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artificial CO-gating system, which is exactly the same as that 
of the CO-regulated ion channel in nature. Meanwhile, because 
of the synergism between the conical asymmetric shape and 
the negatively charged surface of the inner nanochannels, the 
system emerges ion rectification, with the characteristics of 
the diodes. The nanofluidic diodes are regulated by CO.[8] Now 
the nanofluidic diodes have attracted wide interests in the fields 
such as biosensing,[9] proton pump,[10] and energy conversion 
system.[11]

The CO-gated nanodevices were produced on PET mem-
branes. The interior surface of the nanochannels was modified 
with ferroporphyrin by one step coupling reaction between 
amino ferroporphyrin and carboxyl acid. The modification of 
ferroporphyrin was verified by X-ray photoelectron spectroscopy. 
Prior to modification, only C1s and O1s signal are detected. 
After modification, the appearance of N1s, Fe2p signals on 
PET surface, originating from ferroporphyrin, confirms the 
successful attachment of ferroporphyrin (see Figures S2–S4, 
Supporting Information).

The successful modification is also detected by the 
current–voltage (I–V) measurements. The corresponding 
I–V curves response for each steps of modification pro-
gress was examined by ion current at 0.1 mol L−1 of KCl 
solution. Before modification, the passing ions prefer to 
transport from tip to base because the sign of surface charge 
is negative, which could be attributed to the deprotonation 
of the carboxyl groups. Meanwhile, the system’s ion current 
increases due to the lower resistance under the negative bias. 
The I–V curves show ion current rectification (Figure 2). The 
ion current rectification ratio is calculated by the absolute 
values of ion currents at a given voltage 2 V versus −2 V. The 
ion current rectification ratio calculated is ≈3.0, as the ion 
current is ≈−99.6 nA at −2 V and ≈32.9 nA at 2 V. With the 
ferroporphyrin immobilized on the nanochannels, the ion 
current decreased markedly. Moreover, the absolute values of 
ion currents at the voltages 2 and −2 V are close. The ion rec-
tification disappears. The dramatical transition is attributed 
to the surface charge vanishment. After the ferroporphyrin 
modification, excess carboxyl acid groups remain due to the 
incomplete reaction. The carboxyl acid coordinates to the fer-
roporphyrin,[12] resulting in a close-to-neutral surface. The 
nanochannels varied from cation-selective to nonselective, 
the ion rectification vanishes, showing linear ion current 
behavior. The nanochannels turn to be a closed state.

The presence of ferroporphyrin on the nanochannels surface 
disables the ion transportation by associating the residual car-
boxyl acid groups. The bonding strength is not so high. The weak 
coordination is replaced by CO to form more stable complex, 
when CO is introduced.[13] Figure 3a shows the I–V curves of 
nanochannels after CO bubbling. A diode-like curve can be 

CO is traditionally regarded as a highly toxic gas, but it is 
also firmly regarded as an important gaseous messenger and 
physiological signaling molecule in the neuronal activities,[1] 
such as odor response adaptation, learning and memory, etc. In 
several tissues, endogenous CO is produced by enzymatic heme 
metabolism. It can bind directly to metal-containing proteins to 
interfere with intracellular signaling pathways and regulate dif-
ferent ion flux in channels.[2] For example, CO induces smooth 
muscle vasodilation by activating Ca2+-activated K+ channels. 
Heme acts as the inhibitor by binding to the amino acid 
sequence conserved in the channels. CO binds to heme with 
higher affinity. As CO is endogenously generated, CO binds 
dominantly to the heme, altering the interaction between heme 
and the amino acid in the channel (Figure 1a).[3] In this way, the 
inhibitory effect of the heme is removed by CO. The exposed 
acid groups in the channel facilitate the ions transport, leading 
to the increase of transient current, membrane hyperpolariza-
tion, and ultimately vasodilation.[4] The biological effect of CO 
relies on the interaction between CO and heme proteins.[5] Many 
diseases, including neurodegenerations,[6] inflammation,[7] have 
been linked to the CO function abnormality.

