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from nature, building bioinspired smart 
pH-responsive nanochannels with impor-
tant advantages over their biological coun-
terparts, such as robustness, stability, 
controllable channel shape, and tailorable 
surface properties, have attracted extensive 
research interests due to their wide poten-
tial applications in nanofl uidics, [ 2 ]  energy 
conversions, [ 3 ]  and biosensors. [ 4 ]  There 
are mainly two kinds of pH-gated ionic 
transport features, including the sym-
metric pH gating and the asymmetric pH 
gating, inside the biological pH-activated 
ion channels. At present, the asymmetric 
pH-gating ion transport properties have 
been extensively achieved by either artifi -
cial asymmetric nanochannels with sym-
metric pH-responsive surface properties [ 5 ]  
or symmetric nanochannels with asym-
metric pH-responsive surface properties. [ 6 ]  
Especially, by integrating the asymmetric 
shaped nanochannels with suitable asym-
metric pH-responsive surface properties, 
nanofl uidic devices that could strongly 

rectify ion current have been prepared. [ 7 ]  In contrast with the 
diversely fabricated asymmetric pH-gated nanochannels, to 
date, the symmetric pH-gating ion transport controls have only 
been realized in the symmetrically shaped nanochannels with 
homogeneous pH-responsive surface properties. [ 8 ]  

 Moreover, incontrast with the common phenomenon that 
asymmetrically shaped pH-gated ion channels show asym-
metric pH gating behaviors, there are many kinds of bio-
logical ion channels that can exhibit linear and symmetric 
proton-gated ion transport features are asymmetrically shaped, 
such as pH-gated potassium channel, [ 1c ]  bacterial porin outer 
membrane protein F channel, [ 9 ]  and proton channel. [ 1b ]  But 
why these asymmetric ion channels can realize symmetric pH 
gating property and how to artifi cially achieve the symmetric 
pH-gated ion transport feature in synthetic asymmetrically 
shaped nanochannel have never been investigated. Therefore, 
it is of great signifi cance to learn about the linear and sym-
metric pH-gated ion transport controls inside the asymmetri-
cally shaped biological ion channels, as well as the cooperation 
functions between the asymmetric shapes and the symmetric 
and asymmetric surface properties of the channels through an 
artifi cial nanochannel system. 

 Herein, inspired by the asymmetric hourglass-shaped bio-
logical ion channels with symmetric proton-gated behaviors 
( Scheme    1  a), [ 1c ]  we report a bioinspired asymmetric ion channel 
that illustrates symmetric and linear pH-gated ion transport 
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  1.     Introduction 

 Biological pH-gated ion channels which intelligently regulate 
ion transport through cell membranes in response to environ-
mental pH change are essential for life processes. [ 1 ]  Learning 
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features under different pH stimuli based on an artifi cial poly-
electrolyte-asymmetric-functionalized asymmetric hourglass-
shaped nanochannel (Scheme  1 b). The pH-responsive polymer 
brushes asymmetrically coated on the inner channel surface 
are acted as a pH-activated gate of the nanochannel that open 
and close in response to external pH changing to linearly and 
symmetrically regulate transmembrane ionic currents of the 
channel. A complete experimental characterization of the pH-
dependent symmetric ion transport behaviors of the channel 
and a comprehensive discussion of the results in terms of theo-
retical simulation are presented. Both experimental and theo-
retical results confi rm the symmetric pH-gating ion transport 
properties of the synthetic asymmetric ion channels. Such a 
system, as an example, demonstrates a development of artifi cial 
nanochannels from asymmetric to symmetric stimuli-gating 
ion transport controls inside the asymmetric shaped nanochan-
nels, as well as provides experimental and theoretical founda-
tions to build multiple stimuli-responsive bioinspired smart 
nanochannel materials.   

