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By lowering the pH to 5.5, the positively charged bases link 
the negative backbones, forming an electrostatic mesh in the 
nanopore that switches off the channel fl ux. One limitation of 
their device is the nanomechanical gating mechanism can only 
be applicable for nanopores with opening diameters less than 
14 nm, due to the DNA oligomer they used contains merely 
30 nucleotides. To further extend the application range of the 
DNA molecular gatekeepers, we adopt a more complex DNA 
structure, termed supersandwich, to self-assemble inside the 
solid-state nanopores. [ 35 ]  High ON–OFF ratio of more than 10 2  
can be found in large nanopores of about 200 nm in diameter. 

 Here, we report the use of three-dimensional (3D), cross-
linked DNA superstructures as more effi cient gatekeepers 
for solid-state nanopores. A hierarchical assembly strategy is 
adopted to construct the DNA structures into the nanopores 
( Figure    1  ). First, a sticky-ended, 3-point-star motif, termed 
Y-DNA, is presynthesized from three single-stranded DNAs 
(Y1, Y2, and Y3) through Waston–Crick base pairing (Figure S1, 
Supporting Information). Then, when the single-stranded cap-
ture probe (CP, 35-mer) modifi ed nanopores are immersed in 
the solution containing Y-DNA and linker sequences (35-mer), 
the tiles of Y-DNA are further self-assembled and cross-linked 
into 3D superstructures via the hybridization of the free sticky 
ends with their complementary part on the CP or on the linker. 
The hybridization part in the two adjacent Y-DNAs contains 
49 base pairs (Figure S1, Supporting Information), thus, the 
dihedral rotation between the two adjacent Y-DNAs is 1680.7° 
(not integral times of 180°), indicating the fact that the adja-
cent Y-DNAs cannot be placed in the same plane. Therefore, 
the as-formed DNA structures should extend to 3D space. 
Through a particular sequence design, the linker and CP con-
tain embedded aptamer sequence for adenosine triphosphate 
(ATP, Table S1, Supporting Information). In the presence of 
ATP, the linker and CP change their conformation to bind 
the target with high binding affi nity (the equilibrium dissocia-
tion constant ( K  d ) for ATP is 0.7 × 10 −6 –8 × 10 −6   M , depending 
on the salt and ionic concentration), [ 36 ]  which consequently 
disassembles the 3D DNA nanostructures and reopens the 
pathway for ion conduction through the nanopores. The ON–
OFF ratio between open and closed states approaches 10 3 –10 5  
and this gating mechanism can be applicable in nanopores 
with dia meters up to ca. 650 nm, outperforming these low-
dimensional or simple-structured DNA functional components. 
Interestingly, the DNA self-assembly induced closure process of 
the nanopores can be accelerated by nearly 2.8 times in a dilute 
mixture of organic solvent and aqueous buffer.  

 Gel electrophoresis is initially applied to confi rm the forma-
tion of high-order DNA structures (Figure S2A, Supporting 

  Stochastically opening and closing of the biological channels 
and pores on cell membrane is essential for the generation of 
nerve impulses, directionally uptake nutrients, and excrete met-
abolic wastes, maintaining fundamental life functions. [ 1 ]  In the 
closed state, the channel current through these pore-forming 
membrane proteins shows zero in the mean suggesting that 
the biological membrane in this case is impermeable to any 
ionic species or natural substances. These adaptive ion chan-
nels and pores can be considered as the gatekeepers for living 
cells. [ 2 ]  Inspired by the biological nanopores and their ability to 
manipulate the mass transportation on subcellular scale, the 
development of artifi cial, gate-like smart nanopores primarily 
for the fundamental research and applications of the surface-
governed transport phenomena attracts broad interest in the 
interdisciplinary fi elds of materials science, chemistry, and 
nanotechnology. [ 3–5 ]  For example, in the past decade, the design 
of biomimetic ionic diode and transistor devices with asym-
metric ion transport properties is found to be crucial in building 
ionic circuit devices and energy conversion nanosystems. [ 6–9 ]  
However, being different from the biological channels, the leak 
of ionic current from the undesired region, [ 10–12 ]  even in the 
closed state, becomes a challenge for the biomimetic nanopores 
that seriously reduced the sensitivity and resolution of the 
smart nanofl uidic device in chemical sensing, [ 13–15 ]  controlled 
released of drugs, [ 16–20 ]  and energy-oriented applications. [ 21–25 ]  