Inspired by the CO activated biological effect in smooth 
muscle cells, for the first of time, we apply the cellular 
principles into the construction of an artificial CO regulated 
ion nanochannel. The key factor is to establish a dynamic coor-
dination system, where CO could tune the surface charge by 
altering the interaction between ferroporphyrin and carboxyl 
acid in the channels. Polyethylene terephthalate (PET) mem-
brane is used to make conical asymmetric nanochannels for 
the ions transport. The nanochannels surface contains carboxyl 
groups and are intrinsically negative. They have the ability 
of transporting positive ions like K+, Ca2+. Ferroporphyrin is 
grafted onto the inner surface. Due to the coordination between 
ferroporphyrin and carboxyl acid, the ions transporting 
activity is inhibited by ferroporphyrin groups, similar with 
that in the cells. CO is used to release the carboxyl acid due 
to the higher affinity with ferroporphyrin. Therefore, the ions 
transporting ability is waken up. Herein, we demonstrate an 
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seen, which is similar with the I–V curve of unmodified one. 
After bubbling CO to the ferroporphyrin modified nanochan-
nels, the ion current increases from −12.9 to ≈−57.8 nA at −2 V. 
The ion current rectification ratio reaches to 10.3 (Figure 3c); 
because CO interferes in the complex of ferroporphyrin and 
carboxyl groups, resulting in exposure of carboxyl acid groups 
on the surface. As results, the neutral surface turns to be nega-
tive (Figure S5, Supporting Information). The ion transporting 
ability is recovered. Just like the ion channels in cells, the ion 
nanochannels are opened by CO. If the nanochannels are not 
modified with ferroporphyrin, the I–V curves in the absence 
and presence of CO are more or less similar (Figure 3b). There 
are no significant ion current and ion current rectification 
changes. Because the surface charges density of the unmodified 
nanochannels cannot be changed by CO.

Here, the ferroporphyrin modified nano-
channels demonstrate two dramatically dif-
ferent states of ON and OFF switched by 
CO. The gating ratio of CO sensing system 
after modification is much larger than 
that of nanochannels before modification, 
which testified that the ion gating was con-
trolled by the binding reaction of CO and 
ferroporphyrin. The current ratio was 4.0, 
calculated by the ionic currents meas-
ured in the presence of CO versus the 
absence of CO at −2 V (Figure 3d). It was 
higher than 0.98 measured and calculated 
in nanochannels without ferroporphyrin 
modification. Thus, the biomimetic smart 
nanosystem exhibits excellent CO recognition 
capability reflected by both extremely high 
ion rectification ratio and ion gating ratio. 
The ferroporphyrin-modified nanochannels 
show high selectivity toward CO. The other 
gases, such as CO2, N2, do not exhibit the 
properties in Figures S6 and S7 (Supporting 
Information). The CO-recovering rate of the 
artificial ion nanochannels from the blockage 
state is fast. Within 15 s, the blocked nano-
channels can be opened by CO.

The ion transport properties of the CO 
sensing system have also been examined by 
current measurements at different concen-
trations of KCl, NaCl, and CaCl2, and all of 
them exhibit ion current rectification phe-
nomenon. The ion current increases with 
the increase of concentration. All the I–V 
curves at different concentrations are shown 
in Figures S8–S12 and Table S1 (Supporting 
Information). The ion current at KCl solutions 
is found to be higher in comparison of CaCl2 
and NaCl solutions.

The CO responsive properties of the fer-
roporphyrin modified nanochannels are 
reversible, which is demonstrated by the addi-
tion and removal of CO.[14] Figure 4a shows 
the I–V curves of the ferroporphyrin modi-
fied nanochannels after bubbling CO and 

adding methylene blue (MB). After bubbling CO, the nanosystem 
changes from an OFF state to an ON state. When MB is added 
into the system, the I–V curve exhibits linear characteristics, and 
returns to the OFF state. MB has been known as an antidote to 
CO poisoning.[15] MB releases CO from the complex of ferropor-
phyrin–CO. Again, the released ferroporphyrin groups bind car-
boxyl acid groups, leading the surface of the nanochannels to be 
neutral. Thus, the ion nanochannels are blocked. Figure 4b shows 
ON/OFF switch upon alternating introduction of CO and MB, 
which reflects the reversibility and repeatability of the system.

