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Abstract 

Biological channel proteins perform in the plasma membrane of cells crucial functions in 
all organisms. In humans they regulate an ion selective and regulated communication 
between cells and their surrounding environment. With their ability to sense chemical 
signals and to translate this sensing in a regulated channel activity they represent the best 
examples of electrically active sensors created by nature despite their inherent structural 
fragility.  

Solid-state nanochannels, on the other hand, emerged as a promising alternative to 
biological pores to fabricate more robust and long lasting electrically active sensors. Even 
though the design of the latter is inspired by their biological homologous, they show 
important advantages over their biological counterpart in terms of durability, 
reproducibility and stability. But even the latest generation of solid-state nanopores is in 
comparison to biological channels much less ion selective and less sensitive to regulatory 
signals. 

The present work particularly focuses on nanostructures which are derived from 
polymeric membranes in which a single pore was fabricated using ion track technology. 
This technique involves irradiations of polymer foils with swift heavy ions available at the 
UNILAC, linear accelerator of the GSI research center in Darmstadt (Hessen, 
Deutschland). In this study, these pores serve as a templates for developing a hybrid 
sensor system, which combines the robust single solid-state pores with the high 
selectivity of biological channels. To this end, we integrated a synthetic biological 
membrane (DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphocholine) at the tip of a solid-
state nanopore and functionally reconstituted an active, miniature size ion channel 
protein, the viral KcvNTS channel, in this miniature bilayer. Proof-of-concept experiments 
confirm that this system is indeed offering the possibility for a functional reconstitution 
of a single active K+  channel at the tip of a solid state nanopore.  

The structure of the solid-state channels can be readily controlled due to their chemical 
and structural characteristics in terms of dimensions, geometry, and sensitivity, while 
their surface can be specifically functionalized by a variety of approaches. In this work the 
surface of multiple -pore polymer membrane was functionalized with the 
thermoresponsive polymer PNIPAM, enabling temperature-regulated conductance in 
electrolyte solutions. 

In conclusion, this study presents a hybrid sensor system that merges the robustness of 
solid-state nanochannels with the selectivity of biological ion channels. Our findings 
demonstrate the potential of hybrid systems for enhanced performance, paving the way 
for innovative applications in biosensing and smart materials.  
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Zusammenfassung 

Biologische Kanalproteine erfüllen in der Plasmamembran von Zellen wichtige 
Funktionen in allen Organismen. Beim Menschen regulieren sie eine ionenselektive und 
kontrollierte Kommunikation zwischen Zellen und ihrer Umgebung. Mit ihrer Fähigkeit, 
chemische Signale zu erkennen und diese Wahrnehmung in eine regulierte Kanalaktivität 
umzusetzen, sind sie trotz ihrer inhärenten strukturellen Fragilität die besten Beispiele 
für elektrisch aktive Sensoren, die von der Natur geschaffen wurden. Festkörper-
Nanokanäle hingegen haben sich als valide Alternative zu biologischen Poren 
herausgestellt, um robustere und langlebigere elektrisch aktive Sensoren herzustellen. 
Auch wenn das Design der Nanokanäle von ihren biologischen Vorbildern inspiriert ist, 
weisen sie gegenüber ihren biologischen Pendants wichtige Vorteile in Bezug auf 
Haltbarkeit, Reproduzierbarkeit und Stabilität auf. Aber selbst die neueste Generation 
von synthetischen Nanoporen ist im Vergleich zu biologischen Kanälen viel weniger 
ionenselektiv und weniger empfindlich gegenüber Regulationssignalen. 

Die vorliegende Arbeit befasst sich insbesondere mit Nanoporen in Polymermembranen, 
die unter Verwendung der Ionenspurtechnologie hergestellt wurden. Bei dieser Technik 
werden Polymerfolien mit hochenergetischen Schweriionen bestrahlt, die am UNILAC, 
dem Linearbeschleuniger des GSI-Forschungszentrums in Darmstadt (Hessen, 
Deutschland), verfügbar ist. Hier verwenden wir diese Poren als Vorlage für die 
Entwicklung eines hybriden Sensorsystems, das die robusten einzelnen Festkörperporen 
mit der hohen Selektivität biologischer Kanäle kombiniert. Zu diesem Zweck wurde eine 
synthetische biologische Membran (DPhPC, 1,2-Diphytanoyl-sn-glycero-3-
phosphocholin) an der Oberseite in die Öffnung einer Nanopore integriert  und ein aktives, 
miniaturisiertes Ionenkanalprotein, den viralen KcvNTS-Kanal, in dieser Miniatur-
Doppelschicht funktionell rekonstituiert. Proof-of-Concept-Experimente bestätigen, dass 
dieses System tatsächlich die Möglichkeit einer funktionellen Rekonstitution eines 
einzelnen aktiven K+ -Kanals an der Oberseite einer Festkörper-Nanopore bietet.  

Die Struktur der Festkörperkanäle kann aufgrund ihrer chemischen und strukturellen 
Eigenschaften in Bezug auf Abmessungen, Geometrie und Empfindlichkeit leicht 
verändert steuern, während Ihre Öberflasche einer Polymermembran mit mehreren 
Poren mit dem thermoresponsiven Polymer PNIPAM funktionalisiert,  wodurch eine 
temperaturregulierte Leitfähigkeit in Elektrolytlösungen ermöglicht wird. 

