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double gates. [ 11 ]  Even if one gate of the 
channel is in open state, the ion pathway 
can be closed by another gate. Two gates 
must be in their opening positions for the 
channel to conduct ions, and closure of 
either gate precludes ion fl ow. Also, some 
channels enable precisely control the 
direction of the ion transmission by alter-
nate opening and closing of double gates 
in response to different external stimuli, 
which is beyond the reach of single-gated 
nanochannels. [ 10,12 ]  Therefore, to develop 
a double-gated nanosystem with multiple 
intelligent response is a crucial challenge 
in the way toward biomimetic nanochan-
nels, and has potential applications in 
intelligent nanofl uids, [ 13 ]  controlled drug 
release, [ 14 ]  and biosensors. [ 15 ]  

 In this work, we report a bio-inspired 
double-gated nanochannel with dual 

response. Potassium ion (K + ) and pH driven gate was immo-
bilized on the tip sides of a cigar-shaped nanochannel, respec-
tively. The two separate gates could open and close alternately or 
simultaneously in response to appropriate stimuli. This novel 
bio-inspired double-gated nanosystem has the advantage that it 
is responsive to both K +  and pH, which successfully mimics the 
dual-responsive double gates of ion channels in biology. Also, 
this nanosystem uses C-quadruplex (C4) and G-quadruplex 
(G4) DNA as the functional molecules. These DNA molecules 
enable switch reversibly between a structurally single-stranded 
state and a quadruple-helical state. [ 3a , 16 ]  Attached C4 and G4 
DNA molecules alternately or simultaneously change their con-
formations can induce changes in chemical property and pore 
size of the nanochannel, resulting in gating of the two gates of 
this nanochannel. 

 The geometry and surface properties of nanochannel are 
two crucial factors to control the different ion transport behav-
iors. [ 17 ]  Nowadays, nanochannel shape can be made cylindrical, 
conical, bullet-like, funnel-like, or cigar-like at will. [ 2d ]  In this 
work, cigar-shaped nanochannel is elected, because it has a 
large center and two separate small tips on each side that sat-
isfy the need to build double-gated nanochannels. Once the 
shape of nanochannel is determined, the channel is gated by 
conformational changes of functional molecules on the inner 
wall. DNA molecules are widely used to perform gating func-
tions inside the biomimetic nanochannels due to their physical 
and chemical properties. Martin and Siwy et al. reported the 
fi rst DNA-nanotube artifi cial ion channel to help us to better 
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  1.     Introduction 

 The gating of biological nanochannels is the basis of many cel-
lular signal-transduction processes. [ 1 ]  The gating process is con-
trolled by gates that, once activated, move the channel between 
opened and closed states. Inspired by the genius designs, a 
variety of bio-inspired nanofl uidic systems that mimic the 
gating functions have been developed by immobilizing respon-
sive molecules onto the inner wall of synthetic nanochannels. [ 2 ]  
These intelligent nanochannels can be gated by changing con-
formations of the attached functional molecules in response 
to external stimuli, including ions, [ 3 ]  pH, [ 4 ]  voltage, [ 5 ]  tempera-
ture, [ 6 ]  light, [ 7 ]  biomolecules, [ 8 ]  and small molecules. [ 9 ]  Ions 
diffuse in all of these nanochannels are simply governed by 
a single gate. However, most of biological nanochannels in 
nature, that conducting ions and molecules in and out of cell 
membrane, are more sophisticated. [ 10 ]  A remarkable paradigm 
is the family of voltage-gated cation channels that possess 
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understand the role of an electromechanical gate that responds 
to the applied voltage. [ 5a ]  Recently, we described a pH-respon-
sive single-gate nanosystem where conical nanopores could be 
reversibly gated by switching DNA motors immobilized inside 
the nanopores. [ 16 ]  

 As shown in  Scheme    1  , we prepared a single cigar-shaped 
nanochannel membrane with well-developed surfactant con-
trolling and ion track-etching technique. The nanochannel 
was symmetric. And the diameter of small tip at both sides 
was 21 ± 1.9 nm, while that of the center was 152 ± 8.3 nm. 
During etching process, carboxyl groups were generated onto 
the surface and inner pore walls. Then, C4 and G4 DNA mol-
ecules were immobilized onto the top and bottom tip side of 
the nanochannel, respectively, by an asymmetric modifi cation 
method, [ 4a , 18 ]  to build the double-gated system. In this nano-
system, the C4 DNAs experienced pH-responsive conforma-
tional switches between four-stranded i-motif structures (at 
pH 4.5) and random single-stranded structures (at pH 7.5). [ 16 ]  
While the G4 DNA molecules underwent potassium-responsive 
conformational switches between random-coil single-stranded 
structures (no K + ) and four-stranded tetraplex (G4) structures 
(presence of K + ). [ 3a ]  These potassium/pH-response confor-
mational conversions could lead to four gating states of this 
double-gated nanochannel, including close/open, open/close, 
close/close, and open/open of the C4/G4 gate.   