It is worth to note that the chemical modification 
of nanochannels with ferroporphyrin is essential. In 
principle, the unmodified nanochannels can be blocked by 
ferroporphyrin with physical adsorption instead of chemical 
modification. We introduced ferroporphyrin without amino 
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Figure 1.  a) The scheme of the CO regulation ions transportation across cell membranes. 
CO induced cellular signaling leads to “ON-OFF” switch. b) Flow chart for CO activated nan-
ochannel. CO binds to ferroporphyrin to release carboxyl acid on the nanochannel surface, 
leading to “ON” state. In turn, methylene blue (MB) removes CO from the ferroporphyrin–CO 
complex. The carboxyl acid attracts ferroporphyrin and the surface becomes neutral, resulting 
in the “OFF” state.
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junction group into the nanochannels surface by coordination 
between ferroporphyrin and carboxyl groups. The I–V curve 
shows linear characteristics (Figure S13, Supporting Infor-
mation). However, CO recovers the ion current rectification 

behaviors irreversibly. After adding MB, the I–V curve does 
not change any more. That is because the ferroporphyrin is 
removed permanently from the surface by bubbling CO.

CO acts as the trigger for the opening of the ferroporphyrin 
modified nanochannels. After inducing CO, the nanochannels 
show the cation selectivity, which prefer the transportation of 
cations and inhibit the transportation of anions. Considering 
the synergistic effect of the asymmetric geometric structure 
and the surface charge, the nanochannels exhibit diode-like 
current. We simulate the nonlinear ion current behaviors by 
solving the Poisson and Nernst–Planck (PNP) equations.[16] 
The mechanism can be further theoretically supported by PNP 
equation and based on the fixed charge of the nanochannels, 
corresponding to the surface charge change before and after 
ventilating with CO to nanosystem.

PNP equation together with the steady state continuity 
equation[17]

J D C Z C C V ii i i i i i , ,eofϕ( )= − ∇ + ∇ + = + −
�

(1)

J ii 0, ,∇ = = + − �
(2)
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Figure 2.  The I–V curves of the nanochannels before (square) and after 
(circle) ferroporphyrin modification (0.1 mol L−1 of KCl solution). The 
original nanochannels surface is negatively charged, exhibiting ion cur-
rent rectification property. After ferroporphyrin modification, the surface 
gets neutralized and the ion current rectification vanishes.

Figure 3.  The current–voltage (I–V) curves of nanochannels a) with and b) without ferroporphyrin modification as a function of CO (0.1 mol L−1 of KCl 
solution). c) The ion rectification ratios and d) gating ratios show that the ferroporphyrin-modified nanochannels are opened by CO.
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Where i indicates anions or cations in this system (i+ stands 
for cations and i− stands for anions). Ji, Ci, ϕ, F, Di, Zi, Veof, 
ε are the flux of ions, anion/cation concentration, electric 
potential, the Faraday constant, a diffusion coefficient, the 
charge number of anions/cations, electroosmotic velocity, and 
dielectric constant.

The ion current rectification model of this conical 
nanochannel built in the software COMSOL Multiphysics,[18] 
which applies the model of transport of diluted species and 
electrostatics. To build a simplified model, the 2D signal con-
ical symmetry nanochannel model was stimulated. The below 
are the boundary conditions in this model; the model is along 
the center axis of nanochannel; the electrolyte solution concen-
tration is cL = cR = 0.1 mol L−1 in this work; the thickness of 
membrane is 2.3 μm; the diffusion coefficients of anion and 
cation are set as 1.93 × 10−5 and 2.03 × 10−5 cm2 s−1.

Figure 5a presents the simulated I–V curves. Obviously, 
the system shows the ion rectification when the CO is 
applied. The surface density is defined as −1 × 10−4 C m−2. 
After adding MB, the surface charge is reduced to minimum. 
The ion rectification vanishes, which obeys the Ohm law. 
Figure 5b shows the electric potential distribution in the 
nanochannel at −2 and 2 V before and after bubbling with 
CO, respectively. Before bubbling CO, the electric poten-
tial distribution is uniform. After bubbling CO, the electric 
potential distribution is nonuniform due to the asymmetric 
feature of the nanochannels. At −2 V, cations move to the 
base direction and anions move to the tip direction. The ion 
conductance and the ion current increase. At 2 V, the ion 
conductance and ion current decrease, because cations move 
to the tip direction. Therefore, the ion current is asymmetric, 
the system shows ion current rectification in accordance with 
our experimental data.

Figure 5c,d illustrates the cations concentration distribu-
tions in the nanochannel along the 2D axis under the nega-
tive bias at −2 V and the positive bias at 2 V. They show the 

cations concentration distributions at the surface density 
−1 × 10−4 C m−2 is larger than ones at the surface density at 
−2 and 2 V. When ventilating with CO, the existence of the 
surface negative charge on the channel walls results in the 
increase of the passing ionic concentrations in the channel 
along the pore central axis. The cations are attracted and anions 
are repelled due to the electrostatic potential. The synergistic 
effect of asymmetric channel and the negative surface charge of 
nanochannel wall induce accumulation of cations near the tip. 
Thus, the cation concentrations at −2 V is smaller than ones 
at +2 V. The simulation fulfills the CO-regulated ion current 
rectification properties in the nanochannels.

