA hybridization
creates long concatamers containing repeated units of probe 1
(P1) and probe 2 (P2) partially hybridized on different regions,
which efficiently blocks the pathway for ion transport through
the nanochannels (Figure 1). In addition, both the CP and P2

are the DNA aptamers of ATP. After ATP treatment,
disassembly of the supersandwich structures due to ATP−
DNA binding interactions reopens the nanochannels. On the
basis of the reversible and all-or-none electrochemical gating
behavior, we further develop it into a DNA- and ATP-driven
nanofluidic logic device performing the IMPLICATION
operations.

■ RESULTS AND DISCUSSION
Initially, the alumina nanochannels were chemically modified
with the 5′-aminated capture DNA probes (35-mer) through a
previously reported three-step process (Supporting Information
(SI)).32 After the addition of P1 and P2 in the environmental
solution, concatenated supersandwich DNA structures contain-
ing multiple units of P1 and P2 grow from the CP on the
channel wall. Gel electrophoresis is employed to evaluate the
formation of the proposed supersandwich structures (Figure S1

in SI). The analysis shows a ladder of different lengths of the
DNA concatamers with the maximum length being ∼600 base
pairs. Mussi et al. show that, modified with short-chain
oligonucleotides, the DNA assemblies attach on the periphery
of the nanopore.33 But in the present case, the length of the
supersandwich DNA structure largely exceeds the radius of the
nanochannel. Therefore, from the scanning electron micro-
scopic (SEM) observation, one can see that the DNA
assemblies densely pack on the membrane surface forming
spherical nanoparticles (Figure 2B). The topography of the

DNA nanostructures on the membrane surface is further
measured with atomic force microscopy (AFM) in liquid phase
(Figure 2E and SI). The lateral size of the DNA nanoparticles is
∼98 nm, which perfectly covers the orifice of the nanochannels
(Figure S5B in SI). Fortified by a laser scanning confocal
microscopic (LSCM) measurement focused on the inner and
outer membrane surface, we further prove that the DNA
assembly also takes place inside the nanochannels (Figure 3).
Another important feature of the specifically designed DNA
supersandwich is that the CP and P2 are ATP aptamers. In the
presence of ATP, the CP and P2 change their conformation to
bind ATP, which consequently disassembles the supersandwich
structures.34 As proved by the SEM, AFM, and confocal
fluorescent measurements, most of the DNA nanostructures in
and out of the nanochannels are largely diminished after
treatment with ATP (Figure 2C, F, and Figure 3C).
The significant change in surface topology and DNA loading

properties caused by the autonomous assembly and ATP-driven
disassembly of the DNA nanostructures leads to a highly
efficient and smart nanofluidic gating system to the ionic
species. After the modification with capture DNA, only very
limited reduction in the transmembrane ionic current has been
found (Figure S4 and Table S3 in SI). In contrast, after the
DNA assembly, the ionic current sharply falls down from 6.2 ×
10−5 A (the ON state) to 1.1 × 10−10 A (the OFF state)
measured at +200 mV (Figure 4A). In addition, the ionic
current recovers back to 4.9 × 10−5 A after being treated with 1
mM ATP. The ON−OFF ratio approaches 105−106. This

Figure 1. Gating of alumina nanochannels by DNA supersandwich
assemblies and ATP. The nanochannels are first modified with the
capture DNA probes (A). The DNA supersandwich structures initiate
from the immobilized capture probes and compose repeated units of
partially hybridized DNA probes 1 and 2 (B). The formed long DNA
concatamers efficiently block the pathway for ion transport across the
nanochannels, yielding an extremely low conducting state. Since the
capture probe and probe 2 contain an ATP-binding sequence
(CCTGGGGGATATTGCGGAGGAAGG), the supersandwich struc-
tures are disassembled by ATP that reopens the conducting pathway
(C).