Zusammenfassend präsentiert diese Studie ein hybrides Sensorsystem, das die 
Robustheit von Festkörper-Nanokanälen mit der Selektivität biologischer Ionenkanäle 
verbindet. Unsere Ergebnisse zeigen das Potenzial von Hybridsystemen für eine 
verbesserte Leistung und ebnen den Weg für innovative Anwendungen in der Biosensorik 
und bei intelligenten Materialien.  
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Sommario 

I canali biologici a base proteica svolgono funzioni cruciali nella membrana plasmatica 
delle cellule di tutti gli organismi. Negli esseri umani regolano la comunicazione selettiva 
e controllata tra le cellule e l'ambiente circostante. Grazie alla loro capacità di rilevare 
segnali chimici e di tradurre tale rilevamento in un'attività di canale regolata, 
rappresentano i migliori esempi di sensori elettricamente attivi creati dalla natura, 
nonostante la loro intrinseca fragilità strutturale. I nano-canali allo stato solido, d'altra 
parte, sono emersi come una valida alternativa ai pori biologici per fabbricare sensori 
elettricamente attivi più robusti e duraturi. Anche se il loro design si ispira ai loro 
omologhi biologici, essi presentano importanti vantaggi rispetto alla loro controparte 
biologica in termini di durata, riproducibilità e stabilità. Tuttavia, anche l'ultima 
generazione di nanopori è, rispetto ai canali biologici, molto meno selettiva dal punto di 
vista ionico e meno sensibile ai segnali di regolazione. 

Il presente lavoro si occupa in particolare delle nanostrutture derivate da membrane 
polimeriche in cui è stato fabbricato un poro utilizzando la tecnologia ion-track 
disponibile presso l'UNILAC, acceleratore lineare del centro di ricerca GSI di Darmstadt 
(Assia, Germania). Questi pori sono stati utilizzati come modello per lo sviluppo di un 
sistema di sensori ibrido, che combina la robustezza dei pori allo stato solido con l'elevata 
selettività dei canali biologici. A tal fine abbiamo generato una membrana biologica 
sintetica (DPhPC, 1,2-difitanolo -sn-glicero-3-fosfocolina) sulla sommità di un nanoporo e 
ricostituito funzionalmente una proteina canale attiva di dimensioni miniaturizzate, il 
canale virale KcvNTS, nello spessore del doppio strato sintetico. Esperimenti di verifica del 
concetto confermano che questo sistema offre effettivamente la possibilità di ricostituire 
funzionalmente un singolo canale K+  attivo nella parte superiore di un nanoporo allo stato 
solido. 

La struttura dei canali allo stato solido può essere facilmente modificata grazie alle loro 
caratteristiche chimiche e strutturali in termini di dimensioni, geometria e sensibilità, 
mentre la loro superficie può essere specificamente funzionalizzata con una varieta´di 
approcci. In questo lavoro, la superficie della membrana polimerica a pori multipli e` stata 
funzionalizzata con il polimero termoresponsivo PNIPAM, consentendo una conduttanza 
regolata dalla temperatura nelle soluzioni elettrolitiche. 

In conclusione, questo studio presenta un sistema di sensori ibrido che unisce la 
robustezza dei nano-canali allo stato solido con la selettività dei canali ionici biologici. I 
nostri risultati dimostrano il potenziale dei sistemi ibridi per migliorare le prestazioni, 
aprendo la strada ad applicazioni innovative nel campo del biosensing e dei materiali 
intelligenti.  
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Introduction 

The present research was part of the iNAPO project (ion conducting nanopores) a 
platform for interdisciplinar research with the goal to build a micro-device sensor on the 
basis of channel pores for medical diagnostics. The design of such a device was inspired 
by biological processes of signal sensing and electrical processing. In biological cells, such 
sensor systems are known as receptors for distinct chemical and physical stimuli. A highly 
sensitive and selective perception of such stimuli triggers a chain of signaling steps and 
consequent cellular responses. Many of these cellular signalling systems employ ion 
channels for stimulus/response coupling. These ion conducting proteins can in this 
context play multiple functions including signal sensing, amplification as well as electrical 
propagation of the signal. An example for such a cellular signal/response system are 
neurons, where a stimulus perception is converted into an electrical signal propagation 
along the axons within  the central nervous system. 

Throughout evolution ion channel proteins have developed properties of sensing and 
electrical conduction, wich are not yet reached by technical materials. At the same time 
their function in lipid bilayers makes them very fragile. Technical solutions of sensing and 
ion conducting solid-state nanopores have the inverse features. They are superior in their 
mechanical robustness but still inferior in their selectivity and sensitivty to chemical and 
physical stimuli. 

The aim of this iNAPO project was to combine the advantages of the biological systems 
with the rather robust artificial solid -state nanopores in a hybrid sensor system. One of 
the approaches in this endeavor was the combination of biological based nanopores with 
polymer solid state pores to combine the main advantages of both types of systems in an 
electric responsive sensor system, which can be interfaced with electronic monitors. 