In conclusion, we report a CO gate-keeping capability of ion 
nanochannels system, which is consistent with the CO direct stim-
ulatory effect in biological system. CO has been used as the trigger 
for controlling the ON and OFF states of the nanochannels. Fur-
thermore, the CO gating system exhibits characters of reversibility 
and fast response rate. The PNP theoretical simulations agree with 
the CO-regulated ion transporting properties. These results help 
us understand the synergistic effect of the gaseous messengers in 
the ion channels of the living organisms, and also provide prom-
ising applications in the smart nanodevices, such as CO sensors.

Experimental Section

Nanochannels Fabrication: PET (thickness: 23 μm) was irradiated 
with an Au ion beam to form multiple cylindrical pores (5 × 108 cm−2 
track density). Then, ion track etching technique was used to obtain 
conical nanochannels.[19] First, the membranes were irradiated under 
UV light (365 nm) for 2 h from both sides. Then, at 40 °C, the etching 
(NaOH, 9 mol L−1) and the stopping solution (1 mol L−1 KCl and 
1 mol L−1 HCOOH) were added in two different sides of the reaction cell 
for ≈50 min (Figure S14, Supporting Information). The etching process 
was monitored by the voltage (1 V). Pt electrode was applied to the 
etching process. The ion current was observed. When the transmembrane 
ionic current increased sharply, the nanochannels opened and presented 
the conical. The big size pores (base, ≈350 nm) of the nanochannels 
were observed by scanning electron microscopy (Figure S1, Supporting 
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Figure 4.  a) The contrast of I–V curves of ferroporphyrin-modified nanochannels at the original condition, after bubbling CO and adding MB, showing a 
reversible switchable multiple nanosystem. b) Reversible functionalized nanochannels exhibit ion current with bubbling CO and adding MB to solution 
for binding of ferroporphyrin at 2 and −2 V.
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Information). The small size pores (tip, 10 nm) were calculated by an 
electrochemical measurement result and big pore sizes.

Chemical Modification: The multiple nanochannels were chemically 
modified with amino ferroporphyrin on the inner surface of the 
nanochannels through the coupled reaction. The precursor amino 
porphyrin was synthesized by sequential nitration and reduction of 
tetraphenylporphyrin according to the literature.[20] Afterward, the amino 
porphyrin and FeCl2 were refluxed in N,N-dimethylformamide (DMF) for 
2 d under nitrogen atmosphere, and the amino ferroporphyrin was obtained 
from column separation. The total yield was very low due to the inevitable 
byproduct and loss during the purification. The PET nanochannels 
surface was activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (100 mmol L−1) in ethanol solution. The membrane was 
washed with deoxygenated water. Then, the membrane was added in the 
culture plate containing amino ferroporphyrin (10 mmol L−1) for 4 h.

Current Measurement: The ion current of the CO gating anion 
channels were measured by a Keithley 6487 picoammeter (Keithley 
Instruments, Cleveland, OH). A scanning voltage was set to value from 
−2 to +2 V. Ag/AgCl electrodes were applied to measure ion current in 
the CO gating system.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5.  a) Simulated I–V curve of the nanochannel before and after bubbling CO. (Here, when the CO is applied to nanosystem, the surface 
density is defined as −1 × 10−4 C m−2. Before bubbling CO, the surface charge is reduced to minimum and the surface density close to zero.) 
The simulated results accord with the experimental results based on the Poisson and Nernst–Planck equations. b) Potential distributions in the 
nanochannel when the applied external voltage is −2 and 2 V before and after bubbling CO. Before bubbling CO, the electric potential distributions 
are uniform. After bubbling CO, potential distribution turns to nonuniformity. The negative surface charge plays a key role in the electric poten-
tial distribution, which leads to the nonuniformity of cation and anion concentration distribution. c) Cation concentration distribution along the 
nanochannel at −2 V before and after bubbling CO. d) Cation concentration distribution along the nanochannel at 2 V before and after bubbling 
CO. Cation concentration accumulates to a higher degree at −2 V than that at 2 V near the tip of the nanochannel. Therefore, the conductance is 
higher under the negative bias.
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