  2.     Results and Discussion 

 Ion transport properties of the nanochannel before and after 
DNA immobilization were examined by transmembrane 
current measurements. The current was recorded under 
symmetric electrolyte conditions, for 0.1  M  LiCl solutions con-
taining K +  or not, and with pH values between 4.5 and 8.5. 
The original nanochannel exhibited symmetric quasi-linear 
and S-type current−voltage ( I−V ) curves under pH 4.5 and 7.5 

conditions, respectively. And the currents showed no obvious 
change under different conditions used in this work (Figure S2, 
Supporting Information). After C4/G4 DNA modifi cation, the 
current decreased. In addition, owing to the elements of phos-
phorus, fl uorine, and nitrogen containing in Bodipy493/503 
labeled DNA molecules, DNA modifi ed PET membranes were 
also determined by the water contact angle measurements and 
the X-ray photoelectron spectroscopy analysis (see Supporting 
Information, Figure S3, S4, and Table S1). 

  Figure    1   shows  I−V  properties of the double-gated nano-
channel under different conditions. There were obvious dif-
ferences compared with the original nanochannel. Two asym-
metric  I−V  curves could be observed under the pH 4.5 and pH 
7.5, KCl conditions (Figure  1 A). And by changing the condition 
from pH 4.5, KCl to pH 7.5, 18-crown-6, a signifi cant increase 
in the ion current was observed (Figure  1 B). These phenomena 
could be attributed to the attached C4 and G4 DNA molecules 
alternately or simultaneously changed their conformations 
under specifi c condition. CD experiments in solution clearly 
showed that C4 DNA molecules experienced reversible con-
formational change between rigid quadruplex i-motif struc-
ture at pH 4.5 and random single-stranded structure at pH 7.5 
(Figure S5a, Supporting Information). In addition, G4 DNA con-
verted to G4 conformation after reacting with K +  (Figure S5b, 
Supporting Information). And with the help of 18-crown-6, a 
potassium chelator, G4 DNA molecules could reversibly switch 
between random and G4 conformation ( Figure    2  ). [ 19 ]  It was 
known that DNA molecules were negatively charged in solu-
tions. And the folded i-motif and G4 structure were assumed to 
be less charged. So the structural transition of DNA molecules 
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 Scheme 1.    Schematic illustration of the bio-inspired potassium and 
pH cooperative double-gated nanochannel. C4 and G4 DNA molecules 
were immobilized onto the inner wall of the top and bottom tip side 
of the cigar-shaped nanochannel, respectively. When the pH changed 
within a certain range, C4 DNA experienced pH-responsive conforma-
tional switches between four-stranded i-motif structures and random 
single-stranded structures (right and top). Meanwhile, when the K +  
concentration changed within a certain range, G4 DNA experienced 
potassium-responsive conformational switches between single-stranded 
structures and four-stranded tetraplex structures (right and bottom).

 Figure 1.    A,B) Current−voltage ( I−V ) properties of the double-gated nan-
ochannel under symmetric pH 4.5 (squares), pH 7.5, KCl (circles), pH 
4.5, KCl (up triangles), and pH 7.5, 18-crown-6 (down triangles) condi-
tions. C–F) Schematic diagrams of the double-gated nanochannel under 
different conditions.
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might result in the change of charge density and effective pore 
size. Under the pH 4.5 condition, the C4 gate closed to i-motif 
state while the G4 gate remained open and single-stranded 
state (Figure  1 C). Conversely, under the pH 7.5, KCl condition, 
the C4 gate opened to random state whereas the G4 gate closed 
to folded G4 state (Figure  1 D). Therefore, the asymmetric ion 
transport properties of the nanochannel under the pH 4.5 and 
pH 7.5, KCl conditions were ascribed to the asymmetric surface 
charge redistribution induced by the alternative closing of two 
gates. When the nanochannel was treated with pH 4.5, KCl, the 
C4 gate and G4 gate were simultaneously closed, and precluded 
ion transport through the channel, resulting in low conductivity 

(Figure  1 E). The result coincided with our previous studies. [ 3a , 16 ]  
However, by changing the condition to pH 7.5, 18-crown-6, the 
two gates opened together, and the attached DNA molecules 
loosely packing on the channel wall could not effi ciently reduce 
the effective pore size (Figure  1 F). Thus, a high current was 
observed.   

