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A B S T R A C T

Cell membranes of biological cells embedded with nuclear pore complexes (NPCs) are capable of controlling the
flow of ions, e.g. Na+, K+ and Ca2+ by responding to stimuli, e.g. pH and voltage. From the inspiration of NPCs,
researchers have been endeavoring to develop nanogates to achieve the control of ion transport, but the de-
veloped nanogates only have a low selectivity, the factor of change (FC) in ion fluxes due to ON/OFF switching.
To our knowledge, nanogates with high responsiveness to temperature changes have not been reported. As such
membranes etched with nanopores having a high selectivity (FC) and the reversible gating of temperature, pH
and voltage were to be developed in the work. The nanogates were modified with DNA strands, whose linkers,
the six nucleobases at 3′ ends, are complementary. According to the experimental results, at mildly acidic pH
values, e.g. pH 5.3, the prepared nanogate is in an open state, while at neutral pH values, e.g. pH 7.9, it is shut
off. The change in ion fluxes is up to a factor of 90, which is remarkably high compared to other nanogates
reported. It is observed experimentally that promoting the number of the complementary nucleobases at the 3′
ends of the strands would improve nanogate performance significantly, while varying the other nucleobases
exerts little effects. Hence the formation of nucleobase pairs among the complementary nucleobases at the 3′
ends of the strands leads to the binding of various strands, self-assembly of a strand web and blockage of ion
transport. When the temperature is increased, due to the promotion of the thermal motion of DNA strands, the
nucleobase pairs and the strand web will not be generated and the nanogate will remain open even at pH 7.9.
Hence the nanogate developed is capable of responding to temperature changes. Further experiments were
performed to investigate the influence of the NaCl concentrations and small opening diameters exerted on na-
nogate performance.

1. Introduction

It is significant for all living creatures that flow of ions, e.g. Na+, K+

and Ca2+, through nuclear membranes with nuclear pore complexes
(NPCs) is in a controlled manner. Voltage-gated NPCs have strands
consisting of amino acid residues at the inside walls of the nanopores
[1]. Owing to the inspiration obtained from NPCs, researchers work
diligently to develop nanoscale structures with selectivity for applica-
tions in small nanoscale devices such as nanofluidics, biosensors, etc.
[2–13] though ion transport mechanism in NPCs has not been fully
deciphered. Zhang et al. [14] and other researchers [15–18] built na-
nopores responsive to pH via attaching the wall of a nanopore with
polymers that shrink or swell at various pH values. Some researchers
[19–21] developed “smart” membranes, such as gel-blended mem-
branes and polymer-grafted membranes. Tufania and Ozaydin [22]
developed smart membranes that could only be used to modulate the
flux of macromolecules, e.g. proteins, not ions. Wang et al. [23] and Liu

et al. [24] reported smart membranes with nanogates modulating flux
of water, not ions. Harrel et al. [25] developed a nanogate, with voltage
gating, consisting of negatively charged DNA strands attached at the
pore entrance. Xia et al. [26] constructed pH-responsive nanopores
modified with DNA molecules. For nanogates or membranes developed
for modulating ion flux in these researches, the change in ion flux
caused by nanogate opening and closure is merely up to a factor of
about 10. None were reported to be responsive to temperature changes.
But nanogates that can achieve higher change in ion flux are urgently
needed for applications such as drug release, where nanopores with
diameters around 10 nm are employed [26–29]. Most of the polymers
or DNA molecules applied to modify nanopore walls are limited to
homo-sequences and the structures of the developed nanogates are
simple, but advanced functions can only be fulfilled by delicate struc-
tures and building highly structured nanogates is essential for the ob-
tainment of the full potential of smart nanopores [30]. In the research,
we employed complicated DNA strands to modify the nanogate.
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Engineering delicate nanostructures is remarkably challenging because
all nanoscale components should be placed at the right place in narrow
nanopores [30]. The only solution is to let the polymers or DNA mo-
lecules self-assemble into delicate structures, as the protein components
of NPCs do [31,32]. Nowadays, the self-assembly technique is widely
employed to construct structures in nanoscale [33–41]. In the work, the
self-assembly technique was adopted to assemble the strand web with
DNA strands attached at nanopore walls.

In the research, membranes etched with nanopores having re-
versible gating of temperature, pH and voltage were developed suc-
cessfully. The selectivity of the membranes is higher than other re-
ported “smart” membranes. People use processes, e.g. self-assembly,
chemical vapor deposition, etc. for scaled-up manufacturing of na-
noscale devices to be applied for beyond a lab level, which is known as
nanomanufacturing. Nanomanufacturing involves scaled-up, reliable,
and cost-effective manufacturing of nanoscale materials, structures,
devices, and systems. In the research, we used self-assembly process to
build nanogates in membranes, so it is ready to be applied for scaled-up
nanomanufacturing.