At the center of this approach are solid state nanopores produced by ion track technology. 
They are characterized by a high robustness, processability and stability over time, 
against temperature and chemicals. However, in contrast to biological ion channels they 
have only a limited degree of sensitivity to regulatory signals. The idea behind the present 
project was to combine simple biological channels with track-etched polymer nanopores 
subjected to different modification e.g. lipid bilayer assembly, atomic layer deposition or 
PNIPAM coupling  depending on applications. In a prove of concept such a composite unit 
should pave the way for robust and sensitive complex sensor devices. 
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The science of biological channels 

Cellular membrane 

In 1972 3ÉÎÇÅÒ ÁÎÄ .ÉÃÈÏÌÓÏÎ ÄÅÖÅÌÏÐÅÄ ÔÈÅ ȰÆÌÕÉÄ ÍÏÓÁÉÃ ÍÏÄÅÌȱȟ ÔÈÅ ÆÉÒÓÔ 
conceptualization of the cellular membrane architecture. Based on thermodynamic 
considerations, the model provided a structure composed of a phospholipid bilayer, 
exhibiting on either side their polar head oriented towards the acqueous phase. From a 
structural point of view, the lipid bilayer is a non covalent association of phospholipids, 
sfingolipids, glicolipids, sterols and proteins, characterized by a certain fluidity due to the 
presence of cholesterol molecules (1) . This planar bilayer contains membrane proteins 
which are freely floating in the two dimensional plane of the membrane. Recent studies 
of biological membranes have shown that the bilayers are much more complex and 
heterogeneous than predicted by the Singer and Nicholson model. A variety of 
phospholipids with  different length and degree of saturation as well as different amounts 
of cholesterol form distinct  regions in the plane of the membrane with diverse thickness 
and degree of fluidity. With this new information, the original model has been revised 
substituting the principle of random distribution of protein s in a two-dimension planes 
by into a non-random and highly heterologous proteins arrangment (2)  (3) . 

Structurally, the cellular membrane is a complex and diverse environment, characterized 
by different properties. The external borders are constituted by the polar head-groups of 
phospholipids, which establish hydrophilic interaction with  the acqueous environment 
and an inner thickness that consists of the acyl chains of the phospholipids, which create 
the central hydrophobic core of the bilayer. This bilayer serves as the solvent for 
membrane proteins. The latter are therefore mostly composed at the protein/membrane 
interface by hydrophobic amino acids. The bilayer spanning part of membrane proteins, 
the so called transmembrane domains, are build of alpha-helix or beta sheet domains; 
these types of protein folding neutralize the partial charges which result from the peptide 
bonds of amino acids. 

The nature of the cellular membrane changes depending on cell type or organelles and 
within the same membrane the inner and outer leaflets can show different lipid 
compositions (3)  (1) . 

Functionally, the lipidic layer creates a cell compartimentalization which separates the 
living part of the cell from the outside. In the same way, endogenous membranes form 
specialized cellular compartments inside the cytosol of a cell. The main function of the 
lipid bilayer is to create a very high-energy barrier for the diffusion of small charged 
molecules and for large molecules irrespectively of their charge. To guarantee chemical 
processes inside of the cell or inside the cellular organelles, the surrounding membranes 
must be semipermeable, meaning that essential nutrients  and ions are allowed to diffuse 
inside the cell and that unwanted molecules are transported into surrounding mil ieus (4)  
(3) . 
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The functional properties of lipid bilayers are characterized by multiple physical 
parameters, such as the bilayer thickness, surface charge distribution, lateral pressure 
and membrane fluidity; the latter can vary along the bilayer which in turn can affects the 
dynamics of membrane proteins (1) . 

The cellular membrane separates two different milieus with different chemical 
compositions. There are on the internal side the cytoplasm and on the external side the 
extracellular fluid. Since the intracellular and the extracellular fluids contain ions and are 
hence conductive and since the bilayer is an insulator, the membrane/fluid system can be 
represented as a capacitor, i.e. equipped with two plates holding different charges, 
positive and negative. The phospholipid bilayer resembles an insulator because it 
separates the inner space from the outer space (Fig. 1). 

Each membrane is characterized by a specific parameter denoted ȰÃapacitanceȱ, 
expressed in units of Farads (F). It is proportional to the cell surface area that determines 
together with the inherent resistance of the membrane the time constant, i.e. the velocity 
with which the capacitor is loaded in response to a change in membrane potential (4)  (5)  
(6) . 

 

 

Figure 1 Equivalent circuit of cellular membrane. The lipid bilayer can be represented as 
an electric circuit equipped with a resistor (Rm) and a capacitor (Cm) in parallel (7). 

 

The inherent resistance of the lipid bilayer is very high and does not allow the diffusion 
of ions. For the transport of essential ions across the membrane barrier, cells have verious 
types of membrane transport proteins in their membranes. Depending on their mode of 
action, they are classified as active transporters when they hydrolyze ATP and use this 
energy for the transport of molecules against their electrochemical gradient. 
Transporters for a passive downhill diffusion of molecules are classified as antiporters or 
symporters. A special type of transport proteins, which catalyses the rapid and selective 
transport of ions across membranes are ion channels (1)  (8) . 

Ion channels 

The communication between the different parts of a living organism takes place by 
electrical messages which are transmitted over long distances from cell to cell. The 
cellular signal conductance is based on the presence of various ion channels. These are 
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macromolecular proteins which exists in prokaryotics and eukaryotics. The electrical 
current of ion channels is generated by ion fluxes through these channel proteins (4)  (9)  
(8) . 