 We further investigated in more detail the changes of ion 
transport properties of the nanochannel, where one gate was 
fi xed to open or closed state and the other gate was gradually 
switched from closed to open. The degree of ionic rectifi cation 
was defi ned as the ratio +/−  of absolute values of ion currents 
recorded at a given positive voltage (+2 V, anode facing the C4 
side of the nanochannel) and at the same absolute value of a 
negative voltage (–2 V, anode facing the G4 side of the nano-
channel).  Figure    3  A shows, when the pH change from 4.5 to 
8.5, the  I−V  curves change from asymmetric to almost sym-
metric, with the ratio +/− varying from 0.72 ± 0.02 to 0.98 ± 0.03. 
This phenomenon could be explained by the mechanism 
shown in Figure  3 E. As pH changing from 4.5 to 8.5, the C4 
gate changed from close to open, while the G4 gate kept open 
(no K + ). When the double-gated nanochannel was treated by 
KCl solutions with pH from 4.5 to 8.5, the  I−V  curves changed 
from quasi symmetric to asymmetric, and the ratio +/−  changed 
from 0.94 ± 0.04 to 2.27 ± 0.13 (Figure  3 B). This behavior was 
attributed to that the G4 gate maintained close while C4 gate 
changed from close to open with pH from 4.5 to 8.5 (Figure  3 F). 
It is worth mentioning that the transmembrane ionic current 
progressively increased with the increasing of pH from 4.5 
to 8.5, regardless of the presence of K +  or not. And there was 
remarkable ion current increase when the pH was changed 
from 6.0 to 7.5, compared with changing the pH from 4.5 to 
6.0, and from 7.5 to 8.5. CD experiments showed that C4 DNA 
molecule maintained i-motif structure at and below pH 6.0, and 
exhibited a pH responsive transition into single-stranded con-
formation above pH 7.5, which was coincided with previous 
reports. [ 20 ]  Changing the pH from 6.0 to 7.5 promoted drastic 
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 Figure 2.    CD spectra of G4 DNA (5′-(NH 2 )-(CH 2 ) 6 -AAAAAAAAAAGGGT-
TAGGGTTA GGGTTAGGG(Bodipy493/503)-3′) in response to successive 
treatment with K +  and with 18-crown-6. G4 DNA in Tris, pH 7.5 (squares), 
G4 DNA in 1 m M  KCl, Tris, pH 7.5 (circles), G4 DNA, already treated to 
1 m M  KCl, was now made up to 20 m M  18-crown-6 (up triangles), G4 DNA 
was treated sequentially to 1 m M  KCl and 20 m M  18-crown-6, and was 
then made up to 40 m M  KCl (down triangles), all in buffer Tris, pH 7.5.

 Figure 3.     I−V  properties of the double-gated nanochannel, where one gate kept open or closed and the other gate changed from closed to open. A)  I−V  
characteristics were recorded under pH 4.5 (squares), pH 6.0 (circles), pH 7.5 (up triangles), and pH 8.5 (down triangles). B)  I−V  characteristics were 
recorded under pH 4.5, KCl 1 m M  (squares), pH 6.0, KCl 1 m M  (circles), pH 7.5, KCl 1 m M  (up triangles), and pH 8.5, KCl 1 m M  (down triangles). 
C)  I−V  characteristics were recorded under pH 7.5 (squares), pH 7.5, KCl 0.1 m M  (circles), pH 7.5, KCl 1 m M  (up triangles), and pH 7.5, KCl 10 m M  
(down triangles). D)  I−V  characteristics were recorded under pH 4.5 (squares), pH 4.5, KCl 0.1 m M  (circles), pH 4.5, KCl 1 m M  (up triangles), and pH 
4.5, KCl 10 m M  (down triangles). E–H) Explanations of ionic transport properties of this double-gated nanosystem under different pH values and K +  
concentrations.
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changes in the conformational state of C4 DNA, which would 
result in C4 gate changing from closed to open, and therefore 
the ion current was correspondingly increased. By changing the 
pH from 4.5 to 6.0, and from 7.5 to 8.5, the conformational state 
of the C4 DNA stayed nearly unchanged. In this case, there was 
no change of the state of C4 gate, and the ionic current change 
coming from the conductivity changes due to pH variations, the 
same as ionic transport properties of the original nanochannel.  

