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Abstract:  During the past few years, the electrochemical sensing techniques based on ion channels have attracted considerable 
attention. Nowadays, these techniques have been widely used in DNA sequencing, measurement of molecular interactions, and 
detection of inorganic ions and biological species. Hence, in this review, the research progresses of the ion channel-based 
electrochemical techniques including amperometry, conductometry and potentiometry in chemical and biological sensing are 
addressed from the perspective of different electrochemical methods. The sensing mechanism and fabrication process of these sensing 
methods are mainly introduced. In addition, the further research orientations of the electrochemical sensing based on ion channels are 
prospected. 
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1  Introduction 
 

In nature, the metabolism of organisms requires constant 
material exchange and energy transfer with the external 
environment. This process is modulated by ion channels. 
Natural ion channels are hydrophilic protein microchannels in 
the cell membrane that allow certain ions to enter and leave 
the cell. Selectivity and gating are physiological features that 
regulate when and what ions pass through ion channels. 
Selectivity facilitates the diffusion of ions down the 
electrochemical gradient across cell membranes, and gating 
refers to the opening and closing of the channel, making it 
sensitive to external stimuli. Ion channels can be classified 
into two categories: biological and synthetic channels. 
Biological ion channels are mainly composed of biofilm, 
transmembrane protein, and channels, which are assorted into 
α-hemolysin (α-HL), aerolysin, Mycobacteria smegmatis 
porin A (MspA), and outer membrane protein G (OmpG) of 
Escherichia coli. Synthetic ion channels with diameters 

comparable to biological protein pores have been successfully 
fabricated on the substrate materials[1–8] including polymer, 
silicon, glass, Al2O3, graphene, and MoS2, by using ion beam[9] 
or electron beam sculpting[10]. For ion channel sensing, 
biological ion channels are particularly appealing due to their 
strong signal resolution, atomic-precision, and structural 
reproducibility. However, such channels usually suffer from 
poor stability and are not suitable for large-scale production. 
Synthetic ion channels have tunable properties, such as 
controllable pore sizes, easy to prepare arrays, as well as 
enhanced mechanical, thermal, and chemical stability. 
Nevertheless, the large cost to synthesize[11] and noise[12] are 
regarded as the major challenges, which limit their 
applications. 

In recent years, ion channels were widely applied in the 
field of chemical sensing because of their unique merits. 
Nowadays, various ion channel-based optical[13] and 
electrochemical[14] sensors were developed and applied in ion 
detection[15], biosensing[16–19], energy conversion[20], and DNA 
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sequencing[21,22]. Because electrochemistry offers great 
promise for ion channel-based sensing with features that 
include remarkable sensitivity, low cost, simple operation and 
inherent miniaturization, the electrochemical sensing 
techniques based on ion channels attracted considerable 
attention. The concept of electrochemical sensing using ion 
channels was based on the Coulter counter, which was 
developed for the use of counting erythrocyte translocation 
through a micrometer-sized hole. Umezawa et al[23,24] firstly 
introduced ion channels into the field of electrochemical 
sensing and successfully detected various inorganic ions such 
as ClO4

–, Ca2+, Mg2+ and Ba2+. With the recent development of 
ion channel-based electrochemical technology, the detection 
of biological macromolecules (such as single-stranded 
DNA[25], double-stranded DNA[26], RNA[27] and proteins[28–30]), 
DNA sequencing and interactions between DNA and protein 
were achieved. Various applications of ion-channel 
electrochemical sensing are shown in Fig.1. Herein, we 
provided an up-to-date overview of the field of ion channel- 
based electrochemical sensing. We covered the traditional 
sensing platforms, including biological ion channels and 
synthetic ion channels, with a focus on the recent 
demonstrations of new applications in chemical and biological 
sensing based on different electrochemical signal transductions. 

 
2  Ion channel-based electrochemical sensing 

techniques 
 
For ion channel-based electrochemical sensing techniques, 

the ion channel is used as the recognition element for the 
analyte. When the targets flow through the ion channel, a 
signal is obtained by the transducer and subsequently 
converted to an electrochemical signal. After signal 
magnification and storage, the signal is recorded by an 
electrochemical instrument. Depending on the format of 
electrochemical output signal, the electrochemical ion-channel 
technique can be classified as amperometry, conductometry, 
or potentiometry. 