2. Experimental and computational methods

2.1. Fabrication of a membrane etched with nanopores

The nanopores in the shape of a cone were constructed in 12 μm
polyethylene terephthalate (PET, Hostaphan RN12 Hoechst, 12 μm
thick) foil using a track-etching technique [15,42,43]. During the
etching process, the PET foil was fixed between two chambers similar to
that in Fig. 1, which shows the experimental setup for ion flux-voltage
curve measurements of ion flow through nanogates. Etchant on the left
side of the foil was 7M NaOH, while the chamber of the right side was
filled with a solution of 1M KCl and 1M HCOOH. The etching process
was controlled according to the magnitude of the ion current through
the nanopores. The etched membranes were then put in Milli-Q water
to remove residual salts. The diameters of the small openings of the
prepared nanogates were determined with the method of firstly de-
positing gold within the nanopores prepared, then dissolving PET to
free the deposited gold cone and finally imaging the gold cone with
SEM.

Following the technique above, a membrane etched with 25 nano-
pores was prepared, as presented in Fig. 1(a). The average distance
between neighbor nanopores is 7.5 μm.

2.2. Attachment of DNA strands

DNA strands were attached to the carboxyl groups of the nanopore
inside walls via the amino group at the 5′ terminus of the strand using
the process as follows.

Solution of DNA strands with a concentration of 1.5mM was pre-
pared by dissolving oligomer strands (New England Biolabs) in 100mM
MES buffer at pH 5.5. Certain amount of N-(3-Dimethylaminopropyl)-
N′-ethylcarbodiimide (EDC) was added to the solution to achieve a
concentration of 0.05M. The small opening of the cone-shaped nano-
pore was in contact with the solution of DNA strands and EDC above
while the large opening of the nanopore was in contact with a MES
buffer solution. The attachment of DNA strands was hence carried out
asymmetrically and the DNA strands were only attached to the region
around the small opening of the nanopore [44].

2.3. Ion flux−voltage curve measurements

As presented in Fig. 1(b), the ion flux-voltage curve was obtained
with a Keithley 6487 picoammeter (Keithley Instruments) to investigate
the properties of the strand-modified nanogate. The averaged current I
through one nanogate is calculated by dividing the total current read by
the picoammeter by the number of the nanogates. Each test was redone

five times to achieve the averaged values. With the averaged current I, I
e

and
⋅

I
e NA

give the number of ions transported through one nanogate per
unit time and the ion flow rate, respectively. e and NA are the absolute
value of the charge of an electron, ×

− C1.602 10 19 and Avogadro con-
stant, ×

−mol6.022 1023 1, respectively. Then the ion flux can be eval-
uated with the following equation:

=

⋅ ⋅
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where A is the area of the small opening of the cone-shaped nanogate.
The selectivity of the membrane is estimated with the factor of

change in ion flux due to ON/OFF switching of the nanogates according
to Eq. (2):

=S
q
q

OPEN

CLOSE (2)

A trans-PET foil voltage was applied with Ag/AgCl electrodes. The
electrode connected to the anode of the power supply faced the large
openings of the nanopores, while that linked to the cathode faced the
small ones. The nanogates were characterized by higher ion flux at the
voltage applied with the electrodes, than at the voltage of the same
value but in the reverse direction. Hence the voltage applied in Fig. 1
was exactly in the direction of the rectification of ion currents.

Fig. 1. (a) A PET membrane etched with 25 cone-shaped nanogates. (b) The
experimental setup for the measurement of the ion flux-voltage curve of ion
flow through nanogates.
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2.4. Contact angles (CA) measurements

CA measurements were done to characterize the membranes. At
room temperature and saturated humidity we determined contact an-
gles with an OCA 25 instrument (DataPhysics Instruments, Germany).
The optical contact angle measuring and contour analysis systems of the
OCA 25 are high precision optical measuring devices for the measure-
ment of interfacial parameters and phenomena. We used MilliQ water
as the source for the CA measurement. A 2-μL droplet of water was
dispensed onto the substrates under investigation for each measure-
ment.