Ion channels are multi-subunit proteins, which have water filled pores in their center that 
are able to conduct ions. A key feature of ion channels is that they stochastically fluctuate 
between an open and a closed state. By this so called gating mechanism they control the 
flux of ions inside or outside the cell depending on the physiological need (4)  (10) . Any 
change in the membrane resting potential as well as changes in the concentration of 
critical ligands are able to modulate the open or closed status of these gates and integrate 
in this way the activity of channels into the physiology of the cell (9) . 

Relevant stimuli are therefore detected by sensor domains in the channel proteins and 
then translated into an opening or closing of the gates. Depending of the nature of the 
relevant stimuli, channels are classified into different families. Voltage sensitive channels, 
e.g., have a distinct voltage sensor domain, which detects changes in the electrical field 
across the membrane and activates the channel in a voltage dependent manner. Ligand 
gated channels have binding sites for relevant molecules on the extracellular or 
intracellular side; upon high affinity and selective ligand binding they open or close a gate 
in a respective channel protein. During their operating activities, all of these channels 
show phenomena such as delays, inactivation and desensitizations (4)  (8) . 

Ion channel proteins in human physiology and pathophysiology 

The activity of b iological pores such as ion channel proteins is determined by gating, i.e. 
by stochastic switching between open and closed channel states (4) . Ion fluxes are only 
possible when the channel protein is in an open state. Research on ion channels in the last 
decades has shown that the stochastic fluctuation between open and closed state is an 
inherent property of the channel protein (4) . These features are already present in 
primitive procaryotic channels as well as in the miniature size Kcv type channels from 
viruses. More complex channel proteins, which are active in highly evolved organisms like 
humans, sense relevant physical and chemical signals in the cells or in their external 
medium and translate these signals in a stabilisation of the open or closed states of the 
respective channels. In this manner, cells can integrate the required activity of an ion 
channel into the physiology of a cell. A prominent example are voltage sensitive K+  
channels. When the membrane potential depolarizes during the onset of an action 
potential, the change of the electrical potential is sensed by specific domains in these K+  
channels. This in turn destabilized the closed state of the respective K+  channel resulting 
in its activation. This activation results in a repolarization of the membrane and a 
termination of the action potential (4)  (11) . 

While channels are important in many physiological processes of cells, their malfuntion 
frequently leads to various pathologies called channelopathies (12) . In 1989 it was 
already shown for the first time that the ion channel malfunctioning is causally related to 
an inherited disease namely cystic fibrosis (13)  (14)  (15) . Other examples for 
channelopathies are found in tumor growth and metastasis development. The respective 
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channels indirect ly vascularize the tumor mass, because of the needed blood supply of the 
non-tumoral cells in order to maintain them functioning. The dependency of tumor 
growth is modulated by a variety of hormones and growth factors (15) . Both cationic and 
anionic channels are significant in the appearance of tumors and in their  spreading via 
metastasis. 

Other examples for the impact of channel malfunctioning in pathologies are evident in the 
hereditary transmission of several genetic diseases, such as elevated blood pressure, 
diabetes, cardiac illness, deafness and epilepsy (16) . Particurarly the potassium channels 
have been shown to play a role in cellular proliferation,  volume regulation and apoptosis 
(17) . In this context, it has been proposed that ion channels are critical drug targets for 
tumor treatment. However, the development of such drugs is difficult since they may 
interfere with essential physiology functions of these channels or related channels in 
other physiological processes.  

Potassium channels  

Potassium channels are characterized by a high cationic sensitivity; they have a high 
preference for K+ , over Na+  and Ca+ . Channels with these features are found in the plasma 
membrane of different types of cells, excitable and not excitable ones (11)  (16)  (18) . 

Depending on the type of cell, K+  channels perform a variety of functions. This includes 
the repolarization of the action potential and the stabilization of the membrane potential 
in excitable cells (4) . In other cells for example in the renal epithelium they mantain the 
electrolytic/osmotic balance (19) . 

Under normal conditions, the inner cellular volume is filled up by the cytoplasm, a highly 
viscous gel-like substance, characterized by a higher potassium ion concentration relative 
to the extracellular environment. The concentration gradient of Na+  exhibits the opposite 
direction. As soon as a K+  channel receives a signal which favours opening of its gate, the 
membrane potential moves towards the reversal voltage for K+  (EK+ ). In animal cells EK+  

is the most negative diffusion potential with the effect that opening of K+  channels 
generally causes membrane hyperpolarization. This type of hyperpolarization occurs in 
particular in electrically excitable cells, where the activation of K+  channels causes the 
repolarization of the action potential.  

Different potassium channels can be differently regulated. This can occur on different 
levels ranging from a control of protein synthesis and intracellular traff icking to post-
translational regulation. The best studied mechanism is the regulation of K+  channels on 
the level of gating. The gates of different channels are typically sensitive to different 
physical stimuli and/or distinct ligands . The former stimuli include membrane voltage or 
mechanical stretch of the membrane. The latter ligands can be Ca2+ , cAMP or intracellular 
factor such as G protein, nucleotides or polyamines (16) . 