 
2.1  Amperometric ion-channel sensing technique 

 

Figure 2A shows the schematic diagram and typical 
response curve for the current-based ion channel sensing 
system. In this system, ion channel is connected to two 
electrolyte-filled reservoirs. When a constant potential 
difference is applied across the two reservoirs, a steady-state 
ion current is caused due to the flow of ions across the channel, 
and the ion current can be measured by the amperemeter. If 
the analyte driven by the electric field enters the channel, the 
resultant short-lived obstructions of the channel will create 
detectable changes in the current signal. The amplitude, 
duration, and frequency of these transient current changes 
depend on the characteristics of the analyte, such as size, 
shape, and charge, as well as interactions between the 
molecule and channel[31–33]. Currently, this technique has been 
widely used in environmental monitoring[34], cancer 
analysis[35], material separation[36,37], and other related fields. 
These applications took advantage of the fast detection speed 
and simple conversion mode of this sensing technique. 
However, conventional current-based ion channel sensing 
technique was commonly limited by low selectivity and poor 
sensitivity. 

The first demonstration of nucleic acid detection with 
protein ion channels was reported 20 years ago by Kasianowicz 
et al[38]. In the experiment single-strand DNA (ssDNA) and 
RNA molecules were electrophoretically driven through an 
α-HL channel, and the translocation of these molecules led to 
transient current modulations. The frequency of translocation 
events was directly correlated to the analyte concentration, 
while the duration of the blockade was proportional to 

 
 
 
 
 
 
 
 
 
 

Fig.1  Application objects of ion-channel sensing 

 
 
 
 
 
 
 
 
 

 
Fig.2  (A) Schematic diagram and (B) typical response curve for current-based ion channel sensing of DNA[14]    
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the length of the molecule. This seminal work sparked the 
field of ion-channel sensing and set the foundation for further 
advancements to be made. Long and co-workers developed a 
method for direct electrochemical detection of unmodified 
oligonucleotides with an Aerolysin ion channel[39]. Note that, 
although these methods were groundbreaking, they exhibited 
insufficient selectivity towards the target. Both the target and 
non-target molecules with similar volume could enter ion 
channel, thus reducing the detection accuracy. 

To solve this problem, the auxiliary species with the certain 
functional groups were modified onto the surface of ion 
channels or the targets. For biological ion channels, Fahie et 
al[40] detected biotin-binding proteins using a biotin ligand 
tethered to the rim of an OmpG ion channel. The proposed 
channel could resolve subtle differences in the surface 
property between highly homologous protein analytes[41]. For 
synthetic ion channels, the specificity is usually improved by 
covalent functionalization. In the work of Jiang and 
co-workers, G-quadruplex DNA was immobilized onto 
synthetic ion channel, which underwent a potassium- 
responsive conformational change and then induced a 
decrease in the transmembrane current. The developed 
nanochannel system enabled potassium ion quantification[42]. 
Similarly, a biomimetic, zinc-activated ion channel was 
prepared by incorporating a zinc finger peptide into a single 
polymeric nanochannel[43], and highly selective determination 
of Hg2+ was achieved by modifying a certain length of ssDNA 
onto polymer-based synthetic ion channel[44]. Gao et al[45] 
described a macrocyclic dioxotetraamine derivative 
functionalized glass conical ion channel that was capable of 
ultrasensitive Hg2+ detection. Wang et al[46] reported an 
electrostatic-gated transport in chemically modified glass ion 
channel. In this work, amine functionlization of the interior 
pore surface introduced pH-dependent ion selectivity at the 
pore orifice, a consequence of the electrostatic interactions 
between the redox ions and protonated surface amines. In 
addition, the selectivity of ion channel for a given target can 
also be improved by modifying functionalized species on the 
target analytes. For instance, a small polycationic nanocarrier 
was engineered onto the target nucleic acid to impose a 
prescribed dipole moment, thus granting both sensitivity and 
selectivity to the ion channel detection method[47]. Subject to 
the electric field gradient at the channel entrance, all target 
molecules bound to a nanocarrier were driven into the channel 
by the dielectrophoresis force, while the nontarget molecules 
without the bound carriers, were electrophoretically repelled 
from ion channel and thus did not generate any interfering 
signals. 

