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CONCEPT 

Logic functions with stimuli-responsive single nanopores 

Patricio Ramirez,[a] Javier Cervera,[b] Mubarak Ali,[c,d] Wolfgang 

Ensinger,[c] and Salvador Mafe[b],* 

We present the concept of logic functions based on a single stimuli-responsive nanopore and 

analyze its potential for electrochemical transducers and actuators. The responsive molecules 

at the surface of the polymeric nanopore immersed in an electrolyte solution are sensitive to 

thermal, chemical, electrical, and optical stimuli, which are the input signals required to tune 

externally the conductance of the nanopore (the logical output). A single nanostructure can be 

operated as a resistor or as a diode with a broad range of rectifying properties, allowing 

logical information processing schemes useful for pH and temperature sensors, electro-optical 

detectors, and electrochemical actuators and transducers. Some of the limitations to be 

addressed in practical applications are also cited. 

 

[a] Prof. Dr. P. Ramirez 
Departament. de Física Aplicada, 
Universitat Politécnica de València, 
E-46022 València, Spain 
 
[b] Dr. J. Cervera, Prof. Dr. S. Mafe 
Departament de Física de la Terra i Termodinàmica 
Universitat de València 
E-46100 Burjassot, Spain 
E-mail: smafe@uv.es 
 
[c] Dr. M. Ali, Prof. Dr. W. Ensinger 
Department of Material- and Geo-Sciences 
Technische Universität Darmstadt 
D-64287 Darmstadt, Germany 
 
[d] Dr. M. Ali 
Materials Research Department 
GSI Helmholtzzentrum für Schwerionenforschung 
D-64291, Darmstadt, Germany



2 

 

1. Introduction 

Nanofluidic devices such as pores,[1-9] electrodes,[9,10] and pipettes,[11] together with the ion 

channels of biological membranes,[12-14] make use of the interaction between the charges fixed 

at the pore surface and the mobile ions in solution to process weak chemical and electrical 

signals in a noisy environment. To design information processing methods with stimuli-

responsive nanopores, a previous step is to identify the input/output signals available to 

implement the basic logic functions. We review here logical schemes based on signal 

transduction with a single polymeric pore and consider implementations of simple networks 

and multifunctional devices on the basis of the electrochemical characteristics demonstrated 

experimentally.  

This concept article is timely because the control of pre-determined nanopore 

geometry and surface functionalization has recently become possible.[2-21] We will consider 

the case of single-track polymeric nanopores, but the fundamental concepts could also be 

implemented with solid-state pores,[21,22] ion channels,[12,13] and membranes.[3,4,23-26] Logic 

functions can facilitate managing procedures in electrochemical sensing, amplifying signals in 

the liquid state, and triggering the controlled release of drugs using nanopores.  

 

2. Nanopore input/output signals 

The experimental procedures currently available permit a variety of shapes (cylindrical, 

conical, double conical, concave pores with bullet-like tips, and convex pores with trumpet-

like tips)[7,18-21,32-34]  and also an efficient control over surface chemistry.[5,16,18,28-41] To some 

extent, the biochemical diversity and functions of the ion channels inserted in the cell 

membranes can be mimicked by nanostructures based on asymmetric unipolar pores, bipolar 

diodes and transistors composed by regions of different charge juxtaposed in series, and 

nanofluidic diodes with amphoteric chains on the pore surface.[16,30,33,42] Not only electrical 
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[16,37,41,43] but also chemical, thermal, and optical interactions[30,39,44-48]  can be exploited. Table 

1 shows some electrochemical effects used to tune externally the nanopore conductance that 

are well understood on the basis of simple theoretical approaches.[7,16,18,30,48-52] Previous 

theoretical and experimental logical schemes at the nanoscale are based on molecular devices 

and self-assembled monolayers,[53] nanonoparticle arrays,[54] enzyme-based[55] and DNA[56] 

biomolecular systems.  