 Recent advance in DNA bio-nanotechnology provides insights 
to solve the problem. [ 26–28 ]  Owing to the unique material prop-
erties of DNA in molecular recognition and self-assembly, 
adaptable conformational transitions and high-dimensional 
nanostructures can be realized by designing the primary 
sequence of nucleotides. [ 29–33 ]  For example, Siwy, Howorka, 
and co-workers. use protonatable AC-rich DNA oligomers to 
modify the tip region of a single conical polymer nanopore. [ 34 ]  
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Information). A ladder of different length of the DNA concat-
amers is observed after the mixture of Y-DNA and linker, the 
maximum of which approaches over 1500 bps. After the treat-
ment of ATP, high-molecular-weight DNA concatamers that 
more than 400 bps are disassembled. We further examine 
the rheological properties of the proposed DNA structure 
(Figure S2B, Supporting Information). The shear-storage 
modulus (G′) is obviously higher than the shear-loss modulus 
(G′′) over the entire frequency range, indicating that the DNA 
assemblies indeed form a cross-linked gel state in solution. 

 A cylindrical nanopore array in 
poly(ethylene terephthalate) (PET) membrane 
was prepared through fi rst UV treatment and 
then chemical etching in 6  M  NaOH solution 
at 50 °C (Figure S3, Supporting Information). 
The pore size can be controlled by the etching 
time. Then CP is immobilized onto the nano-
pore wall via a two-step chemical reaction 
(Figure S4, Supporting Information). The 
formation and elimination of the as-formed 
DNA nanostructures near the nanopore ori-
fi ce can be observed with scanning electron 
microscope (SEM). After immersing the CP 
modifi ed nanopores in the solution of Y-DNA 
(1 × 10 −6   M ) and linker (1.5 × 10 −6   M ), con-
densed DNA nanostructures are formed in 
the polymer nanopores ( Figure    2  B). In the 
presence of ATP (10 × 10 −3   M ), the DNA 
assemblies can be largely eliminated from 
the nanopores (Figure  2 C). Using a FITC-
labeled Y 2  sequence, laser scanning confocal 
microscope (LSCM) images on the cross-
section of the nanopore membrane clearly 

show the DNA assembly inside the nanopores (Figure  2 F). 
The width of the fl uorescent region indicates the membrane 
thickness of about 12 µm. After the treatment with ATP, the 
fl uorescent signals from inside the nanopores are substantially 
undermined by 68.0% (Figure  2 G). These LSCM observations 
are in consistence with the results obtained from SEM and gel 
electrophoresis.  

 The formation of 3D, cross-linked DNA nanostructures in 
and out of nanopores effi ciently switches off the transverse 
ionic fl ux, leading to a highly effi cient nanofl uidic gating 
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 Figure 1.    3D, cross-linked DNA superstructures as effi cient gatekeepers for solid-state nanopores. The nanopores are fi rst modifi ed with single-
stranded capture DNA probes (the open state). In the presence of presynthesized Y-DNA and linker, the tiles of Y-DNA can be further assembled into 
3D, cross-linked structures that effi ciently block the pathway for ionic conduction (the closed state). The linker and capture probe contain aptamer 
sequence for ATP. Upon the ATP treatment, the cross-linked DNA superstructures are disassembled to reopen the nanopores (the open state). The 
use of DNase I to treat the DNA-blocked nanopores can similarly reopen the nanopores. In this case, the attached DNA moieties are digested by the 
DNase I, so that the nanopore gating system becomes invalid. This evidence justifi es the ionic gating effect is induced by the DNA nanostructures.

 Figure 2.    SEM and LSCM characterizations of the DNA assembly and disassembly on the 
orifi ce and inside the nanopores. The diameter of the unmodifi ed nanopores is ca. 410 nm and 
no fl uorescent signal is observed from the cross-section view under LSCM (A,E). After DNA 
assembly, the formation of DNA nanostructures near the pore orifi ce and inside the nanopore 
can be verifi ed (B,F). The width of the fl uorescent region in F) indicates the membrane thick-
ness of about 12 µm. After treated with ATP, the DNA structures can be largely removed from 
the nanopores (C,G). When use DNase I to treat the DNA-modifi ed nanopores, similar results 
can be obtained (D,H). The scale bars are 2 µm in A–D).
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system. After modifi cation with capture probes, the total trans-
membrane ionic conductance reduces ≈7.4% (Figure S5, Sup-
porting Information). It is reasonable because the length of the 
capture probe (35-mer) is too short compared with the diameter 
of the nanopores (ca. 270 nm). After the self-assembly of the 
DNA superstructures, the resistance of the chemically modi-
fi ed nanopores remarkably increases from 7.27 kΩ (the open 
state) to 14.4 MΩ (the closed state,  Figure    3  A). The ON–OFF 
ratio approaches ca. 2000, indicating a highly effective electric 
seal in its closed state. After treated with ATP, these DNA frag-
ments form loose structures and much of them can be washed 
out from the nanopores. Thus, they do not signifi cantly impede 
the ion transport. Therefore, the transmembrane ionic conduct-
ance retrieves to ca. 89.0% of that measured in its open state. 
This switching process can be repeated by immersing the CP-
modifi ed nanopore membranes into the buffer solution con-
taining Y-DNA and linker. We further justify the ionic gating 