2.5. Ion flux−voltage curve measurements

X-ray photoelectron spectroscopy (XPS) measurement was done to
characterize chemical compositions of the membranes. XPS measure-
ment was performed on the PHI 560 XPS Ultra High Vacuum (UHV)
System (Physical Electronics Inc. (PHI), USA) using 200W mono-
chromated Al Kα radiation. For XPS analysis we used the 500 μm X-ray
spot. In the analysis chamber the pressure was about 1×10−10 mbar.
We employed the C1s binding energy at 285 eV for energy referencing.
We used the peak of nitrogen (N1s) to reflect the DNA strands mod-
ification process.

3. Results and discussion

Fig. 2 shows the schematic plot of a slice of the nanogate we de-
signed, viewed along the nanopore axis. The pore is in the shape of a
cone as presented in Fig. 1(b), and the inside wall of the pore is at-
tached with two types of DNA strands, i.e. (NH2)-(CH2)5-(5′) -TGTTGG
TTGGTG TGTGGG TGGTTG TATATA-(3′) and (NH2)-(CH2)5-(5′)-
TGTTGG TTGGTG TGTGGG TGGTTG ATATAT-(3′), where A, T, G and C
represent nucleobases adenine, thymine, guanine and cytosine, re-
spectively. The difference in the two types of DNA strands lies in the six

nucleobases at the 3′ terminus, with one being TATATA-(3′) and the
other being ATATAT-(3′), complementary to each other.

The amino group at the 5′ terminus of the strand is to attach to the
carboxyl group at the nanopore inside walls. Fig. 2 presents how DNA
strands get linked with one another via linkers and spacers. The linker
section of a strand is the six nucleobases at the 3′ terminus of the strand,
i.e. TATATA-(3′) for one type and ATATAT-(3′) for the other type, with
nearly the same amount, while the spacer section of the strand is the
other part of the strand, i.e. (NH2)-(CH2)5-(5′)-TGTTGG TTGGTG
TGTGGG TGGTTG. At pH 5.3, linkers are designed not to bind with one
another, while at pH 7.9, linkers will get interlinked to one another and
a strand web is to be assembled, blocking ion transport.

The wall material is PET, a polyester, which is widely applied to
generate a charged surface [45]. Etching of PET leads to the generation
of carboxylate groups (COO−) in the density of around one carboxylate
group per unit nm2 [46]. Diameters of the small opening (tip) of the
created nanopores range from 6 nm to 17 nm. The technique employed
for the attachment of the DNA strands to the inner wall of nanopores is
presented in the section of experimental and computational methods.

Fig. 3 shows the graphs of water droplet shape on the PET mem-
brane before and after modification with DNA strands. The contact
angles of water droplet on naked, etched and DNA strands-modified
PET membranes are 84.5°, 71.3°, 61.7° respectively. The changes in
wettability of the PET membrane show the change in microstructures
and chemical compositions of the membranes.

Fig. 4 shows the XPS spectra of the PET membrane after the mod-
ification with DNA strands and the inset presents the XPS spectra of the
PET membrane before the modification. It is observed that there is a
peak at the binding energy of 400 eV after the modification. It is a ty-
pical N1s XPS peak, demonstrating that DNA strands are attached on
PET membrane.

The picoammeter in Fig. 1(b) gives currents corresponding to var-
ious voltages, from which the ion fluxes can be calculated with Eq. (1).
The ion flux-voltage curves for the nanogate with a small opening of
10 nm are presented in Fig. 5. The voltage is the potential difference
between the two openings of the nanopores and the flux is the ion flux
through that. The results indicate that at pH 5.3, the ion flux increases
nearly quadratically with the increase of the voltage and the gate is in

Fig. 2. The schematic plot of a slice of the nanogate. (a) At pH 5.3, no con-
nections between linkers. (b) At pH 7.9, connections between linkers are es-
tablished and a strand web is assembled, blocking ion transport. Linker:
TATATA-(3′) or ATATAT-(3′), complementary to each other, with nearly the
same amount, spacer: (NH2)-(CH2)5-(5′)-TGTTGG TTGGTG TGTGGG TGGTTG.

Fig. 3. The graphs of water droplet shape on (a) naked, (b) etched and (c) DNA
strands-modified PET membranes. The contact angles of water droplet on
naked, etched and DNA strands-modified PET membranes are 84.5°, 71.3°,
61.7° respectively.
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an open state, while at pH 7.9, the ion flux remains nearly zero for
various voltages and the gate is shut off. The ion flux changes by a
factor of around 90, remarkably high compared to other nanogates
reported.13−19 The nanogates were switched on and off repeatedly
before the measurements of ion flux-voltage curves were redone. Fig. 5
also shows the measured ion flux-voltage curve for the 50th cycle of
experiments. For the two cases, the difference in the ion fluxes corre-
sponding to a voltage of 3 V at pH 5.3 is only 5%, so the reversibility of
the membrane is robust.