 Figure  3 C shows  I−V  properties of the double-gated nano-
channel under different concentrations of K +  at pH 7.5. The 
currents decreased with K +  concentration increasing from 0 to 
1 m M , and then changed a little when the concentration range 
from 1 to 10 m M . Upon addition of K + , the  I−V  curves became 
asymmetric, and the ratio +/−  changed from 1.49 ± 0.04 to 
1.87 ± 0.10. We attributed these results to the K +  induced con-
formational changes of G4 DNA in the nanochannel. As the 
K +  concentration increasing from 0 to 10 m M , the G4 gate 
changed from open to close while the C4 gate kept open at pH 
7.5 (Figure  3 G), which led to asymmetric surface charge distri-
bution and thus asymmetric  I−V  curves. Figure  3 D shows  I−V  
characteristics under different concentration of K +  at pH 4.5. 
Compared to the high-pH state, the ionic current showed a sim-
ilar decreasing trend with K +  concentration from 0 to 10 m M . 
However, the current signifi cantly decreased by changing pH 
from 7.5 to 4.5. The key reason was that C4 gate maintained 
close, and blocked the ion transport on its side at pH 4.5. Addi-
tionally, DNA molecules were negatively charged in solution, 
similarly to the carboxyl groups, which might also be respon-
sible for the current difference. The C4 gate kept close state and 
the G4 gate transformed from open to close with K +  concentra-
tion changing from 0 to 10 m M  (Figure  3 H), which resulted in 
asymmetric surface charge distribution changed to quasi sym-
metric, and thus asymmetric  I−V  curves switched to quasi sym-
metric. The ratio +/−  changed from 0.72 ± 0.02 to 0.94 ± 0.03. 

 As shown in  Figure    4  , the ratio +/−  of the double-gated nano-
system increased with the K +  concentration increasing from 
0 to 1 m M . On continuing to raise K +  concentration from 1 to 
10 m M , the ratio +/−  unchanged. For example, at pH 8.5, the 
ratio +/−  changed from 0.98 ± 0.03 to 2.27 ± 0.13 when the K +  

concentration increased from 0 to 1 m M . This result could be 
attributed to the K +  responsive G4 DNA transition from the 
random structure to G4 conformation. C4 DNA at C4 gate 
kept random single-stranded structure at pH 8.5. So the con-
formation of G4 DNA at G4 gate could induce the change of 
surface charge distribution of the nanochannel. Also, it could 
be observed that, at different K +  concentrations, the ratio +/−  
decreased with the decrease of pH from 8.5 to 6.0, and then 
increased a little. At acid environment, the ratios +/−  were less 
than 1. For pH 6.0, with the K +  concentration increasing, the 
ratio +/−  increased from 0.66 ± 0.01 to 0.92 ± 0.03. It could be 
concluded that C4 gate closed to rigid i-motif structure at acid 
conditions, therefore the preferential direction of ion fl ow was 
from the G4 gate towards the C4 gate at the voltage in this 
work. As the pH changing from 8.5 to 7.5, or from 6.0 to 4.5, 
the state of C4 gate unchanged, and the changes in ratio +/−  
were due to the changes in surface charge of the nanosystem 
caused by pH variations.  

 To inspect the reversibility and stability of the double-gated 
nanochannel, we examined the ion transport properties of 
the nanochannel after repeat alternately treated with pH 7.5, 
18-crown-6 and pH 4.5 KCl. As shown in  Figure    5  , repeated 
addition and removal of the effectors (both K +  and H +  ions) led 
to a reversible and highly robust off-on switching of the cur-
rent, with the low conductance defi ning the “off ” state while 
the high conductance defi ning the “on” state. This observation 
refl ected that our double-gated nanochannel had excellent sta-
bility and reversibility. Furthermore, additional samples proved 
that the bio-inspired double-gated system has good reproduc-
ibility (see Figure S6 in Supporting Information).   

  3.     Conclusion 

 In summary, we have developed a bio-inspired double-gated 
nanochannel which is dual-responsive to potassium ion and 
pH. The two gates of the nanosystem can be turned on and off 
alternately or simultaneously by switching DNA conformations, 
which can realize four kinds of ionic transport properties. This 
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 Figure 4.    Ion current rectifi cations of the double-gated nanochannel at 2 V.