Figure 2. SEM (A−C) and AFM (D−F) characterizations of the DNA
assembly and disassembly on the membrane surface. The mean pore
diameter of the unmodified alumina nanochannels is 56 ± 3 nm (A
and D). After DNA assembly, spherical DNA nanoparticles densely
pack on the membrane surface (B and E). After treatment with 1 mM
ATP, most of the DNA nanostructures are removed from the
membrane surface (C and F). The scale bar in SEM images is 200 nm.
The scanning area in liquid-phase AFM is 2 μm × 2 μm.
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performance is significantly improved than that of previously
reported chemically modified nanofluidic gating systems, in
which the ON−OFF ratios are typically less than 300-fold.35−38

The highly effective blockade of the transmembrane ionic
current stems from the greatly improved steric hindrance of the
long DNA concatamers. In addition, the flexible nature of DNA
is also a key factor for the highly improved gating efficiency.
The microscopic flexibility makes DNA liable to fully plug the
nanochannel,39 compared with other “hard” nanoscale building

blocks, such as the metal nanoparticles40 or the inorganic
nanowires.41 After being treated with ATP, the DNA
supersandwich structures gradually disassemble due to the
ATP binding to CP and P2. The dissociated DNA fragments
can be easily washed away from the nanochannel, which
reopens the conduction pathway.
For a switchable nanofluidic gating system, the response time

is of great importance to evaluate the overall performance of
the device. We have measured the time evolution of the
transmembrane ionic current in both the Open−Closed and
Closed−Open processes (Figure 4B). The ionic current was
normalized to its fully opened state. The DNA supersandwich
and ATP-gated nanochannels exhibit asymmetric response time
for about 500 (Open−Closed) and 100 min (Closed−Open).
The asymmetric response time has two implications. First, the
response time discovered in the present nanofluidic system is
much longer than that in bulk solution42,43 and on the
electrode surface.44 This phenomenon mainly results from the
steric constraint brought by the nanochannels.19,45 Second, the
assembly of DNA supersandwich structures inside nano-
channels is slower than its inverse process. Besides the steric
effect, the binding affinity between ATP and the target strands
is stronger than that between partially hybridized DNA
strands.46 Thus, the melting of the DNA supersandwich
structures is faster than the assembling process.
The switching properties are reproducible in a series of DNA

functionalized nanochannels with different pore size (d)
ranging from 25 to 360 nm (Figure 5A). For comparison, we
also test the gating properties in “traditional” DNA sandwich
structure-functionalized nanochannels, in which each CP
hybridized with merely one set of P1 and P2′ (modified
sequences can be found in SI). For small nanochannels (d < 80
nm), the ON−OFF ratios of the supersandwich structure-gated
nanochannels are very high (>104). The maximum ON−OFF
ratios reach some 105. Even in large nanochannels with orifices
up to 360 nm, their gating efficiency still approaches 102. In
contrast, for the traditional DNA sandwich, considerable gating
ratios can be found in smaller nanochannels, but they are more
than 2 orders poorer than that of the DNA supersandwich
structure-gated nanosystems. The molecular gating effects of
the traditional DNA sandwich are almost invalid in large
nanochannels (d > 250 nm). Similar property has also been
found in oligonucleotide modified nanopores.47,48 That is
because the relatively short DNA strands can not effectively
block the ion conduction pathway through large channels.
Therefore, the supersandwich DNA structures provide
distinctly high gating efficiency in a wide range of channel
widths.
Another important feature of the smart nanofluidic gating

system is the nearly perfect electric seal at its closed state, which
approaches ∼1.2 GΩ obtained with the optimized channel size
of ∼60 nm (Figure 5B). Similarly, the OFF-state electric
resistance for the supersandwich structure-functionalized nano-
channels is about 2−3 orders higher than that for nanochannels
modified with traditional sandwich structure. The gigaohm seal
is comparable to the impedance between the glass micropipette
and the cell membrane in ion channel electrophysiological
recording,49 and to that of the lipid bilayer-coated nanopore
sensors.50,51 The excellent electric seal makes it possible to
reduce the background noise attributed to the unwanted leak
current and provide a promising platform for reconstitution of
biological or synthetic ion channels as hybrid nanopore sensors.

Figure 3. LSCM characterizations of the DNA assembly and
disassembly inside the nanochannels. Strong fluorescent signal from
the cross-sectional view of the membrane proves that the DNA
assembly is also carried out inside the nanochannels (B). After being
treated with ATP (1 mM), most of the DNA assemblies are removed
from the nanochannels (C). The dashed line in (B) indicates the
membrane surface. The fluorescent signals from (A) and (C) are so
weak that the membrane surface cannot be identified from fluorescent
images.