The mechanism behind the gating is complicated. At pH 7.9, the
DNA strands are negatively charged and repulsive interactions between
strands would exert inclination for the 3′ ends of the strands to extend
into the center phase of the nanogates, providing opportunity for the
linkers of various strands to approach one another and subsequently get
linked via hydrogen bonding interactions. DNA strand webs would
therefore be constructed, leading to the blockage of ion transport and
closure of the nanopores. On the contrary, at pH 5.3, the amount of
negatively charged phosphate groups would decrease by a factor of
around several tens. Additionally, no hydrogen bonds are formed and
the 3′ ends of various strands are not get linked, causing no DNA strand
webs assembled.

Then the influence of DNA nucleobase sequences on nanogate per-
formance was researched and the results are presented in Fig. 6, which
shows that of the three groups of DNA strands with various linkers:

(NH2)-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG GGTATA-
(3′) and (NH2)-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG

GGATAT-(3′)
(NH2)-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG GATATA-

(3′) and (NH2-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG
GTATAT-(3′)

(NH2)-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG TATATA-
(3′) and (NH2)-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG
ATATAT-(3′)

The nanogates modified with the third groups of DNA strands per-
form best. Complementary nucleobases at the 3′ ends form hydrogen
bonds and the longer the linkers are, the higher the number of formed
hydrogen bonds would be. The third strand is capable of establishing
the highest number of hydrogen bonds, so the strand web assembled is
the strongest and the corresponding nanogates perform best.

The nanogates attached with these six groups of DNA strands with
various spacers were prepared:

(NH2))-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG TATATA-
(3′) and (NH2))-(CH2)5-(5′) -TGTTGG TTGGTG TGTGGG TGGTTG
ATATAT-(3′)

(NH2))-(CH2)5-(5′) -TTGGTG TGGGTG TGTGTG GGGGGG TATATA-
(3′) and (NH2))-(CH2)5-(5′) - TTGGTG TGGGTG TGTGTG GGGGGG
ATATAT-(3′)

(NH2))-(CH2)5-(5′) - TGTGTG GGGGGG TGTGGG TGGTGG
TATATA-(3′) and (NH2))-(CH2)5-(5′) - TGTGTG GGGGGG TGTGGG
TGGTGG ATATAT-(3′)

(NH2))-(CH2)5-(5′) - GGGGGG TGTGTG TTTTTT TGGTGG TATATA-
(3′) and (NH2))-(CH2)5-(5′) - GGGGGG TGTGTG TTTTTT TGGTGG
ATATAT-(3′)

(NH2)v(5′) - TTTGGG GGGTTT TTTGGG GGGTTT TATATA-(3′) and
(NH2))-(CH2)5-(5′) - TTTGGG GGGTTT TTTGGG GGGTTT ATATAT-(3′)

(NH2))-(CH2)5-(5′) - TTTGTG GGGGGG TTTGGG TGGGGG
TATATA-(3′) and (NH2))-(CH2)5-(5′) - TTTGTG GGGGGG TTTGGG
TGGGGG ATATAT-(3′)

The experimental results indicate that the nanogates with strands of
these nucleobase sequences have nearly the same performance. So the
spacers, the nucleobases besides the complementary nucleobases at the
3′ ends, do not contribute to gate closure as they do not form hydrogen
bonds to assemble the strand web. Hence it is concluded that the
complementary nucleobases at the 3′ ends, the linkers, matter most and
determine the number of hydrogen bonds formed and the strongnessv
of the assembled strand web.

The influence of the temperature was explored then. At pH 7.9, with
the variation of the temperature from 25 °C to 50 °C, due to improved
thermal motion of complex stands, the CC+ nucleobase pairs and
thereafter strand web would not be assembled and the nanogate would
remain open, as presented in Fig. 7. To our knowledge, we are among
the earliest to report nanogates with high responsiveness to tempera-
ture changes. Then at a temperature of 25 °C, the nanogate was closed

Fig. 4. The XPS spectra of the PET membrane after the modification with DNA
strands. The inset shows the XPS spectra of the PET membrane before the
modification with DNA strands.

Fig. 5. The measured ion flux-voltage curve for the nanogate with a diameter of
10 nm (NaCl concentration: 125mM) for the first cycle and the 50th cycle of
experiments where the pH cycles between 5.3 and 7.9 and nanogates in the
membrane are switched on and off repeatedly.