  2.     Results and Discussion 

 The asymmetric hourglass nanochannels were fabricated by 
asymmetric ion track-etching of polyethylene terephthalate 
(PET) membranes (19 µm thickness, Hostaphan RN12 Hoechst, 
with a single ion track in the center) (see Figure S1, Supporting 
Information). As shown in Scheme  1 c, the small opening of the 
asymmetric hourglass nanochannel was called small base, the 
large opening was called large base, while the narrowest part 
inside the channel was called tip. The structure of the asym-
metric hourglass nanochannel had been thoroughly studied 
by scanning electron microscope (SEM). As shown in  Figure    1   
(insets), SEM images of the small and large base sides well illus-
trate the asymmetric shape of the nanochannel. Cross sections 
of the nanochannels are obtained to further confi rm the asym-
metric hourglass geometry of the nanochannel (Figure S2, Sup-
porting Information). The small base radius ( r  S ) ranged from 
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 Scheme 1.    a) Drawing shows a biological asymmetric hourglass-shaped ion channel with symmetric pH-gating ionic transport property. b) Our bioin-
spired smart single asymmetric hourglass nanochannel illustrates symmetric pH responsive ionic transport property after asymmetric functionalization 
of the large base side of the channel. c) Schematic representation of the cross section of the asymmetric hourglass PET nanochannel asymmetrically 
modifi ed with PAA.

 Figure 1.    a) Radius distribution of the small base of the asymmetric 
hourglass nanochannel. The inset is SEM image of the small base side. 
b) Radius distribution of the large base of the channel. The inset is SEM 
image of the large base side.
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27.2 to 40.0 nm, and the calculated mean  r  S  was 34.0 ± 3.0 nm 
(Figure  1 a). The large base radius ( r  L ) ranged from 163.4 
to 202.7 nm and the calculated mean  r  L  was 181.5 ± 7.5 nm 
(Figure  1 b). After obtained  r  S  and  r  L , tip radius of the nano-
channel ( r  T ) can be calculated by Equation  ( 1)  , [ 10 ]  where  k  is the 
specifi c conductivity of a 1  M  potassium chloride (KCl) solution 
( k  = 11.13 Ω −1  m −1  at 25 °C),  L  is the length of the nanochannel 
( L  = 19 µm),  I  is the measured ion current at an applied voltage 
 U  ( U  = 0.2 V,  I  = 0.65 ± 0.01 nA), and  x  T  is the tip position 
of the nanochannel that could be directly observed by meas-
uring the cross sections of the nanochannels,  x  T / L  = 0.25 ± 0.02 
(see Figure S2, Supporting Information). Calculated  r  T  was 
20.3 ± 4.0 nm.
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    After fabrication of the asymmetric hourglass nanochannel, 
in order to create an asymmetric nanochannel with symmetric 
pH-gating ion transport properties, we had to introduce a 
possibility to reduce the electrochemical asymmetry of the 
nanochannel through building a physicochemical gradient on 
the channel surface via selectively modifying the large base 
side of the nanochannel with functional molecule to balance 
the channel shape asymmetry. An anionic polyelectrolyte, 

poly(acrylic acid) (PAA), was selected as the functional mole-
cule to modify the inner surface of the nanochannel because, 
compared with other small molecules, it is able to change 
both sizes and chemical properties of the nanochannels on the 
nanoscale by their pH-driven conformational conversion. [ 6b , 11 ]  
The pH-driven conformational conversion could well simulate 
protein channels where their functioning is determined by 
proton-triggered organization of the protein structure. More-
over, plasma-induced polymerization method was used here 
to asymmetrically functionalized the nanochannel due to its 
advantages in the asymmetric modifi cation of inner surface 
of the nanochannels (see Experimental Section and Figure S3, 
Supporting Information). [ 6b ]  