Figure 4. A switchable nanofluidic gating system manipulated by DNA
supersandwich structure and ATP. (A) The distinct contrast in
current−voltage responses of the functionalized nanochannels
indicates a very high gating efficiency. The ON−OFF ratio approaches
6 × 105. After treatment with ATP (1 mM), the transmembrane
current almost recovers back to its initial level. (B) Normalized
current−time response of the smart nanochannels (measured at +200
mV) shows an asymmetric response time for about 500 (Open−
Closed) and 100 min (Closed−Open). The mean channel width is
about 60 nm.
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The DNA concatamer-operated nanofluidic gating system is
very reproducible. Parallel experiments on the alumina
membranes with different pore size have been successfully
repeated at least five times. Each time, we fabricated eight
devices on one membrane (25 mm in diameter), generally half
of which could properly work as a reversible nanofluidic device
with high gating efficiency. In addition, the device can be
reversibly switched between high- and low-conducting states at
least in the first several cycles (Figure S9 in SI). In the following
cycles, the devices show a remarkable decline in the gating
efficiency. We propose that this phenomenon is associated with
the instability of the DNA molecules and the 3-aminopropyl
trimethoxysilane (APS) linker after the long time test of more
than 30 h in aqueous solution (SI).52 On the basis of our
previous investigations on the reversible switching of DNA
nanocontainers on electrode surface,45 the reversibility of the
nanofluidic switch, as well as the response time, might be
further improved by, for example, modulating the ionic strength
or adjusting the temperature.
The reversible and all-or-none nanofluidic gating system can

be further developed into logic devices performing the
IMPLICATION operation. The nanofluidic logic device
employs ssDNA (P1 and P2, 1 μM) and ATP (1 mM) as
input signals and the change in transmembrane ionic current as
output. For inputs, the presence of ssDNA or ATP in the
environmental solution defines as “1” state, and the absence of
these components defines as “0” state. For output, the signal

change of more than 100-fold (with respect to the state that
only CP has been modified onto the nanochannels) defines as
“1” states; otherwise, fewer increments or deductions in ionic
current defines as “0” states.
We demonstrate the logic operations on eight parallel devices

constructed on the same membrane. Before treatment with the
molecular inputs, the I−V behavior of the capture DNA-
modified devices has been measured, respectively. From the
current−voltage properties in response to the different
combinations of input signals (Figure 6A), one can see that a
distinct HIGH output (1) emerges if, and only if, both the
ssDNA inputs are HIGH (1) and the ATP level is NONE (0).
Otherwise, the output signals are all LOW (0). The changes in
ionic conductance and the corresponding truth table are
summarized in Figure 6B and C. Of note, the signal gain in “1”
state is sufficiently high so that the different logic states can be
easily distinguished. These features indicate that the biohybrid
nanofluidic gating system functions as a high-contrast, three-
input IMPLICATION logic device (Figure 6D).
In addition to the distinctly high conductance decrease in the

(110) state, some minor conductance changes have been found
in the (100) and (101) states. In the (100) case, only the probe
1 hybridizes to the capture DNA, resulting in a change in the
effective pore size. A similar effect induced by DNA
hybridization in nanopores has also been observed in previous
reports by us and other groups.20,28 In the (101) case, in the
presence of ATP, the probe 1 can not hybridize onto the
capture probe with embedded aptamer sequence for ATP
(Table S1, SI).34 The binding of ATP by capture DNA may
alter the surface properties of the inner pore wall, which would
consequently change the ion transport behavior of the
nanopores.53 Although the binding of ATP can be largely
washed out with pure water,54 minor changes to the signal can
still be found.
To the best of our knowledge, it is the first time that

IMPLICATION logic operations have been realized within
nanofluidic systems. Although the IMPLICATION logic is
seldom used in modern semiconductor-based computation and
electrical engineering,55 it is the foundation of the logical
meaning of “necessity”.56,57 More importantly, the integration
of target binding properties of aptamers and the ever-
proliferating DNA concatamers within nanofluidic structures
translates molecular events into electrical signals and imple-
ments a built-in signal amplification mechanism for program-
mable sensing of nucleic acids and modular DNA computing
on solid substrates.58−61 In the future, the logic devices are
expected to be concatenated together with the fluidic channels
as communication medium to create multilevel computing
circuits.62−64

■ CONCLUSIONS
In conclusion, we have demonstrated a smart nanofluidic gating
system with an extremely high ON−OFF ratio (up to ∼106)
and a nearly perfect electric seal (∼GΩ) at its closed state. The
gating function is implemented by self-assembly of DNA
supersandwich structures into the nanochannels (the open-to-
closed process) and their disassembly through ATP−DNA
binding interactions (the closed-to-open process). The
reversible and all-or-none switching properties make this
biohybrid nanofluidic system a conceptually new set of
nanofluidic logic devices performing the IMPLICATION
operations. The present DNA- and ATP-gating nanosystem
may have implications for future nanofluidic biosensing