 

3. Implementing logic functions 

Solution pH and thermal input signals 

Biological ion channels with pH-dependent fixed charges are known to be responsible for 

information processing in cell membranes.[12] Track-etched, single conical nanopores 

modified with a monolayer of polyprotic acid chains exhibit three levels of conductance that 

can be modulated by the solution pH, allowing a multilevel response.[37] Figure 1 shows a 

logical scheme where binary (AND) and multivalued functions are implemented using 

chemical (pH) and electrical (voltage V) stimuli. The multivalued function of Figure 1 

considers the product of the two input signals, assigning an output “0” when at least one of 

the signals is zero, an output”1” when both signals are one, and an output “2” in those cases 

where the product is equal to or greater than two. 

It is also possible to combine the pH and temperature effects by integrating thermally-

responsive polymer brushes into nanopores.[44-47,57] The swelling/shrinking of the brushes 

caused by changes in the solution pH and temperature allow external tuning of the 

conductance.[44,45] Other experimental options include using the nanopore blocking by a 

charged macromolecule in solution[58] and the adsorption of divalent cations on the negative 

surface charges giving a reversal in the nanopore surface charge.[59] Although the logics “0” 

and “1” are only approximately defined because of the moderate rectification characteristics 
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usually obtained, the rectification can be enhanced further by controlling the pore shape and 

charge distribution.[7, 20,32-35,42,50,60-62] 

Some experimental limitations should be cited. In addition to the irreversibility phenomena 

and aging of the nanostructures,[44,46,48] the time response could also be an issue for polymeric 

pores.[37] To achieve an efficient time modulation, the external tuning should involve pulses 

with time periods larger than the typical pore relaxation time characteristic of the nanopore. 

While, fast response times might be anticipated because of the nanoscale radial diffusion,[8] 

the fact is that mass transfer could still be slow over the microscale pore length. An upper 

bound (because of the effect of the external electric field) for the response is the diffusion 

time τ = L2/Di, where L is the length of the pore and Di = 10-10-10-9 m2/s is the ionic 

diffusivity. This time is of the order of 1 s for a nanopore thickness L = 10 μm but it could be 

decreased by several orders of magnitude in the case of biological ion channels[12-14] and 

solid-state nanopores[21,22] fabricated on silicon oxide, ceramics, and glass supports because L 

= 10 nm in these cases and small chip integration is feasible. However, the effective operating 

time could still be significantly higher than expected because of the external connections and 

the fact that the system has both electronic and ionic characteristics.[8,31,63] The use of 

electrical rather than chemical gating may allow fast and long-lasting devices. 

 
Electrical gating and field-effect mechanisms 

Theoretical and experimental studies have shown that the conductance can also be controlled 

by gating mechanisms similar to those characteristic of field-effect transistors. In particular, a 

dielectric film layer can be deposited on a metallic surface inside the pore. When an 

electrolyte solution is in contact with this insulating layer, different ionic conductance levels 

can be externally modulated by a gate potential applied directly to the metallic layer covering 

the pore.[21,22,41,43] All inputs and outputs are electrical here, which facilitates the integration of 
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single units and permits fast responses compared with the cases of thermal and chemical 

signals. 

 However, the gating effects are moderate and only partly understood.[21,22,43,64-67] The 

efficiency of the conductance modulation depends on the effective gate potential at the 

insulating surface in contact with the inner electrolyte solution, which is much lower than the 

applied gate potential at the metallic surface.[41] Moreover, the gate insulating layer may show 

a non-zero surface charge (and then an additional potential shift) that may affect the 

conductance gating. Significant progress has been achieved with field-effect reconfigurable 

nanofluidic diodes,[64-67] which suggests applications in gate-controlled electrostatic sorting of 

charged biomolecules in solution. In addition, reconfiguration could be easily implemented 

using electrical pulses instead of chemical signals in continuous operation. 