The diversity in channel regulation is also reflected in a diversity of the structure within 
the family of potassium channels. Functional potassium channels in general are homo or 
heterotetramers, meaning that they are made by four monomers which form a central 
ion-conducting pore. This pore is flanked by the pore helix and a selectivity filter of each 
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subunit (20) . The basic representation of the unit structure or pore modul of a potassium 
channel requires two hydrophobic transmembrane domain (TMD) segments, TMD1 and 
TMD2. 

The latter are on the external side connected by a linker which contains the pore helix or 
P domain. An important part of this domain is the selectivity filter sequence (4)  (21) . 

Within the family of K+  channel each member contains the aforementioned pore module 
with 2 TMDs. This architectural principle with 2TMDs and one pore (2TMD/P) can be 
considered as the most basic and ancient blueprint of a K+  channel. During evolution more 
complex building principles occurred in which additional transmembrane domains were 
added. The total number of TMD can vary from two to eight TMDs depending by the class 
of channel. The schematic design in Figure 2 represents the basic building principles of all 
known K+  channels. According to this, a monomer of a K+ channel can contain 2TMDs or 
6TMDs, each with one selectivity filter containing pore (P) domain. Other K+ channels are 
build of dimers of 4 or 8 TMDs with two pore domains (20)  (Fig. 2). In a functional channel 
4 of the 2TMD/P or  4 of the 6TMD/P units form a tetramer. In the 4 TMD/2P and the 
8TMD/2P the functional channel is composed of a dimer of these units. 

Based on this structural organization of the different pore classes, nearly all K+  channels 
can be distinguished with a few exceptions in the following classes: 2 TMD/P, 4 TMD/2P, 
6 TMD/P, 7 TMD/P and 8 TMD/2P (4)  (1) . 

Tetrameric 2TMD/P channels are inwardly rectifying K+  channel (Kir channels); also the 
bacterial KcsA channel belongs to this type of channels. The inwardly rectifying potassium 
(Kir) channel exists in seven subfamilies. They are modulated by diverse mediators 
depending on their localization. They conduct potassium flux in response to membrane 
hyperpolarization (11) . 

The dimeric 4 TMD/2P channels form the weakly inwardly rectifying K2P channels. They 
are gated by anionic lipids as well as mechanic stress, temperature and pH (11) . 

The tetrameric 6 TMD/P channels are mostly voltage-gated K+  (Kv) channels which 
generally also exhibit distinct sensitivity to ligands. Kv channels have in the 4th TMD an 
array of cationic amino acid, which serve as sensor for changes in membrane voltage; they 
are a key feature of the voltage sensitivity of these channels. For ligand gating these type 
of channels possesses cytosolic domains at C- and N-terminus with high affinity binding 
sites for regulatory molecules (11) . Exception from these most common building 
principles are the Ca2+  activated K channel (BK), which has an additional TMD (TMD0) 
upstream of TMD1 (7 TMD/P1). 
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A channel with an 8 TMD/2P structure is only found in yeast (1) . 

 

Figure 2 Schematic representation of classes of K+ channels. Each monomer contains at 
least one pore-forming core containing two transmembrane TMD helices with a pore helix 
(blue) and a selectivity filter (orange) and their respective amino group (N-terminus) and 
carboxyl group (C-terminus). A functional K+ channel consists of a tetramer of 2 or 6 TMDs 
subunits or a dimer of 4 or 8TMDs (20). 

 

In spite of this structural diversity  within the family of K+  channels, they all show a 
common structural feature namely the so called selectivity filter in the loop which 
connects the two TMDs in the pore domain; this filter domain is downstream of the short 
pore helix or the so called P-loop. In the tetrameric organisation of the channel monomers 
this filter sequence lines the water filled pore and generates the most narrow part of the 
ionic pathway. In all K+  channels the respective amino acid sequence is highly conserved 
defining a so called ȰÓÉÇÎÁÔÕÒÅ ÓÅÑÕÅÎÃÅȱ of all K+  channels. It contains a sequence of eight 
amino acid TMxTVGYG in which the threonines and the glycine-tyrosine-glycine motive is 
with small variations obligatory. In some K+  channels a threonine is substituted by a 
serine or the trypsine by a phenylalanine. But essentially this highly conserved domain 
determines the high K+  over Na+  selectivity in form of the the selectivity filter (16)  (22) . 

The viral potassium channel: KcvNTS 

The viral potassium channel KcvNTS is among the smallest members of the family of K+  
channels. In a homotetramer, each monomer contains 82 amino acids and therefore is 
fully embedded into the thickness of the lipid membrane (23) . 

In spite of the tiny dimensions of the channel protein , it exhibits a robust channel activity 
when expressed in different heterologous systems like HEK293 cells, planar lipid bilayers 
and horizontal bilayers derived from giant unilamellar vesicles (GUVs). 
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Structurally the KCVNTS is very similar to the KcvATCV-1, the two channels only differ in a few 
amino acids in the first transmembrane domain. Both channels share the signature of 
selectivity filter with the rest of the members in the family of potassium channels.  