A prevailing problem in the traditional current-based 
ion-channel sensing techniques is that the transport kinetics of 
the analytes is often faster than the measurement time 
resolution. One way to resolve this problem is to slow down 
the molecule transport and prolong their residence time within 

the ion channel to obtain time-resolvable signals. Meller et al 
contributed to slow down the translocation speed of proteins. 
They discovered that, by imposing a laser-induced 
electroosmotic flow in the opposite direction of the analyte’s 
electrophoretic motion, the translocation speed could be 
effectively slowed, which enabled detection of a small 
protein[48]. Additionally, further work showed that by fine- 
tuning the electrolyte pH to the isoelectric point (pI) of the 
analyte protein, the translocation speed of the analyte protein 
could also decrease[49]. Researches on monitoring and 
decreasing the translocation speed of DNA through ion 
channels were done by Dekker and co-workers[50]. By 
monitoring the relative position of the markers when the 
DNA moves through the channel, the translocation velocity 
could be determined. In addition, they reported an approach 
that used the glutamate solutions to slow down DNA 
translocation. In comparison to the conventionally used 
KCl-based solutions, the glutamate-based solutions had 
lower conductivity and greater viscosity. An electrolyte 
solution with increased viscosity increased the dragging 
force on the DNA molecules, resulting in longer 
translocation times. However, it should be noted that this 
technique usually suffered from the problem of the decreased 
conductivity of glutamate salt solutions which could result in 
a reduction in current blockade amplitude. In view of this, 
Plesa et al[51] used the high-concentrated LiCl buffers to 
reduce the speed of DNA molecules. In this case, a higher 
measurement bandwidth could be obtained. 

 
2.2  Conductometric ion-channel sensing technique 

 
Conductometry-based ion channel sensing system is mainly 

comprised of ion channel and electrolyte solution. The output 
impedance is measured and recorded by an impedance 
analyzer at room temperature. The mechanism of traditional 
conductometry is based on charge transfer at the electrode/ 
electrolyte interface. Electron transfer resistance is generated 
as a result of the difference between the electron conduction rate 
and the solution ion conduction rate. For traditional conductometry, 
the diameter of the semicircle in the impedance spectrum is 
equal to the charge transfer resistance, which is often used as 
the characteristic resistance. The functionalization of ion 
channels can decrease the electron transfer resistance slightly, 
but the interactions between functionalized ion channels and 
analytes can significantly increase the electron transfer 
resistance. This increased electron transfer resistance then 
makes it possible to detect various parameters, such as analyte 
concentration, charging condition, and structural characteristics. 
The detection diagram and typical impedance spectroscopy for 
impedance- based ion-channel sensing are illustrated in Fig.3. 
Although this technique has the advantages of a simple signal 
transduction and high sensitivity[52–55], it suffered from the 
drawbacks of the difficulty in analyzing complex electrochemical 



JIANG Xiao-Jing et al. / Chinese Journal of Analytical Chemistry, 2018, 46(9): 1350–1356 

 

 

 
 
 
 
 
 
 
 

Fig.3  (A) Detection diagram and (B) typical impedance spectroscopy for impedance-based ion-channel sensing of DNA hybridization[56] 
 
impedance spectra and the lack of uniqueness in equivalent 
circuit model. At present, such technique is mainly used for 
the detection of biomacromolecules[56]. 

Synthetic alumina-based ion channel is a very attractive 
platform for development of the ion-channel biosensing 
devices owing to its uniform pore size, high surface area and 
low unspecific adsorption. Because the unmodified alumina- 
based ion channels cannot be employed to achieve highly 
selective impedance detection, modified alumina channels are 
most frequently used in the previously reported literatures. Wu 
et al[56] functionalized the alumina ion channel by using 
ssDNA for conductometric detection of DNA hybridization. 
With low channel density, ion-channel resistance and 
membrane capacitance could be clearly identified in the 
electrochemical impedance spectrum. Kant et al[57] developed 
a method for the covalent attachment of streptavidin to the 
internal surface of nanoporous alumina ion channels for 
conductometric label- free biosensing. The influence of the 
area and pore number of alumina channel on detection 
sensitivity was investigated. The experimental result showed 
that better sensing performance could be obtained by using 
channels with smaller area and lower pore number. Recently, 
an electrochemical biosensor based on human odorant binding 
proteins (hOBPs) modified alumina channel was developed to 
detect specific biomolecular ligands, such as aldehydes and 
fatty acids[5]. hOBPs could not only interact with lipophilic 
molecules but also show high affinities towards the 
hydrophilic molecules including aldehydes and fatty acids. 
The interactions between hOBPs and the hydrophilic 
molecules would lead to an obvious increase in the series 
impedance of channel and charge transfer. The detection 
limits of the proposed approach for benzaldehyde and 
docosahexaenoic acid were about 10–9 mg mL–1 and 10–12 
mg mL–1, respectively. 

 
2.3  Potentiometric ion-channel sensing technique 

 
Potentiometric ion-channel sensors mainly refer to the ion- 

selective electrode (ISE)-based ion-channel sensors. 
Polymeric membrane ISEs have been routinely used for 
determination of ionic species in clinical and water quality 
applications owing to their attractive features including 
excellent selectivity, low cost, ease of use and high reliability. 