 

Optical signals 

Information processing with light-based systems use chemical signals as inputs and optical 

(e.g., fluorescence) signals as outputs.[56] The inside surface of glass nanopore electrodes can 

be modified with optically active moieties to impart photochemical control of transport.[68] 

Optical gating has also been demonstrated in polymeric nanopores[48,69,70-72] decorated with a 

monolayer of photo-labile hydrophobic molecules that can be removed by irradiation, leading 

to hydrophilic groups.[48] For those applications where the reset function is required, quasi-

reversible gating can be achieved.[68,70,71] Applications have been suggested concerning photo-

induced control of mass-delivery, sensing, and catalysis.[48,69-72]
 Stability and responsive 

switching have been demonstrated during several cycles for dual-driven systems.[70,71] 

 

Logical networks and multifunctional single nanopores 

Logical networks can also be designed using a three-compartment electrochemical cell with 

two nanopores. Integration of several pores in a series arrangement can allow multiple sensing 
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and actuating. Figure 2 suggests an experimental realisation for the enabled OR (EnOR) 

function where a simple binary output (current) can be obtained from different combinations 

of chemical, thermal, and electrical inputs. The currents are estimated from the individual 

pore conductances. Note that an optical input can also be used instead of the thermal input if 

reversible changes in the optically tuned conductance are realized.[68,70,71]  

Figure 2 shows that simple networks can be operated in electrochemical cells at the 

price of increasing the spatial dimensions. A more challenging task is to integrate the ionic 

circuits on microchips[27-29] to achieve full functionality. Alternatively, a single nanostructure 

can provide different logical functionalities without the necessity of concatenating many 

single units, as it has recently been reported for the cases of a DNA sandwich structure 

containing ATP aptamers[73] and one molecule incorporating several photochromes 

(photoswitchable bistable chromophores).[74] Figure 3 shows a nanopore[75,76] that can provide 

three different functionalities difficult to implement in practice (note that the INH function 

should give logic “0” for all cases except for one particular combination of inputs “0” and 

“1”) without the necessity of concatenating several units. This fact should permit multiple 

sensing and actuating in practical applications with a significant simplification of the 

circuitry.[76-78] 

 

4. Conclusion 

Logical schemes implemented on a single nanopore that can respond to thermal, chemical, 

electrical, and optical stimuli may be exploited in transducers and actuators based on 

electrochemical signals. The use of nanopore arrays in energy storage technology is also 

promising[26] and the introduction of basic logic functions can facilitate managing procedures. 

We have emphasized here the fundamental concepts rather than the integration of single 

elements in approximately defined architectures. The electrochemical signals can be provided 
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by the external electrodes and by recirculating small volumes of fresh solutions.[7,27-29,79-86] 

Other practical issues not considered here are the stability and durability after several 

cycles,[19,71] the significant noise-to-signal ratio,[8,63] and the mass transport limitations that 

may appear at high frequency pulses.[63,79,85] In this context, the cigar-shaped pore of Figure 3 

permits a convenient external reconfiguration[75,76] because of the direct experimental access 

to the functionalized pore mouths, providing multifunctional responses with a single 

nanostructure. Biological ion channels could also be used,[12-14,84] especially for the 

conversion between ionic and electronic currents at the biological-electronic interface.[81,87]  

Although, it should be recognized that some techniques employed in fundamental 

research may be difficult to translate into portable industrial designs, the electrochemical 

concepts discussed here are general and can be implemented in other pore-based ionic current 

devices with macroscopic regions.[7,8,28,29,31,77,78,81] In particular, chemical logic gates based on 

polyelectrolyte diodes and bipolar junctions integrated on ionic circuits have been 

demonstrated.[28,77] Although organic materials offer a wide range of chemical 

functionalizations,[2,27,70] other practical realizations should also be possible with solid-state 

nanopores because of the possibility to fabricate different hetero-structures with the available 

pattern transfer processes.[21,22,65,81-83]   

 

Acknowledgements 

P. R., J. C., and S. M. acknowledge the financial support from the Generalitat Valenciana 

(Project Prometeo/GV/0069), the Ministry of Economy and Competitiveness of Spain, 

(Materials Program, project No. MAT2012-32084), and FEDER. M. A. and W. E. gratefully 

acknowledge financial support by the Beilstein-Institut, Frankfurt/Main, Germany, within the 

research collaboration NanoBiC.  