 Figure 5.    Reversibility and stability of the double-gated nanochannel. 
Reversible transform of the ion current of the double-gated nanochannel 
at +2 V (pH 7.5, 18-crown-6, squares; pH 4.5, KCl, circles) and –2 V (pH 
7.5, 18-crown-6, up triangles; pH 4.5, KCl, down triangles).
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novel system demonstrates the development of dual-responsive 
double-gated nanosystem by incorporating biological molecules 
with artifi cial devices, has potential applications in smart nano-
fl uids, controlled drug release, and sensing devices. Moreover, 
one might expect the design of diverse functional double-gated 
nanochannel based on the proof-of-concept approach described 
in this work to meet the real-world application.  

  4.     Experimental Section 
  Nanochannel Preparation : The cigar-like nanochannel was produced, 

by symmetric chemical etching of polyethylene terephthalate (PET) 
membranes (Hostaphan RN12 Hoechst, 12 µm thick, with single or 
multi-ion tracks in the center), using the surfactant-controlled track-etching 
method. [ 4h , 21 ]  Briefl y, the PET membrane was fi xed between the two halves 
of a conductivity cell at 60 °C. Then, both halves of the cell were fi lled with 
etching solution (6  M  NaOH + 0.025% sodium dodecyl diphenyloxide 
disulfonate). A voltage of 1 V was applied across the membrane to monitor 
the etching process. After etching about 5 min, a 1  M  KCl + 1  M  HCOOH 
solution was added to both halves to slow down and fi nally stop the etching 
process. The etched membrane was soaked in Milli-Q water (18.2 MΩ) 
overnight for further use. The diameters and profi les of the nanochannels 
were characterized from multi-track membranes fabricated in the parallel 
etching experiments by scanning electron microscopy (SEM). 

  DNA Immobilization : C4 DNA (5′-(NH 2 )-(CH 2 ) 6 -AAAAAAAAA
ACCCTTACCCTTACCCTTACCC(Bodipy493/503)-3’) and G4 DNA 
(5′-(NH 2 )-(CH 2 ) 6 -AAAAAAAAAAGGGTTAGGGTTAGGGTTAGGG(Bo
dipy493/503)-3′) molecules were immobilized onto the tip sides of the 
nanochannel by asymmetric modifi cation of molecules in solution. [ 4a , 18 ]  
In brief, the etched membrane was mounted between the two halves of 
a cell. The modifi cation was performed in two steps. Firstly, a solution 
of EDC (15 g L −1 ) and NHS (3 g L −1 ) was introduced only at the left tip 
side of the nanochannel, while the right tip side of the membrane was 
in contact with stopping medium 10 m M  PBS, pH 9.0. After activating 
10 min, the membrane was washed thoroughly with 25 m M  MES buffer 
from both sides. And a solution of 1 µ M  C4 DNA was added to the left tip 
side of the membrane, whereas the other tip side of the membrane was 
in contact with 25 m M  MES buffer. The reaction time was kept constant 
at 4 h, which was followed by a thorough wash of the membrane with 
25 m M  MES buffer. Subsequently, G4 DNA was immobilized onto the 
right tip side of the nanochannel using the same method. The solutions 
used for DNA attachment were prepared in 25 m M  MES, pH 6.0. After 
the second modifi cation step, the membrane was washed and stored in 
10 m M  Tris-HCl buffer, pH 7.4 for next experiment. 

  Current−Voltage Measurements : The ion transport properties of the 
double-gated nanochannel were studied by measuring ion current 
through the single nanochannels before and after DNA modifi cation. A 
single cigar-shaped PET membrane was mounted between two halves 
of the cell fi lled with a 0.1  M  LiCl solution prepared in 10 m M  Tris-HCl 
buffer. The Ag/AgCl electrode was inserted into each half-cell solution, 
and a Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH) 
was used to measure the ion current. The anode was placed at left side 
(C4 gate) of the membrane. The main transmembrane potential used 
here was a scanning voltage varied from –2 to +2 V with a 40 s period. 
The pH of the electrolyte was adjusted by 1  M  HCl. Current measurement 
was conducted on the sample treated with different stimuli for 1 h 
before data collection. And each test was repeated fi ve times to obtain 
the average current value. It should be noted that all the pH values and 
ionic currents in this work are measured at 23 °C.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 The authors thank the Material Science Group of GSI, Darmstadt, 
Germany, for providing the ion-irradiated samples. This work was 
supported by the National Research Fund for Fundamental Key Projects 
(2011CB935700, 2013CB932802, 2012CB933800, 2009CB930404, 
2010CB934700, 2012CB933200), National Natural Science Foundation 
(21201170, 20920102036, 21121001, 91127025, 21171171, 11290163, 
21071148), the Key Research Program of the Chinese Academy of 
Sciences (KJZD-EW-M01), and China Postdoctoral Science Foundation 
(2013T60178, 2012M520388). The authors also thank Dr. Chun 
Chen (Department of Chemistry, Tsinghua University) for benefi cial 
discussions.   