 The ion transport properties of the nanochannel before and 
after asymmetric PAA modifi cation have been examined by cur-
rent measurements in 0.1  M  KCl solution. A positive voltage in 
our electrode confi guration indicates that the anode was placed 
on the small base side of the nanochannel.  Figure    2  a shows 
current–voltage ( I – V ) properties of the nanochannel before 
modifi cation, the nanochannel exhibits pH-dependent ion 
transport under different pH conditions. By changing the pH 
from 2.8 to 10,  I – V  curves became asymmetric and a signifi -
cant increase in the transmembrane ionic current was observed 
at positive voltages. After asymmetric functionalization, how-
ever, the pH-responsive  I – V  curves were turned symmetrically 
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 Figure 2.     I–V  properties of the asymmetric nanochannel (sample 1) a) before and b) after modifi cation under different pH conditions (pH 2.8, �; 
pH 5.8, �; pH10, �). The insets are schematic representations of the pH-responsive surface properties of the nanochannel before and after PAA modi-
fi cation, respectively. Explanations of the voltage- and pH-dependant ionic transport properties inside c) the original and d) asymmetrically modifi ed 
nanochannel.  σ  S  is the surface charge density of the small base side and  σ  L  is the surface charge density of the large base side.
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and linearly at the three different pH values (Figure  2 b). And 
hence the asymmetric hourglass nanochannel after asymmetric 
modifi cation with pH-responsive polymer braushes could show 
symmetric pH-gating ion transport properties as a pH-gated 
cylindrical nanochannel. [ 8b ]  The ion transport property of a 
nanochannel is controlled by three major factors, [ 12 ]  including 
the channel shape, the channel surface charge distribution, and 
the wettability of the channel. It was reported that cleavage of 
polymeric chains during etching produces approximately one 
carboxylate group per nm 2  on the inner surface of the original 
PET nanochannel (Figure  2 a, inset). [ 13 ]  At pH close to the isoe-
lectric point of the track-etched PET membrane, equal to 3.8, [ 14 ]  
the surface of the channel was neutral (Figure  2 c, up). So the 
original channel showed symmetric  I – V  curve under pH 2.8. 
At high pH, the channel wall was therefore negatively charged 
(Figure  2 c, down), and the channel exhibited nonlinear  I – V  
curves under pH 5.8 and 10 conditions. After asymmetric mod-
ifi cation of PAA, the large base side of the nanochannel was 
coated with PAA chains, while the unmodifi ed small base side 
was still coated with the carboxylic groups (Figure  2 b, inset). 
PAA brushes underwent pH-responsive conformation of the 
collapsed, neutral, and hydrophobic state (closed state) when 
the pH was below the p K a of 4.7 and of the swollen, negatively 
charged, and hydrophilic state (open state) when the pH was 
above the p K a. [ 6b ]  Under pH 2.8 condition, carboxylic groups on 
the unmodifi ed small side of the channel were neutral and PAA 
gate on the large side was under closed state. So the modifi ed 

nanochannel was also uncharged at pH 2.8 (Figure  2 d, up). 
And the small wettability difference between the small and 
large side of the channel after modifi cation could not induce 
obvious asymmetric ion transport property. As a result, the 
PAA modifi ed nanochannel also exhibited linear ion transport 
property under pH 2.8 condition. However, carboxylic groups 
on the small side became negatively charged and PAA gate on 
the large side got open when pH was changed to 5.8 and 10. So 
the channel surface became inhomogeneously and negatively 
charged and the charge density of the large base side is larger 
than the small base side (Figure  2 d, down). By effectively con-
trolling the modifi cation degree of PAA, we could manage the 
asymmetry of the surface charge to a certain range in which 
similar interactions between ions and the channel walls of the 
small and large base sides can be achieved when ions pass 
through the nanochannel from two sides (see Figure S4, Sup-
porting Information). Therefore, the modifi ed nanochannel did 
not show ion current rectifi cation (ICR) and the corresponding 
 I – V  curves were also symmetric and linear under neutral and 
basic pH conditions.  