Fig. 6. Ion flux-voltage curve measurement results for nanogates with strands
of three various DNA nucleobase sequences (pH: 7.9, NaCl concentration:
125mM).
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and at 50 °C, the nanogate was switched on again, so the temperature-
induced closure and opening of the nanogate is robust and reversible.

The research results for the influence of salt concentration are
presented in Fig. 8. At pH of both 5.3 and 7.9, lowering salt con-
centration causes decreased ion transport flux, due to the interaction
between strands becoming stronger and the formed strand web getting
tight. Therefore the nanogate is characterized by improved respon-
siveness to voltage with the decrease of salt concentration.

Finally the performance of nanogates with various small opening
sizes was studied and the results are presented in Fig. 9. The nanogates
with small openings of 6 nm and 10 nm perform well. At pH 5.3, they
are in the open state, while at pH 7.9, they are closed. But for the na-
nogate with a small opening of 17 nm, at pH 7.9, the ion flux is not low
enough, being 3.1 times of that for the nanogate with an opening of
10 nm. The explanation is that the diameter of the small opening of the
nanogate is so high that the strand web assembled is too loose to let the

nanogate have the same performance as the nanogate with a 10 nm
opening.

4. Conclusions

In biological cells, nuclear pore complexes (NPCs) are capable of
controlling the flow of ions, e.g. Na+, K+ and Ca2+. Though transport
mechanism in NPCs has not been fully deciphered, researchers have
been working to develop artificial nanogates to be applied in new de-
vices such as biosensors and drug deliverers, but the selectivity, the
factor of change in ion fluxes of the developed nanogates due to ON/
OFF switching is low. The cone-shaped nanopores were constructed in
12 μm PET membranes using a track-etching technique. DNA strands
were then attached to the carboxyl groups of the nanopore inside walls
via the amino group at the 5′ terminus of the strands. According to the
ion flux-voltage curves measured for the nanogate with a diameter of
10 nm, at pH 5.3, the nanogate is switched on, while at pH 7.9, the
nanogate is shut off. The change in ion fluxes is up to factor of 90,
which is remarkably high. In addition, the gating of the pH and voltage
has reversibility. At pH 7.9, linkers form nucleobase pairs and DNA
strands get linked, leading to the self-assembly of the strand web and
blockage of ion transport. Then DNA nucleobase sequence influence on
nanogate performance was researched. The results indicate that nano-
gates with strands of the longest linkers perform best and nucleobase
sequences of the other section of a strand have no influence on gate
performance. It is the length of the linkers that matter most and de-
termine the number of hydrogen bonds formed and the strongness of
the assembled strand web. At pH 7.9, when the temperature is in-
creased, due to improved thermal motion of complex stands, the nu-
cleobase pairs and thereafter strand web would not be generated and
the nanogate would fail to be closed. To our knowledge, we are among
the earliest to report nanogates with high responsiveness to tempera-
ture changes. Then the influence of salt concentration on nanogate
performance was investigated. The nanogate responsiveness to voltage
decreases with the increase of salt concentration. Finally the perfor-
mance of nanogates with various diameters was studied. Nanogates
with a small opening of 6 nm and 10 nm perform well, while for the
nanogate with a small opening of 17 nm, at pH 7.9, the ion flux cor-
responding to a voltage of 3 V is 3.1 times of that for the 10 nm na-
nogate, because the diameter of the small opening of the nanogate is so
high that the strand web assembled is loose.

In sum, in the research, membranes etched with nanopores having
higher selectivity than other reported “smart” membranes were devel-
oped successfully. Those “smart”membranes are not as delicate as ours.
For our membranes, the hydrogen bonding between DNA strands at
mildly acidic pH values is strong enough to switch off the nanogates in
membranes tightly, and the disappearance of the hydrogen bonding at
neutral pH values ensures effective opening of the nanogates. So the

Fig. 7. Measured ion flux-voltage curves for the nanogate with a diameter of
10 nm at pH 7.9 at various temperature (NaCl conc)-(CH2)5-entration: 125mM).

Fig. 8. Ion flux-voltage curves for the nanogate with a diameter of 10 nm in
NaCl of various concentrations at (a) pH 7.9 and (b) pH 5.3, respectively.

Fig. 9. Ion fluxes corresponding to a 3 V voltage between the two openings of
nanogates with various small opening sizes. (NaCl concentration: 125mM).
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membranes developed have a high selectivity. Furthermore, as mem-
branes modified with DNA strands are more delicate, they have more
versatility to meet requirements of various applications than other
“smart” membranes.
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