By combining ISEs with ion channels, inorganic ions and 
biomacromolecules can be sensitively and selectively 
determined. It is expected that the application of these sensors 
will provide a promising measurement technique for clinical 
testing and environmental monitoring. Compared to other 
electrochemical sensors based on ion channels, potentiometric 
ion-channel sensor is much simpler and more selective. 
However, the regeneration of such sensor is a bit difficult 
since there is no additional electrochemical driving force in 
the recognition process. 

Current potentiometric ion-channel sensing techniques can 
be classified into two categories: zero-current and current- 
driven techniques. Under the zero-current conditions, a two- 
electrode system which was composed of the ion-channel- 
based ISE and external reference electrode was utilized. Both 
electrodes were connected with conducting wire and placed in 
the sample solution to form a galvanic cell. In this system, the 
analyte in the sample solution could interact with the 
recognition molecules in the inner surface of ion channels, 
partially blocking the indicator ion transfer across the 
membrane/aqueous sample interface, and subsequently caused 
the potential change that was recorded by the potentiometer. 
Such a potential change could be utilized to measure the 
concentration of the analyte in the sample. Note that, in two- 
electrode system, the diffusion of the indicator ion was driven 
only by the concentration difference. For current-driven 
potentiometry, pulsed galvanostatic chronopotentiometry, 
which could rapidly and accurately control the ion extraction 
process, was applied to directly monitor the blocking effect 
induced by the recognition reactions in ion channels[58]. 
Generally, a three-electrode system consisting of a working 
electrode, reference electrode and auxiliary electrode was 
employed. 

Gyurcsanyi et al[59] combined functionalized ion channels 
with ISEs to detect miRNA (Fig.4). A charge inversion occurred 
in the sensing zone of a nanochannel when negatively charged 
microRNA strands bound to positively charged peptide- 
nucleic acid (PNA) modified channels, promoting the transfer 
of the indicator ion, K+. The resultant concentration change of 
K+ was detected by the K+-selective electrode and thus the 
miRNA could be subsequently determined. However, in this 
sensing system, the recognition process and the determination 
process were performed separately. Moreover, the selectivity  
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Fig.4  (A) Schematic illustration, (B) measurement setup and (C) typical potential response for equilibrium potential-based ion-channel sensing 
of microRNA[59] 

 
of the proposed sensor only depended on the charge change of 
ion-channel surface. To solve this problem, further efforts 
were made by incorporating hydrophobic ionophore into the 
wall of gold nanochannels for Ag+ detection (Fig.5). The new 
ISE construction preserved the exquisite selectivity of 
ionophores in a robust solid-state membrane format with all 
active components covalently immobilized[60]. Very recently, 
the same group[61] reported the synthesis and analytical 
application of the first Cu2+-selective synthetic ion channel on 
the basis of hydrophilic peptide-modified gold nanochannels. 

Bakker et al[62] proposed an ion-channel sensing technique 
based on chronopotentiometry for sensitive detection of protein 
(Fig.6). An avidin-biotin interaction was used as a model 
system. In that system, avidin accumulated on the ion-selective 
membrane surface modified by biotin, partially blocking the 
current-induced Na+ ion transfer across the membrane/aqueous 
sample interface, and subsequently decreased the potential jump. 
Such a potential drop could be utilized to measure the 

concentration of avidin in the sample solution. Because the 
sensitivity of protein sensing was dependent on the effective 
blocking of the active surface area, the detection sensitivity 
could be improved with ion channel applied on top of the 
biotinylated ion-selective membrane surface. 

 
 
 
 
 
 
 
 
 
 
 

Fig.5  Schematic of the gold-based ion channel modified with 
ionophore[60] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6  (A) Detection diagram and (B) typical potential response for potentiometry-based ion-channel sensing of antigen-antibody interactions[62]    
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3  Conclusions 

 
In the past 10 years, spectacular progress was made in the 

field of ion channel-based electrochemical sensing techniques. 
This review summarized the recent research progresses of ion 
channel-based electrochemical techniques in chemical and 
biological sensing from the perspective of different 
electrochemical methods. Although significant breakthroughs 
have been gained in selectivity, sensing capability and 
stability, these techniques still face challenges in diversity, 
stability, and homogeneity of ion channels. Certainly, this 
situation may be dramatically changed with the development 
of nanotechnology, DNA engineering techniques, and 3D 
printing technique. In addition, it is very important to note that 
very few ion-channel electrochemical sensors are finally 
applied in the real sample analysis. Most of these sensors are 
still mainly at the experimental stage. Hence, much effort 
should be devoted to the applications of these sensors in rapid 
and on-site analysis. 
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