Received:  May 22, 2014 
Revised:  September 15, 2014 

Published online:  December 3, 2014   

[1]     B.    Hille  ,  Ion channels of excitable membranes ,  Sinauer Associates , 
 Sunderland, MA    2001 .  

[2]   a)   L. T.    Sexton  ,   L. P.    Horne  ,   C. R.    Martin  ,  Mol. BioSyst.    2007 ,  3 , 
 667 ;    b)   A.    Liu  ,   Q.    Zhao  ,   X.    Guan  ,  Anal. Chim. Acta    2010 ,  675 ,  106 ; 
   c)   Z. S.    Siwy  ,   S.    Howorka  ,  Chem. Soc. Rev.    2010 ,  39 ,  1115 ;    d)   X.    Hou  , 
  W.    Guo  ,   L.    Jiang  ,  Chem. Soc. Rev.    2011 ,  40 ,  2385 ;    e)   H.    Zhang  , 
  Y.    Tian  ,   L.    Jiang  ,  Chem. Commun.    2013 ,  49 ,  10048 .  

[3]   a)   X.    Hou  ,   W.    Guo  ,   F.    Xia  ,   F.    Nie  ,   H.    Dong  ,   Y.    Tian  ,   L.    Wen  ,   L.    Wang  , 
  L.    Cao  ,   Y.    Yang  ,  J. Am. Chem. Soc.    2009 ,  131 ,  7800 ;    b)   Y.    Tian  , 
  X.    Hou  ,   L.    Wen  ,   W.    Guo  ,   Y.    Song  ,   H.    Sun  ,   Y.    Wang  ,   L.    Jiang  ,   D.    Zhu  , 
 Chem. Commun.    2010 ,  46 ,  1682 ;    c)   M.    Ali  ,   S.    Nasir  ,   P.    Ramirez  , 
  J.    Cervera  ,   S.    Mafe  ,   W.    Ensinger  ,  ACS Nano    2012 ,  6 ,  9247 ;    d)   Y.    Tian  , 
  Z.    Zhang  ,   L.    Wen  ,   J.    Ma  ,   Y.    Zhang  ,   W.    Liu  ,   J.    Zhai  ,   L.    Jiang  ,  Chem. 
Commun.    2013 ,  49 ,  10679 .  

[4]   a)   E. B.    Kalman  ,   I.    Vlassiouk  ,   Z. S.    Siwy  ,  Adv. Mater.    2008 ,  20 , 
 293 ;    b)   B.    Yameen  ,   M.    Ali  ,   R.    Neumann  ,   W.    Ensinger  ,   W.    Knoll  , 
  O.    Azzaroni  ,  Nano Lett.    2009 ,  9 ,  2788 ;    c)   B.    Yameen  ,   M.    Ali  , 
  R.    Neumann  ,   W.    Ensinger  ,   W.    Knoll  ,   O.    Azzaroni  ,  J. Am. Chem. 
Soc.    2009 ,  131 ,  2070 ;    d)   M.    Ali  ,   P.    Ramirez  ,   S.    Mafé  ,   R.    Neumann  , 
  W.    Ensinger  ,  ACS Nano    2009 ,  3 ,  603 ;    e)   X.    Hou  ,   F.    Yang  ,   L.    Li  , 
  Y.    Song  ,   L.    Jiang  ,   D.    Zhu  ,  J. Am. Chem. Soc.    2010 ,  132 ,  11736 ; 
   f)   M.    Ali  ,   P.    Ramirez  ,   H. Q.    Nguyen  ,   S.    Nasir  ,   J.    Cervera  ,   S.    Mafe  , 
  W.    Ensinger  ,  ACS Nano    2012 ,  6 ,  3631 ;    g)   M. N.    Tahir  ,   M.    Ali  , 
  R.    Andre  ,   W. E.    Müller  ,   H. C.    Schröder  ,   W.    Tremel  ,   W.    Ensinger  , 
 Chem. Commun.    2013 ,  49 ,  2210 ;    h)   H.    Zhang  ,   X.    Hou  ,   L.    Zeng  , 
  F.    Yang  ,   L.    Li  ,   D.    Yan  ,   Y.    Tian  ,   L.    Jiang  ,  J. Am. Chem. Soc.    2013 ,  135 , 
 16102 .  