Under different experimental conditions, KCVNTS shows a systematic behavior when a 
transmembrane potential is applied. The single channel recording in Figure 3 (voltage 
protocol ranging from -120 mV to +120 mV, with steps of 20 mV) shows an unitary 
conductance of the channel equal to 80 pS. The open probability of the channel is high 
over the entire voltage window. The channel gating behavior is characterized by 
continous activity in which the channel is in its open state interspersed with only short 
closed states. The open probability is almost reaching 100%. The closings appear as fast 
events or incomplete transitions due to the limited temporal resolution of the recording 
system. These unresolved closing events at negative voltages are defined as flickering 
events (23) . Figure 3 shows traces of KCVNTS  single channel activity recorded in different 
systems. 
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Figure 3 Recorded traces of KCVNTS single channel activity in heterologous expression 
systems. The traces report single channel activity at ±60 mV with C and O representing its 
open and closed state. Activity of a viral potassium protein produced in Pichia pastoris and 
reconstituted in symmetric planar lipid bilayer (a). Protein produced in a cell-free system 
in symmetric planar lipid bilayer (b). Protein produced in Pichia pastoris and reconstituted 
in a horizontal bilayer from GUV (c). Channel activity measured by patch-clamp in plasma 
membrane HEK 293 cells (23). 
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The Crystal structure  

The first atomistic understanding of the ion conduction through potassium channels 
occurred in 1998 after the determination of the first  X ray crystal structure of a K+  
channel. The 3.2 Å resolution analysis was accomplished by MacKinnon and colleagues 
for the KcsA channel, a bacterial K+  channel isolated from Streptomices lividans (4)  (8)  
(18)  (24)  (25) . 

The KcsA K+  channel is an integral membrane protein very similar to its eukaryotic 
homologous. It is a tetramer, a complex with a four fold symmetry surrounding a central 
water filled pore (Fig. 4). Each of the monomer is made by the two membrane spanning 
alfa-helices. The general architecture resembles an inverted tepee, a structur al element 
which has been confirmed as a common structure for the pore of all K+  channels. The 
selectivity filter is found in the wide end of this structure towards the outer medium (11)  
(18)  (25) . 

Figure 4 The KcsA tetramer. The four subunits are shown in a stereo 3D view in four 
different colours from horizontal and perpendicular perspective (18). 

 

In the following decade after the first X-ray crystal structure analysis by the McKinnon 
group, new crystal structures were obtained for the KcsA K+  channels at higher resolution 
of 2 Å (4)  with and without blockers in the filter (24) . Subsequently also the high 
resolution structure of other bacterial K+  channels such as of the MthK (26) , the KvAP a 
voltage-gated channel (27)  and the KirBAC (28)  were obtained. After establishing the 
cryo-EM technique, an advanced imaging technique at near-atomic resolution, to 
investigate the structural resolution of membrane proteins also the structures of many 
eukaryotic K+  channels have been resolved (29) . 
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The permeation pathways  

The main functional features of ion channels are permeation and gating. In potassium 
channel the permeation is defined as the selective flux of K+  relative to Na+  from one side 
of the membrane to the opposite side. The functional principle  in terms of permeation of 
all potassium channels can be derived from the KcsA channel and the structure of its 
selectivity filter  (24)  (30) . 

In a side view of the channel structure one can observe an intracellular constriction which 
corresponds to the inner gate. A constriction towards the outer side of the channel 
functions as selectivity filter (24)  (25) . 

The K+  channels are able to perform a very fast and at the same time a very selective 
transport of K+ over the cations. This is made possible by specific binding sites inside the 
filter for potassium ions. These binding sites S1, S2, S3 and S4 are formed by the carbonyl 
oxygens of the amino acids sequence TVGYG (4)  (8)  (24) . The negative charges of these 
carboxyls are organized in a geometry in which they are replacing the negative charge of 
water molecules in the water shell around the K+  ion. In this way K+  ions are passing the 
filter in a dehydrated manner without requiring energy for dehydration. 

Despite the possible four potassium binding sites, MacKinnon and colleagues proposed 
that only two potassium ions at a time occupy the filter, avoiding a tight binding. The 
couple of ions binds either in S2 and S4 or S1, and S3 with free potassium sites being 
occupied by water molecules. For a continuos flux of ions the entry of a new ion into the 
filter causes a bound ion to move forward by one position (11)  (24) . 

The high selectivity of K+  over Na+  was explained by a so called snug-fit model which 
postulates that the dimensions of the Na+  ions is too small to fit into the distinct cage of 
carbonyl residues provided by the geometry of the selectivity filter. In this way it  
discriminates between the smaller Na+ and the larger K+ ion and provides a perfect 
snugly-fitting only for the dehydrated potassium ion. Hence even though Na+  is smaller 
than K+  its transport is from thermodynamic point of view energetically not favored by 
the distinct structural geometry of the K+ channel (11)  (24)  (31) . 

Gating system and inactivation mechanism 

The stochastic opening and closing of K+  channels is described as gating (30) . Biological 
channels are characterized by complex gating systems which permit them to switch 
through different states: closed, resting, activated and inactivated. When the ion moves 
through the pore the channel is open. In the most simple case the channel can fluctuate 
directly from a closed into an open state and back. However, in physiologically relevant 
proteins, gating is often more complex. Before entering the open state from the closed 
state the protein can pass through different distinct resting states (11) . The same complex 
gating may occur for returning from the open, back to the closed state. 