Figure 5. High gating efficiency and a nearly perfect electric seal can
be realized in a series of nanochannels with different mean orifices
ranging from 25 to 360 nm. (A) The supersandwich DNA structure
works well in the whole range of channel sizes. The maximum ON−
OFF ratios reach ∼106. The traditional sandwich structure only works
in the smaller nanochannels (d < 80 nm), and it becomes invalid in
larger nanochannels (d > 250 nm). (B) The DNA supersandwich
functionalized nanochannels exhibit ultrahigh electric resistance at its
closed state. The maximum resistance achieves ∼1.2 GΩ with the
optimized channel size of ∼60 nm. The membrane resistance for the
supersandwich structure-modified nanochannels is about 2−3 orders
higher than that of nanochannels modified with traditional sandwich
structure.
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platforms with high signal-to-noise ratios and create an
important paradigm for modular DNA computation on
nanofluidic structures.

■ EXPERIMENTAL SECTION
Chemical Modification. Cleaned alumina membranes containing

straight nanochannels were first modified with 3-aminopropyl
trimethoxysilane (APS) in acetone solution. After being thoroughly
washed in acetone and baked at 120 °C for 2 h, the membranes were
left in 25% aqueous solution of glutaraldehyde overnight. After that,
the membranes were washed with distilled water and dried with argon
gas. To immobilize the capture probe, the membranes were immersed
in tris(hydroxymethyl)aminomethane hydrochloride solution (Tris-
HCl, 10 mM, pH = 7.4, containing 500 mM NaCl, 1 mM MgCl2) with
5′-aminated capture DNA (1 μM) for 10 h. For DNA hybridization,
the membranes were rinsed with distilled water and put into Tris
solution containing P1 and P2 (1 μM) for 18 h. For ATP
dehybridization, the membranes were immersed in Tris solution
containing 1 mM ATP for two hours, and then thoroughly washed
with Tris solution before electrical measurements. Experimental details
can be found in SI. The DNA sequences used in this work were: CP,
5 ′ - NH 2 - (CH 2 ) 6 - CGGCACCTGGGGGAGTATTGCG -
GAGGAAGGTGCCG-3 ′ ; P1 , 5 ′ -TACTCCCCCAGGT-
GCCGACGGCACCTTCCTCCGCA-3′; P2, 5′-CGGCAC-
CTGGGGGAGTATTGCGGAGGAAGGTGCCG-3′; P2′, 5′-
CGGCACCTGGGGGAGTGAT-3′ (for traditional sandwich struc-
ture).
Characterization of the DNA Assemblies. The DNA

nanostructures on the membrane surface were characterized by SEM

(Hitachi S-4800) observation (without metal coating) and contact-
mode AFM (Veeco MultiMode 8) measurement in liquid phase. To
confirm that the DNA assembly also took place inside the
nanochannel, a fluorescein isothiocyanate (FITC) labeled P2 on the
3′-end was used. The fluorescent signal was imaged by a laser scanning
confocal microscope (Olympus FV1000). The laser penetration depth
is ∼30 μm.

Electrical Measurements. A piece of nanochannel membrane was
mounted in between a two-compartment electrochemical cell as
described in our previous work.65 The transmembrane ionic current
was measured with a Keithley 6487 picoammeter/voltage source
(Keithley Instruments) through Ag/AgCl electrodes. The total size of
a membrane device is about 40 mm2. The effective area for ionic
conduction measurements was ∼0.7 mm2. The electrolyte was 100
mM KCl solution (pH ∼ 5.8).

■ ASSOCIATED CONTENT

*S Supporting Information
(1) Materials and methods; (2) characterization of the pristine
nanoporous membrane; (3) chemical modification of the
nanoporous membrane; (4) DNA supersandwich structures on
the membrane surface; (5) current−voltage measurements of
traditional and supersandwich structures modified nano-
channels; (6) the reversibility of the DNA actuated nanofluidic
gating device. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 6. Operations of the three-input IMPLICATION nanofluidic logic device. P1, P2, and ATP are selected as inputs. The change in
transmembrane ionic conductance is selected as output. From the current−voltage responses (A), we know that a distinct HIGH output (1) results
if, and only if, both the ssDNA inputs are HIGH (1) and the ATP level is NONE (0). Otherwise, the output signals are all LOW (0). The
corresponding truth table and symbolic expression are respectively shown in (C) and (D).
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