behavior is induced by the DNA nanostructures. We use DNase 
I (0.5 U µL −1 ) to treat the fully blocked nanopores (Figure  3 B). 
The transmembrane ionic conductance also recovered to nearly 
90% of that in the open state. But in this case, the DNase I 
treated nanopores cannot be reused for further test. This result 
is consistence with the SEM and LSCM characterizations that 
much of the attached DNA moieties, including the immobi-
lized capture probes, have been digested and removed from in 
and outside the nanopore (Figure  2 D,H).  

 Furthermore, we compare the gating performance of the 3D, 
cross-linked DNA superstructures with zero-dimensional (0D, 
hybridized DNA oligomers) and one-dimensional (1D, linear 
DNA concatamers containing repeated units of partially hybrid-
ized ssDNA) DNA structures in a series of nanopores with 
different pore size ranging from 270 to 650 nm ( Figure    4  A). 
Detailed sequence design can be found in Table S1, Supporting 
Information. For the hybridized DNA oligomers (0D), although 
the relatively short length can help to maintain persistence in 
the nanopores, [ 37 ]  their length is too short with respect to the 
diameter of the wide nanopores of several hundred nanometers. 
Thus, the gating effi ciency is extremely low (Figure  4 B). The 1D 
DNA concatamer and the 3D cross-linked DNA structure show 
excellent gating performance. The ON–OFF ratio approaches 
more than one order of magnitude in the pore size ranging 
from 270 to 410 nm. Remarkably, the 3D, cross-linked DNA 
structure shows superior performance as a macromolecular 
gatekeeper. Its ON–OFF gating ratios maintain in the range 
of 10 3 –10 5  in all the tested nanopores, especially in the wide 
nanopores up to 650 nm in diameter (Figures S6 and S7, Sup-
porting Information), in which even the 1D DNA concatamers 
are almost invalid. We show three pieces of evidence to justify it 
is the formation of cross-linked Y-DNA that causes the blockade 
of nanopores. First, in our experiment, the monomer of Y-DNA 
is presynthesized in bulk solution, which is confi rmed by gel 
electrophoresis (Figure S2A, Supporting Information). Second, 
the blockade events cannot be accomplished with the separate 
presence of Y-DNA monomers, or the linker strands (Figure S8, 
Supporting Information). Finally, the contribution of the linker 
DNA is also sequence-specifi c (Figure S9, Supporting Informa-
tion). We conduct parallel DNA assembly experiment in nano-
pores using the linker sequence, mismatched linker sequence 
(containing 7 mismatched nucleotides), and a random 
sequence, respectively (Table S1, Supporting Information). The 
nearly perfect pore blockade events can be only found when 
using the right linker strands.  

 We suggest that there are two advantages in the more com-
plex DNA structure: the dimension and the free sticky ends 
(Figure  4 A). For the hybridized DNA oligomers, no free sticky 
ends exist for further growing of the short duplex structures, 
and thus, they can be approximately considered as “0D” DNA 
objects. [ 38,39 ]  For the 1D DNA concatamer structures, in prin-
ciple, one free sticky end always exists to prolong the duplex 
structure, leading to an improved gating property within wide 
nanopores. However, the prolonged duplex structure becomes 
fl exible, for example, when it gets longer than 50 nm. [ 37 ]  The iso-
lated and fl exible DNA concatamer tends to fall down inside the 
nanopores, resulting in higher steric hindrance that inhibits the 
duplex structures from further growth and leaves behind more 
voids for the leak of ionic current. For the 3D, cross-linked 
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 Figure 3.    Highly effective nanofl uidic gating system operated by the 
assembly of DNA superstructures and their disassembly by ATP. A) The 
assembly of 3D, cross-linked DNA structures remarkably inhibits the ion 
transport through the nanopores. The distinct contrast in the current–
voltage responses before and after the DNA assembly shows an extremely 
high ON–OFF ratio of about 2000. Upon the treatment with ATP, the 
transmembrane ionic conductance retrieves to nearly 90% of that in its 
open state. B) The fully blocked ion transport can be similarly recovered 
upon the treatment with DNase I. In this case, the attached DNA moie-
ties are digested by the DNase I and the device becomes invalid, which 
justifi es the ionic gating effect is induced by the DNA nanostructures. The 
diameter of the unmodifi ed nanopore is ca. 270 nm.
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structure, the amount of free sticky ends increase with the 
number of Y-DNA unit involved in the self-assembly process 
( n +1 free sticky ends are created when  n  units of Y-DNA are 
involved). This mechanism greatly improves the growing effi -
ciency of the DNA assemblies and guides the growth of the 
DNA structure to 3D space. More importantly, the cross-linking 
effect between Y-DNA units initiated from different capture 
probes enhances the persistence of the DNA assemblies on 
the nanopore wall. Therefore, the 3D, bio-supramolecular gate-
keepers outperform those low-dimensional DNA assemblies. 