Viral potassium channels as well as prokaryotic and eukaryotic K+  channels contain two 
types of gates, one at the entry into the cavity (inner gate) and one in the selectivity filter 
(filter gate). In the case of the most simple K+  channels, the viral Kcv type channels, the 
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structure and function correlates for both gates are well understood. For the model 
channels KcvNTS and KcvS it has been shown that the selectivity filter (SF) gate is 
responsible for a typical flicker gating in these channels which is so fast that the full open 
state is not resolvable (32) . The presence of a very long-lived closed state in Kcv in 
contrast is generated by the cytosolic gate. The latter depends on the presence or absence 
of a serine in the inner membrane helix. This cytosolic gate is mechanically dependent on 
the formation/breaking of an intrahelical H-bond and the subsequent re-orientation of 
the adjacent amino acid F78 at the entrance of the cavity (32)  (33) . 

Blockers  

The basic functions of K+  channels i.e. ion conduction as well as gating are occurring in 
the pore domain (34) . These essential activities can be inhibited or modulated by specific 
blockers. Intense research on the pharmacology of K+  channel has been used to better 
understand the structure and function relationship in these proteins and even more to 
develop therapeutic tools for inhibiting K+ channel activity. 

One of the canonical blockers of potassium channels, which has been employed for 
studing the function of these channels are Ba2+  ions. 

The X-ray crystal structure of KcsA K+  channels accomplished by the MacKinnonȭs group 
revealed the location of the selectivity  filter (Fig. 5) and consequently allowed the 
localization of the barium sites in the filter of the channel (35) . 

 

Figure 5 Representation of KcsA channel and K+ binding sites into the selectivity filter. (A) 
Two of four channel subunits are represented (in blue) with the relative selectivity filter (in 
orange). The K+ (in green) are located in the permeation pathway. (B) Stick-description of 
the filter with the four binding sites (S1-S4) (35).  
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The selectivity filter of the KcsA can adopt two different conformations depending on the 
potassium ion concentration. In the presence of low K+  concentration, the channel is 
closed and in a non-conductive conformation; the ions binds at the site 1 and 4 at the end 
of the filter. On the contrary, when the K+  concentration is high, the entering of K+  ions 
results in a conformational change that allows the occupancy of site 2 and 3 (Fig. 6).  

 

 

Figure 6 KcsA selectivity filter. The selectivity filter can adopt two different conformations, 
the collapsed (left) and the conductive (right) state in dependence of the K+ ion 
concentration (35). 

 

The structural data show that the selectivity filter of the channel has a dimension which 
allows binding of Ba2+  in a canonical K+ binding site at the exit into the cavity. Figure 7 
shows a 2Fo-Fc electron density map, i.e. a representation used in X-ray crystallography, 
that highlights the differences between observed and calculated electron densities, 
helping visualize and refine the three-dimensional structure. This is possible because the 
radius of the K+  ion (1.33 Å) is very similar to that of Ba ion (1.35 Å), so that Ba2+  can be 
drawn into the filter in a voltage dependent manner up to the last binding site. In this site 
it remains bound for longer periods of time and blocks the passage of K+ ions (35) . 

The reversible Ba2+  block occurs from both side of the channel i.e. from the extracellular 
and intracellular side. But detailed examinations of the Ba2+  block have shown that the 
bivalent ion produces a stronger blockage when applied to the internal solution. It seems 
as if the association rate for Ba2+  binding to a blocking site is higher on the cytosolic side 
than from the external side suggesting that Ba2+  may have at least two different binding 
sites in the filter  (7)  (36) . 

The blocking of K+  channels by Ba2+  ions is typically also sensitive to the potassium 
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concentration in the solution, suggesting a mutual relationship between transported and 
blocking ions. One mode of interaction is explained by a lock-in effect in which a low 
external K+  ion concentration prevents the exit of Ba2+  ions from its blocking site on the 
external part of the filter. The blocker remains stuck in the selectivity filter at low 
extracellular K+concentrations. On the contrary, high K+  concentrations on the cytosolic 
side favour dissociation of Ba2+  from the internal  blocking side yielding a reduction of the 
burst time and fast channel opening (36) . 

 

 

Figure 7 Occupancy of Ba2+ into the KcsA selectivity filter. The 2Fo-Fc electron density map 
shows the Ba2+  (in magenta) and the H2O (in red) into the selectivity filter. Ba2+ ions bind 
at site 4 and 2 of the filter (35). 
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Solid-state nanochannels 

Nanofluidics and electrostatics in liquids 

The process of fluid flow in an object with size in the nanometer range (< 100 nm) is 
named nanofluidics. Solid-state nanochannels with controlled geometry and high surface-
to-volume ratio represent an ideal model systems for nanofluidic studies because it allows 
the study of size-dependent physical phenomena that do not take place at microfluidic 
and macrofluidic scales (34) (35) (36). 

 

Electrical Double Layer and surface conductance 

The transport of molecules in nanochannels is highly affected by the presence of inner 
surface charges fixed onto the pore walls. Naturally, a shielding layer called Electrical 
Double Layer (EDL) is created when a liquid gets in contact with surface charges. This 
layer determines the onset of electrostatic interactions with the flowing ions affecting 
their flux (35).  

The presence of surface charges depends on the dissociation of surface groups and the 
occurence of specific ions between solution and surface (37) (38). 

Depending on the kind of acidic or basic groups present in the solution, the specific 
surface density „of positive or negative charges is given by Equation 1: 

 

 

 

 
„ ή ὃ Eq. 1 

where qi is the net charge of ion i and A is the surface area considered.  