[5]   a)   C. C.    Harrell  ,   P.    Kohli  ,   Z.    Siwy  ,   C. R.    Martin  ,  J. Am. Chem. 
Soc.    2004 ,  126 ,  15646 ;    b)   M. R.    Powell  ,   L.    Cleary  ,   M.    Davenport  , 
  K. J.    Shea  ,   Z. S.    Siwy  ,  Nat. Nanotechnol.    2011 ,  6 ,  798 ; 
   c)   S. N.    Smirnov  ,   I. V.    Vlassiouk  ,   N. V.    Lavrik  ,  ACS Nano    2011 ,  5 , 
 7453 ;    d)   J.    Wu  ,   K.    Gerstandt  ,   M.    Majumder  ,   X.    Zhan  ,   B. J.    Hinds  , 
 Nanoscale    2011 ,  3 ,  3321 ;    e)   J.    Wu  ,   K.    Gerstandt  ,   H.    Zhang  ,   J.    Liu  , 
  B. J.    Hinds  ,  Nat. Nanotechnol.    2012 ,  7 ,  133 .  

[6]   a)   I.    Lokuge  ,   X.    Wang  ,   P. W.    Bohn  ,  Langmuir    2007 ,  23 ,  305 ; 
   b)   H.    Alem  ,   A. S.    Duwez  ,   P.    Lussis  ,   P.    Lipnik  ,   A. M.    Jonas  , 
  S.    Demoustier-Champagne  ,  J. Membr. Sci.    2008 ,  308 ,  75 ; 
   c)   B.    Yameen  ,   M.    Ali  ,   R.    Neumann  ,   W.    Ensinger  ,   W.    Knoll  , 
  O.    Azzaroni  ,  Small    2009 ,  5 ,  1287 ;    d)   W.    Guo  ,   H.    Xia  ,   F.    Xia  ,   X.    Hou  , 
  L.    Cao  ,   L.    Wang  ,   J.    Xue  ,   G.    Zhang  ,   Y.    Song  ,   D.    Zhu  ,  ChemPhysChem   
 2010 ,  11 ,  859 ;    e)   Y.    Zhou  ,   W.    Guo  ,   J.    Cheng  ,   Y.    Liu  ,   J.    Li  ,   L.    Jiang  , 
 Adv. Mater.    2012 ,  24 ,  962 .  

[7]   a)   M.    Banghart  ,   K.    Borges  ,   E.    Isacoff  ,   D.    Trauner  ,   R. H.    Kramer  , 
 Nat. Neurosci.    2004 ,  7 ,  1381 ;    b)   A.    Kocer  ,   M.    Walko  ,   W.    Meijberg  , 
  B. L.    Feringa  ,  Science    2005 ,  309 ,  755 ;    c)   I.    Vlassiouk  ,   C. D.    Park  , 
  S. A.    Vail  ,   D.    Gust  ,   S.    Smirnov  ,  Nano Lett.    2006 ,  6 ,  1013 ; 

Adv. Funct. Mater. 2015, 25, 421–426

www.afm-journal.de
www.MaterialsViews.com



FU
LL

 P
A
P
ER

426 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 421–426

www.afm-journal.de
www.MaterialsViews.com

   d)   G.    Wang  ,   A. K.    Bohaty  ,   I.    Zharov  ,   H. S.    White  ,  J. Am. Chem. Soc.   
 2006 ,  128 ,  13553 ;    e)   L.    Wen  ,   X.    Hou  ,   Y.    Tian  ,   J.    Zhai  ,   L.    Jiang  ,  Adv. 
Funct. Mater.    2010 ,  20 ,  2636 ;    f)   L.    Wen  ,   Q.    Liu  ,   J.    Ma  ,   Y.    Tian  ,   C.    Li  , 
  Z.    Bo  ,   L.    Jiang  ,  Adv. Mater.    2012 ,  24 ,  6193 .  