 To further illustrate the ion transport property changes of 
the channel before and after modifi cation, the ICR ratios of the 
channel before and after asymmetric functionalization under 
different pH conditions are systematically shown in  Figure    3  a. 
The degree of ICR was defi ned as the ratio of absolute values 
of currents recorded at a given positive voltage and at the same 
absolute value of a negative voltage. [ 15 ]  The rectifi cation ratios 
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 Figure 3.    a) ICR degrees of the nanochannel (sample 1) before and after modifi cation under different pH conditions. b) Averaged ICR ratios of four 
reproduced single nanochannels (samples 1 – 4) before and after modifi cation. Voltage-dependent behaviors of ICR ratios of the nanochannel (sample 
1) c) before and d) after modifi cation.
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of the nanochannel before modifi cation increased signifi cantly 
with increasing pH, while the rectifi cation ratio of the channel 
after modifi cation stayed nearly unchanged (about 1) within 
different pH stimuli. Averaged ICR ratios of three reproduced 
samples of the nanochannels (Figure  3 b) show similar trend to 
the result in Figure  3 a, which well confi rms the good reproduc-
ibility of the artifi cial nanochannel system (see Figure S5, Sup-
porting Information). Figure  3 c,d further indicates the voltage-
dependent behavior of the ICR effect of the nanochannel 
before and after modifi cation in 0.1  M  KCl solution. The recti-
fi cation ratios of the original channel increased markedly with 
increasing voltage and pH (Figure  3 c). However, the ratios of the 
channel still stayed nearly unchanged under different voltages 
after asymmetric modifi cation (Figure  3 d). Therefore, the asym-
metric modifi cation of the large base side of the nanochannel is 
the conspicuous factor for achieving the symmetric pH gating 
in the asymmetric hourglass nanochannel compared to the 
symmetrically modifi ed asymmetric hourglass nanochannel 
with asymmetric pH gating characteristic (see Figure S6, 
Supporting Information). Additionally, the asymmetric hour-
galss nanochannel with 12 µm length could also exhibit sym-
metric pH gating behaviors after asymmetric modifi cation of 
PAA brushes on the large base side of the channel (see Figure 
S7, Supporting Information).  

 To determine the stability and the reversible pH-gating ability 
of the nanochannel (sample 1), we continuously switched the 
pH of the solution (0.1  M  KCl) between 2.8 and 10 (start and end 
at pH 5.8) to obtain transmembrane ion currents changes at 
+2 V and –2 V. Before modifi cation, the channel showed asym-
metric pH-gating ability at +2 V and –2 V, and the pH-gating 
current changes at +2 V were obviously higher than those at 
–2 V ( Figure    4  a). After modifi cation, the pH-switching cur-
rent changes at +2 V were similar to those at –2 V (Figure  4 b). 
Therefore, reversing the pH of the solution refl ects highly 
reproducible and reversible changes in the transmembrane 
ion currents fl owing through operating the PAA gate of the 
nanochannel in the open and closed states, and the difference 
between the higher conductance state and the lower one is 
remarkably constant.  

 The aforementioned experimental results can be fur-
ther theoretically proved by the Poisson-Nernst-Plank (PNP) 
Equation  ( 2)   [ 6d , 16 ]  on the basis of the surface charge distribu-
tions of the nanochannel shown in Figure  2 c,d. In Equation 
 ( 2)  , ϕ  stands for electric potential,  F  is the Faraday constant, 
 i  indicates K +  or Cl −  in this system, 

�
Ji  is fl ux density of ion  i ,  D i   

is a diffusion coeffi cient equal to 2 × 10 −9  m 2  s −1  for K +  and Cl − , 
 c i   stands for ionic concentration,  z i   is charge of ion  i ,  ε  is die-
lectric constant. It has been theoretically predicted that pH-
responsive conformational transition of the polymer brushes 
could induce changes of the size, the wettability, and the sur-
face charge density and distribution of the nanochannel. [ 5d , 8b ]  
In fact, these three factors affect the ion transport properties of 
the nano channel to a different degree. Szleifer’s group has the-
oretically confi rmed that the channel surface charge variation 
induced by the polymer brushes is the most important factor to 
determine the ion transport properties of the nanochannel com-
pared to the changes of the size and wettability of the channel 
caused by the polymer brushes, [ 17 ]  based on the theoretical simu-
lation of pH-dependent ionic tansport inside a single cylindrical 