 



8 

Keywords: nanopore, logic functions, sensors, signal transduction, surface chemistry 

 

Table of contents 

 

 

 

 

 

 

 

Electrochemical transducers based on a single stimuli-responsive polymeric nanopore can 

support a complete set of logic functions. Thermal, chemical, electrical, and optical stimuli 

are the input signals required to tune externally the pore conductance (the logical output).  
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Table 1 

Chemical (solution properties), thermal (temperature), electrical (voltage and gate potential), 

and optical (UV light) inputs modulating the nanopore conductance and ionic selectivity 

(outputs). 

Figure 1 

The polyprotic acid chains functionalized on the conical pore surface allow a multilevel 

response in the I-V curve that can be tuned by the solution pH (numbers in the I-V curves).[37] 

The pH dependence obtained for V < 0 is reversed with respect to the case V > 0 because of 

the electrical rectification of the conical nanopore. The low (logic “0”) and high (logic “1”) 

pH values are the inputs and the respective low and high conductance values are the outputs 

of the logic function AND. The intermediate pH value allows for multivalued logic functions. 

The electrolyte concentration is c0 = 0.1 M and the conical pore radii are 100 nm and 10 nm 

approximately. 

Figure 2 

Scheme of the enabled OR (EnOR) function operated with two nanopores connected in series 

between two electrodes. The nanopore (1) has thermally-responsive chains[44-47,57], while the 

nanopore (2) contain carboxylic acid chains.[34] The three input values ik (k = 1, 2, and 3) are 

the temperature, pH, and voltage, as shown in the table. The output is the total current I across 

the three-compartment cell. The low (Off) and high (On) conductance (Gi) states of the two 

nanopores are also included in the table.  
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Figure 3 

The experimental I-V curves obtained for cigar-shaped nanopores with lysine chains at c0 = 

0.1 M KCl. The FESEM image shows the fracture of a pore with opening diameters in the 

100 nm range.[75]  Symmetric (low, intermediate, and high pH) and asymmetric (isoelectric 

point pI = 5)|acidic(pH = 2.5), pI|basic(pH = 10.5), and basic|acidic) configurations are 

considered.[76] The cartoons illustrate the distribution of fixed charges in the pore tips and the 

input assignments are indicated in the axis. Note that the logic functions XOR, INH-1, and 

INH-2 are obtained with a single multifunctional pore.  
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INPUT REFERENCES 
Chemical 
  
pH and carboxylic groups 

  
 
1,32,34,70 

pH and amino groups 15 
pH and amino/carboxylic groups in bipolar diode 42 
pH and amino/carboxylic groups in bipolar transistor 33 
pH and amphoteric groups 16,75 
pH and phosphonic groups 37 
pH-sensitive polymer brushes 45 
Ca2+ and carboxylic groups 38,80 
pH and DNA chains 17,36,70 
K+ and DNA chains 39 
H2O2 and protein receptor 25 
protein adsorption on specific receptors 19,23,30 
Thermal 
 
temperature-sensitive polymer brushes 

 
 
44,70 

temperature and pH-sensitive polymer brushes 46,47 
Electrical  
 
gate potential and field effect nanopore 

 
21,22,41,43,66,67,70

Optical 
 
UV light and photolabile groups 

 
 
48,68,69,71,72 

 

Table 1 
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Figure 1

Functionalisation of the nanopore 
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Figure 3  
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