[8]   a)   Z.    Siwy  ,   L.    Trofi n  ,   P.    Kohli  ,   L. A.    Baker  ,   C.    Trautmann  , 
  C. R.    Martin  ,  J. Am. Chem. Soc.    2005 ,  127 ,  5000 ;    b)   M.    Ali  , 
  B.    Yameen  ,   R.    Neumann  ,   W.    Ensinger  ,   W.    Knoll  ,   O.    Azzaroni  ,  J. Am. 
Chem. Soc.    2008 ,  130 ,  16351 ;    c)   S.    Ding  ,   C.    Gao  ,   L.    Gu  ,  Anal. Chem.   
 2009 ,  81 ,  6649 ;    d)   M.    Ali  ,   P.    Ramirez  ,   M. N.    Tahir  ,   S.    Mafe  ,   Z.    Siwy  , 
  R.    Neumann  ,   W.    Tremel  ,   W.    Ensinger  ,  Nanoscale    2011 ,  3 ,  1894 ; 
   e)   C.    Han  ,   X.    Hou  ,   H.    Zhang  ,   W.    Guo  ,   H.    Li  ,   L.    Jiang  ,  J. Am. Chem. 
Soc.    2011 ,  133 ,  7644 ;    f)   D.    Rotem  ,   L.    Jayasinghe  ,   M.    Salichou  , 
  H.    Bayley  ,  J. Am. Chem. Soc.    2012 ,  134 ,  2781 ;    g)   M.    Ali  ,   S.    Nasir  , 
  I.    Ahmed  ,   L.    Fruk  ,   W.    Ensinger  ,  Chem. Commun.    2013 ,  49 ,  8770 .  

[9]   a)   A. E.    Abelow  ,   O.    Schepelina  ,   R. J.    White  ,   A.    Vallée-Bélisle  , 
  K. W.    Plaxco  ,   I.    Zharov  ,  Chem. Commun.    2010 ,  46 ,  7984 ;    b)   Y.    Jiang  , 
  N.    Liu  ,   W.    Guo  ,   F.    Xia  ,   L.    Jiang  ,  J. Am. Chem. Soc.    2012 ,  134 , 
 15395 .  

[10]     D. C.    Gadsby  ,  Nat. Rev. Mol. Cell Biol.    2009 ,  10 ,  344 .  

[11]   a)   A.    Catterall  ,  Annu. Rev. Biochem.    1995 ,  64 ,  493 ; 
   b)   F.    Lehmann-Horn  ,   K.    Jurkat-Rott  ,  Physiol. Rev.    1999 ,  79 ,  1317 .  

[12]     D. C.    Gadsby  ,  Nature    2004 ,  427 ,  795 .  
[13]     X.    Jin  ,   N.    Aluru  ,  Microfl uid. Nanofl uid.    2011 ,  11 ,  297 .  
[14]     A. S.    Hoffman  ,  J. Controlled Release    2008 ,  132 ,  153 .  
[15]     A.    de la Escosura-Muñiz  ,   A.    Merkoçi  ,  ACS Nano    2012 ,  6 ,  7556 .  
[16]     F.    Xia  ,   W.    Guo  ,   Y.    Mao  ,   X.    Hou  ,   J.    Xue  ,   H.    Xia  ,   L.    Wang  ,   Y.    Song  , 

  H.    Ji  ,   Q.    Ouyang  ,  J. Am. Chem. Soc.    2008 ,  130 ,  8345 .  
[17]     X.    Hou  ,   H.    Zhang  ,   L.    Jiang  ,  Angew. Chem. Int. Ed.    2012 ,  51 ,  5296 .  
[18]     I.    Vlassiouk  ,   T. R.    Kozel  ,   Z. S.    Siwy  ,  J. Am. Chem. Soc.    2009 ,  131 ,  8211 .  
[19]   a)   E. A.    Heins  ,   L. A.    Baker  ,   Z. S.    Siwy  ,   M. O.    Mota  ,   C. R.    Martin  , 

 J. Phys. Chem. B    2005 ,  109 ,  18400 ;    b)   B.    Ge  ,   Y. C.    Huang  ,   D.    Sen  , 
  H. Z.    Yu  ,  Angew. Chem. Int. Ed.    2010 ,  49 ,  9965 .  

[20]   a)   J. L.    Leroy  ,   K.    Gehring  ,   A.    Kettani  ,   M.    Gueron  ,  Biochemistry    1993 , 
 32 ,  6019 ;    b)   S.    Ahmed  ,   A.    Kintanar  ,   E.    Henderson  ,  Nat. Struct. Mol. 
Biol.    1994 ,  1 ,  83 .  

[21]     P. Y.    Apel  ,   I.    Blonskaya  ,   A. Y.    Didyk  ,   S.    Dmitriev  ,   O.    Orelovitch  , 
  D.    Root  ,   L.    Samoilova  ,   V.    Vutsadakis  ,  Nucl. Instrum. Methods Phys. 
Res., Sect. B    2001 ,  179 ,  55 .   