nanochannel modifi ed with poly(4-vinyl pyridine) chains. [ 18 ]  
Therefore, in our PAA-asymmetric-modifi ed nanochannel 
system, in order to avoid complex calculation processes, we 
mainly concerned the affects of the surface charge density and dis-
tribution on the ion transport properties of the channel under dif-
ferent pH conditions, and we accordingly neglect the infl uences 
of the channel size and wettability variations of the PAA gate on 
the ionic transport properties. We also simplifi ed the PAA modi-
fi ed nanochannel to a simple system where charges distributed 
on the polymer brushes were strictly confi ned to the nanochannel 
walls.
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 Figure 4.    From asymmetric to symmetric pH gating of the absolute ionic 
currents of the nanochannel (sample 1) a) before and b) after modifi ca-
tion at +2 V (�) and –2 V (�).
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 As shown in Figure S8a, Supporting Information, geometric 
parameters of the single asymmetric hourglass nanochannel 
(sample 1) for theoretical calculations are obtained from the 
experimental data:  r  S  = 34.0 nm,  r  T  = 20.3 nm,  r  L  = 181.5 nm, 
and  L  = 19 µm. The surface charge densities of the original 
PET nanochannel under pH 2.8, 5.8, and 10 conditions are 
assumed as 0,  – 0.5, and  – 1.0  e  nm −2 , respectively, in accord-
ance with previous works. [ 6d , 16c ]   e  is elementary charge. After 
asymmetric PAA modifi cation, the surface charge density of 
the unmodifi ed small base side ( σ  S ) is equal to the charge den-
sity of the original nanochannel. The surface charge density of 
the PAA-modifi ed large base side ( σ  L ) of the channel is deter-
mined by the grafting density, degree of polymerization and 
distribution of PAA brushes on the channel wall. According 
to the theoretical works of modeling pH responsive polymer-
grafted nanochannels, [ 6e , 18 ]  the surface charge density ( σ ) of 
the polymer-chain-modifi ed nanochannel could be defi ned 
as  σ = Nfρ  c , [ 6e ]  where  N  is the degree of polymerization,  ρ  c  is 
the grafting density of polymer chain, and  f  is the charge per 
monomer. However, in this work, because the degree of poly-
merization and grafting density of PAA chains by the plasma-
induced polymerization method are experimentally unavailable, 
accurate value of  σ  L  can be only estimated by theoretical calcu-
lation. For an asymmetric shaped nanochannel, it could com-
pletely lost ICR effect on its charged sates only when the asym-
metric charge distribution on the channel wall could counteract 
its shape asymmetry. Taking the fully open state of the artifi -
cial ion channel under pH 10 condition for example,  σ  S  was 
–1.0  e  nm −2 , rectifi cation ratio was 1, and only  σ  L  was unknown 
under this condition. Because the grafted polymer chains can 
enhance the surface charge density of the nanochannel under 
their fully charged state, [ 6e , 18 ]  here we systematically calcu-
lated the rectifi cation ratios of the channel after modifi ca-
tion with  σ  L  from –1.0 to –7.0  e  nm −2  under pH 10 condition. 
Simulated results revealed that ICR degree of the asymmetric 
charged nanochannel gradually decreased with increasing 
of absolute value of  σ  L  and the modifi ed channel completely 
lost rectifi cation effect when  σ  L  was –5.6  e  nm −2  (Figure S8b, 
Supporting Information). This result could be explained by 
the surface-charge-dependent concentrations of K +  and Cl −  
inside the nanochannel that ion concentrations at the negative 
voltage became more and more close to the concentrations at 
the positive voltage with increasing absolute value of  σ  L  (see 
Figure S9, Supporting Information). Furthermore, the asym-
metric modifi ed nanochannel could keep nearly symmetric 
ion transport properties (ICR ratios between ≈1.1 and ≈0.9) 
within a wide range of  σ  L  from –4.0 to –7.0  e  nm −2  (Figure S8b, 
Supporting Information). This result also proved the feasi-
bility of using the asymmetric chemical modifi cation method 
to achieve nearly or completely symmetric pH gating behav-
iors inside the asymmetric hourglass-shaped nanochannel. 
As a result, the surface charge densities of the modifi ed 
nanochannel without rectifi cation under pH 2.8, 5.8, and 
10 conditions could be defi ned as  σ  S  =  σ  L  = 0  e  nm −2 ;  σ  S  = 
–0.5  e  nm −2 ,  σ  L  = –2.8  e  nm −2 ; and  σ  S  = –1.0  e  nm −2 ,  σ  L  = 
–5.6  e  nm −2 ; respectively. 