 The assembly process of the DNA superstructure inside 
nanopores is studied by recording the leakage of ionic current 
during the closure of the nanopores. As shown in  Figure    5  , typ-
ically, the full closure time for the DNA-modifi ed nanopores is 
about 1350 min in buffer solution. This time duration is much 
longer than that use of the 1D DNA concatamers to block the 
nanopore, which takes only about 500 min. [ 35 ]  The structure 

of the 3D, cross-linked DNA assembly is 
much more complex than the 1D concat-
amer. Thus, it is reasonable that more time is 
needed to accomplish the self-assembly pro-
cess. The relatively long closure time of more 
than 22 h have a negative impact on the reus-
ability of the DNA-gated nanofl uidic devices. 
In the following cycles, the nanopore devices 
show a remarkable decline in the gating effi -
ciency. Several reasons may account for this 
phenomenon. First, the stability of the cap-
ture DNA decreased due to the long-time 
experiment. [ 40 ]  In addition, after ATP treat-
ment, there is still residual DNA probes 
persisted in the nanopores (see Figure  2 G). 
This effect can be also refl ected in the reduc-
tion in transmembrane ionic conductance. 
These warped DNA residuals may result in 
high steric hindrance that prevents the DNA 
assembly in the following cycles. In this case, 
8  M  urea can be used to treat the DNA modi-
fi ed nanopore membrane. After the modifi ca-
tion of capture probe again, the DNA-gated 
nanofl uidic device can be regenerated.  

 Interestingly, we discover that when 20% 
ethanol (volume ratio) was added in the 
buffer solution for DNA assembly, the clo-
sure process of the DNA-modifi ed nanopores 
can be greatly accelerated (Figure  5 ). The full 
closure time is reduced to 480 min. From tra-
ditional perception, the presence of organic 
solvents, such as ethanol, denatures, and 
precipitates DNA, and consequently leads 
to slower and less stable hybridization. But, 
this principle may be only suitable for high-
concentration of organic solvent. Smith and 
Liu have previously demonstrated that, if the 
volume fraction of alcohol is less than ≈30%, 
the alcohol leads to a faster DNA hybridiza-
tion. [ 41 ]  We have also proved that the pres-
ence of diluted ethanol does not infl uence 
the correct self-assembly of DNA chains, but 

the hybridization kinetics are remarkably accelerated in bulk 
solution and on electrode surface. [ 42 ]  The acceleration mecha-
nism is summarized as: fi rst, the addition of ethanol decreases 
the activity of water, and consequently increases the effective 
concentration of DNA, resulting in faster hybridization rate. [ 41 ]  
Next, the activation energy of DNA hybridization is reduced by 
ethanol, which is favorable for increasing the reaction rate. [ 42 ]  
Finally, the addition of ethanol enhances the wetting proper-
ties of the nanopores embedded in PET membrane, [ 43,44 ]  which 
could speed up the process of DNA tiles going inside the pore. 
The assembly of complex DNA structures into the nanopores 
is a very slow process because of the spatial restriction and the 
conformational hindrance. To the best of our knowledge, it is 
the fi rst report that dilute organic solvent has an acceleration 
effect to the complex DNA assembly in nanopores. 