  Figure    5   shows the theoretical  I–V  curves of the nanochannel 
before and after modifi cation in 0.1  M  KCl under different 
pH conditions. To a certain degree, the calculated  I–V  curves 

agree quantitatively with the experimental data (Figure S10, 
Supporting Information). The calculated values of the ion 
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 Figure 5.    Theoretical simulation. Theoretical  I–V  curves of the asym-
metric hourglass nanochannel (sample 1) a) before and b) after modifi -
cation under different charged states. Before modifi cation, surface charge 
density of the nanochannel was  σ  S  =  σ  L  = 0  e  nm −2 , –0.5  e  nm −2 , and 
–1.0 e nm −2  for pH 2.8, pH 5.8, and pH 10 conditions, respectively. After 
modifi cation:  σ  S  =  σ  L  = 0  e  nm −2  under pH 2.8 condition;  σ  S  = –0.5  e  nm −2 ,  
σ  L  = –2.8  e  nm −2  under pH 5.8 condition; and  σ  S  = –1.0  e  nm −2 ,  
σ  L  = –5.6  e  nm −2  under pH 10 condition. The calculated  I–V  curves were 
well consistent with the experimental results shown in Figure  2 a,b.  σ  S  and 
 σ  L  were the surface charge densities of the small and large base sides of 
the nanochannel, respectively.
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currents represent the measurements shown in Figure  2 a,b. 
Calculated voltage-dependent ICR ratios of the nanochannel 
before and after modifi cation ( Figure    6  a,b) also show the same 
behavior as our experimental data (Figure  3 c,d). We further 
theoretically confi rmed the infl uence of the surface charge 
density on the ICR degrees of the nanochannel. Before modi-
fi cation, ICR ratio of the nanochannel increased with the 
surface charge density ( σ  S  =  σ  L  = 0–1.5  e  nm −2 , Figure  6 c). 
After modifi cation, however, the simulated ICR degrees of 
the modifi ed nanochannel with different surface charge den-
sity was nearly unchanged ( σ  S  = 0–1.5  e  nm −2 ,  σ  L  = 5.6 σ  S , 
Figure  6 d). Therefore, the consistence between the experi-
mental and theoretical results well confi rmed the possibility of 
realizing symmetric pH-gating ion transport properties in the 
asymmetrically shaped nanochannels. However, although the 
PNP theory nearly quantitatively predicted the experimental 
results in this work, using the PNP theory to predict the polymer 
chain modifi ed nanochannel system still exists many limita-
tions that it did not consider the impacts of the conformational 
behavior of the polymers, van der Waals, repulsive interactions 
of the charged polymers, and wettability on the ion transport 
properties of the nanochannel. For these reasons, developing 
new theoretical framework to model the polymer-asym-
metric-modifi ed nanochannel system remains an important 
research direction.    

  3.     Conclusion 

 In summary, we have described here the construction of an 
artifi cial asymmetric hourglass-shaped nanochannel device 
displaying the symmetric pH gating behaviors typical of that 
observed in many asymmetrically shaped biological ion chan-
nels. Construction of such an ion channel required the asym-
metric modifi cation of the inner surface of the asymmetric 
hourglass-shaped nanochannel with pH-responsive PAA 
brushes. The pH-responsive polymer brushes could behave 
as the ionic gate of the nanochannel that open and close in 
response to external pH changing to symmetrically regulate 
transmembrane ionic currents of the channel. Experimental 
measurements of ionic currents confi rmed that the asym-
metric ion channel could be switched symmetrically from its 
closed state to open state by increasing the environmental pH 
value. Additional theoretical calculations were well consistent 
with the experimental results. The development of stimuli-actu-
ated nanogates with tunable properties resulting from macro-
molecular conformational changes provides an attractive avenue 
to design and construct robust nanoscale systems resembling 
the functions of biological ion channels. In this context, we 
believe that the use of responsive polymer bushes, asymmet-
rically incorporated into the asymmetric shaped single nano-
channels, represents an exciting approach to create tailor-made 

 Figure 6.    Simulated voltage-dependent behaviors of ICR degree of the nanochannel a) before and b) after modifi cation. Calculated charge-density-
dependent behaviors of ICR degrees of the nanochannel c) before ( σ  S  =  σ  L  = 0 to –1.5  e  nm −2 ) and d) after ( σ  S  = 0 to –1.5  e  nm −2 ,  σ  L  = 5.6 σ  S ) modi-
fi cation at 2 V.
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nanogating devices to be implemented in nanofl uidic, bio-
sensing, dosing, or energy conversion systems.  