 In conclusion, we demonstrate a highly effi cient nanofl u-
idic switch gated by 3D, cross-linked DNA superstructures. 
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 Figure 4.    Comparison of the gating effi ciency of three types of DNA structures. A), (left) hybrid-
ized DNA oligomers with no free sticky ends, considered as 0D DNA objects; (middle) 1D 
DNA concatamers with one free sticky end on each chain, composed of repeated units of 
partially hybridized ssDNA; (right) 3D cross-linked DNA structures containing  n +1 free sticky 
ends ( n  is the number of Y-DNA unit). B) The 3D, cross-linked DNA structure shows superior 
performance to the 0D and 1D DNA structures. The ON–OFF ratios maintain 10 3 –10 5  in all 
the tested nanopores with opening diameters ranging from 270 to 650 nm. The average pore 
size is the statistical results over one hundred pores. The deviations are given through fi ve 
independent measurements.
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The fully blocked nanopores can be reopened via target-specifi c 
ATP-aptamer interactions. Distinctly high ON–OFF ratios of 
about 10 3 –10 5  can be found in nanopores with diameters up 
to ca. 650 nm. The 3D supramolecular gatekeepers outperform 
these low-dimensional or simple-structured DNA nanoactua-
tors shown in Figure  4 . Interestingly, the DNA assembly pro-
cess inside nanopores can be speeded up by nearly 2.8 times 
with the addition of a small amount of ethanol into the buffer 
solution. Through a more elaborate sequence design, the well-
established aptamer technology can be deeply integrated with 
the nanofl uidic system to largely expand the range of the 
molecular targets from metal ions, small molecules, to biomac-
romolecules, and even for viruses, or cells. The DNA-regulated, 
all-or-none nanofl uidic gating system anticipates potential for 
bioanalysis and smart nanofl uidic devices with ultrahigh signal-
to-noise ratio and accelerated response time.  

  Experimental Section 
  Nanopore Fabrication : Ion-tracked polyethylene terephthalate 

membranes (PET, 12 µm thick, 10 7  ions cm −2 ) were pretreated by 
UV irradiation for 1 h on each side. [ 45 ]  Then the PET membranes are 
chemically etched in 6  M  NaOH solution at 50 °C to get cylindrical 
nanopores (Supporting Information). After etching, the PET membranes 
are thoroughly washed with and restored in pure water for at least 4 h 
before use. 

  Chemical Modifi cation : To immobilize the capture DNA probe onto 
the wall of the nanopores, track-etched PET membranes are immersed 
in 600 µL solution containing 6 mg  N -hydroxysulfosuccinimide (NHSS) 
and 30 mg 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) for 
8 h to form NHSS esters. Then the PET-NHSS ester monolayers are 
reacted with a solution containing 5′-aminated capture DNA. 1 × 10 −6   M  
5′-aminated capture DNA is dissolved in 600 µL of 20 × 10 −3   M  Tris 
buffer (pH = 7.4, 100 × 10 −3   M  NaCl, 10 × 10 −3   M  MgCl 2 ) for 10 h. For the 
assembly of 3D DNA structures, the capture probe attached nanopores 
were immersed the in the solution containing Y-DNA (1 × 10 −6   M ) and 
linker (1.5 × 10 −6   M ). All the reactions are conducted at 4 °C. Detailed 
sequence can be found in Table S1, Supporting Information. 

  Gel Electrophoresis : The concentrations of Y-DNA and linker are 
2 × 10 −6   M  and 3 × 10 −6   M , respectively. They were reacted in separate 
vessels for 4 h in room temperature. For the disassembly of the DNA 
superstructure, ATP (10 × 10 −6   M ) and DNase I (150 U) are added to the 
DNA sample and reacted for 30 min at room temperature. 3% agarose 
gels containing 0.1 µL Gel-Red dye per milliliter are prepared using 
1×TBE buffer. The gel electrophoresis is run at 90 V for 40 min. 

  Laser Scanning Confocal Microscopy (LSCM) Characterization : 
Fluorescein isothiocyanate labeled signal probes (Y2-FITC) were used for 
the LSCM observation (Nikon C1-si). The chemical modifi cation strategy 
and the DNA assembly process are similar with that mentioned above. 

  Electrical Measurements : The sample membrane was mounted in 
between a custom-designed two-compartment electrochemical cell 
(Figure S11, Supporting Information). [ 46 ]  The transmembrane ionic 
current was recorded with a picoammeter (Keithley 6487). A pair of Ag/
AgCl electrodes was used to measure the resulting ionic current. Tris 
buffer solution was used as electrolyte. The effective membrane area for 
current recording is about 7 mm 2 .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 5.    Accelerating the DNA self-assembly process inside nanopores. 
The assembly process of the DNA superstructures inside nanopores is 
monitored by recording the leak of ionic current in the open-to-closed 
process. In buffer solution, the full closure time for the DNA-modifi ed 
nanopores is about 1350 min. By adding 20% ethanol, the full closure 
time can be greatly reduced to about 480 min.
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