  4.     Experimental Section 
  Nanochannel Fabrication : The single asymmetric hourglass 

nanochannel investigated here was produced in polymer fi lms by an 
asymmetric ion track-etching technique at room temperature. The 
experimental setup was shown in Figure S1, Supporting Information. 
Before chemical etching process, the samples of the single-track PET 
membranes were exposed to the UV light for 1 h from each side. To 
produce an asymmetric hourglass nanochannel, etching was performed 
from both sides with etchants of different concentrations. The following 
are the etching and stopping solutions for the etching of PET: 2  M  NaOH 
and 6  M  NaOH for etching, 1  M  KCl + 1  M  HCOOH for stopping. A 2  M  
NaOH was added into one side of the cell and 6  M  NaOH was added into 
the other side. For observing the etching process, the voltage (1 V) was 
applied to monitor transmembrane ionic current. The transmembrane 
ionic current can be observed as soon as the nanochannel opened. After 
about 110 min etching, both sides of the cell were added the stopping 
solution that is able to neutralize the etchant when the nanochannel was 
open and the current reached to a certain value, thus slowing down the 
further etching process. 

  Characterization of the Asymmetric Hourglass Nanochannels : 
Geometry of the asymmetric hourglass nanochannels were obtained 
from multinanochannel membrane with high pore density (≈10 8  cm −2 ) 
fabricated under the same condition as the single-nanochannel 
membrane. The multichannel membrane was washed at least three 
times by distilled water after etching and soaked in distilled water for no 
less than 12 h. Then, the surface of the dried multichannel membrane 
was coated with a thin gold layer by a thermal evaporation method. 
The small and large base sides of the nanochannels on the membrane 
surface could be directly examined by SEM, while the profi le and tip 
position of the nanochannel was obtained by measuring the cross 
section of the nanochannel (Figure S2, Supporting Information). 

  Nanochannel Modifi cation : The single-nanochannel PET fi lm should 
fi rst be soaked in distilled water for at least 12 h after the etching 
experiment. Then, the large base side of the nanochannel was modifi ed 
with PAA. In our experiment setup, the loop of pumping and releasing 
argon gas in the reaction chamber (Suzhou Omega Machinery 
Electronic Technology Co., Ltd., DT-02) runs three times. Vacuum 
before switching on the glow discharge was 10 Pa and the working 
temperature was maintained at 30 °C. During glow discharge process, 
the argon atmosphere was kept about 50–70 Pa. Then, it would last 
about 2 min for starting R-F power supply source (Suzhou Omega 
Machinery Electronic Technology Co., Ltd., DT-02) at 30 W to glow 
discharge and the glow discharge process would last 20 min. After the 
glow extinguished, the grafting reactor would lead to grafting acrylic acid 
monomers, maintaining the vacuum degree of about 70 Pa. It would last 
about 5 min for grafting reaction. After that, the chamber was connected 
with air and the plasma treatment was fi nished. 

  Current Measurement : The ion transport properties of the nanochannel 
were studied by measuring ionic current through the nanochannel 
before and after plasma treatment. Ionic current was measured by a 
Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH). 
A single-nanochannel PET membrane was mounted between two 
chambers of a electrochemical cell. Ag/AgCl electrodes were used 
to apply a transmembrane potential across the fi lm. Forward voltage 
was the potential applied on the small base side of the nanochannel. 
The main transmembrane potential used in this work was a scanning 
voltage varied from –2 to +2 V with a 40 s period. The electrolyte in this 
work is 0.1  M  KCl solution. The pH of the electrolyte was adjusted by 
1  M  HCl and 1  M  KOH solutions and the infl uence of addition substance 
quality can be ignored. In this work, each test was repeated three times 
to obtain the average current value at different applied voltages. The 
testing temperature was 25 °C. 

  Theoretical Calculation : Calculations of ion currents of the 
nanochannel (sample 1) before and after modifi cation were performed 
using 2D axial symmetry of a asymmetric hourglass geometry with 
surface charge distributions (Figure S6a, Supporting Information). All 
calculations were performed using MATLAB R2009b.  
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