At a defined pH value of the surrounding solution, the polymeric surface of nanochannels 
is neutralized (denoted as point of zero charge, pzc); for polycarbonate (PC) pzc =  5 and 
for polyethylene terephtalate (PET) pzc =  3.8 (35) (39) (40).  

The surface charges are responsible for establishing electrostatic interactions such as the 
electrostatic and van der Walls forces between the ions in solution and on the surface. 
These interactions affect the ionic transport within nanochannels (35) (41) (42). 

Over the years, different theories and models of EDL have been proposed. Initially, the 
EDL based on the Helmholtz theory was thought to function as a capacitor. It followed the 
Gouy and Chapman theory, which assumed that counterions form a compact layer of 
charges immersed in the electrolyte solution. Later on, Stern criticize this concept as it 
does not apply to highly charged EDL, i.e. at higher concentrations and at potentials away 
from that of zero charge. To address this problem, Stern introduced the so-called Stern 
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layer, placed in between the two surrounding Helmholtz layers (41) (43). 

The final generally accepted EDL representation foresees the presence of three layers. The 
first layer, known as the inner Helmholtz plane, consists of non-hydrated co-ions and 
surface-adsorbed counter-ions, defined by the electrical potential ‪i. The second layer, 
denoted as the outer Helmholtz plane, consists of bound, partially and full hydrated 
counterions, with potential ‪d . Beyond this lies the diffuse layer, which contains mobile 
co-ions and counterions. An imaginary plane is the slip plane that separates the mobile 
ions in solution from the surface-bound ions, it is characterized by the ‒ potential and 
depends on the pH and ionic strength of the surrounding electrolyte solution (43) (44) 
(45) (46).  

 

Figure 8 Electrical Double Layer organization versus the distance (z) from the pore wall 
based on the Gouy-Chapmann-Stern model with the relative potential distribution ʕ. The 
negatively charged surface is characterized by a negative surface potential and consists of 
three different layers: the inner Helmholtz plane layer (ʕi.), the outer Helmholtz plane 
layer (ʕd) and the slip plane (ɿ) (37). 
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In order to understand the value and the electrical impact of the surface charges in the 
EDL, i.e. the ionic potential distribution, it is essential to estimate the electrochemical 
potential ‘Ӷ of an ion i into a liquid phase assuming constant temperature and pressure 
(Eq. n° 2).  

 

‘Ӷ ‘+ήF‪ ‘ ὙὝÌÎ‎ὧὧϳ ήὊ‪  Eq. 2 

where ‘ is the chemical potential, ή  is the ÖÁÌÅÎÃÅ ÏÆ ÉÏÎ )ȟ F  the Faraday constant and 
‪ is the electrical potential which dependends on the surface charge. The 
 ÓÔÁÎÄÁÒÄ ÃÈÅÍÉÃÁÌ ÐÏÔÅÎÔÉÁÌ ÏÆ ÉÏÎ ÉÓ ‘, R is the gas constant, T  the temperature, ‎ the 
activity coefficient, ci  the ionic molar concentration and ὧ the standard molarity (1 mol 
L-1 ). 

The achievement of the equilibrium condition requires that all along the solid surface, the 
electrochemical potential of the ion is everywhere the same (‘Ӷ π) and that the 
electrical and diffusional forces on the ion i  are balanced (  ɳ ÇÒÁÄ σχ σψ, yielding 
Equation 3.  

 
​‘  ήF ​ ‪ Eq. 3 

The electrical potential of a charged surface in contact with a liquid diminishes along its 
diffuse layer in dependence of the Debye length ‗ Ὧ  , being ‖ the Debye-Hückel 
parameter, which coincides with the the EDL thickness. The EDL dimension is inversely 
correlated with the molarity of the salt concentration of the solution in which the 
nanochannel is immersed. In high-concentration salt solutions the EDL is thin, while in 
dilute solution it becomes thicker. The Debye length ‗Ὀ becomes larger with increasing 
dilution, affecting the nanochannel cross section and consequently the amount of ionic 
flux that can pass through it. Table 1 provides an example for various KCl concentrations 
and the related Debye length ‗Ὀ. A simplified  scheme of the  EDL and ‗  for high and low 
salt concentrations is shown in Figure 9. 
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Table 1 Debye length ⱦ╓ for various salt solution concentration. 

 

KCl concentration (M)  Debye length ⱦ╓(nm)  

100 0.3 

10-1 1.0 

10-2 3.1 

10-3 9.6 

10-4 30.5 

10-5 96.3 

 

 

 

Figure 9 Scheme of EDL thickness for high and low ionic concentration of the electrolyte. A 
thick Debye layer can significantly reduce the inner channel volume and block ionic flow 
through the nanochannel (37). 

 

The concentration of the ions in the electrolyte solution defines its ionic strength IS: 

 

Ὅ  ὧή  Eq. 4 

 

The EDL thickness or Debye length ‗ is described as followed:  
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‗  ρ Ὅ ϳ =ρ   ὧή 
Eq. 5 

 

Electrokinetics effects in nanochannels 

Electrokinetic studies describe the effects when charged atoms or molecules move 
through a fluid under the influence of an electric field. In nanochannels various 
electrokinetics processes including electro-osmosis and electro-phoresis need to be taken 
into consideration (35). 

Electro-osmosis refers to the flow of charged molecules within a liquid caused by the 
application of an electric field. For example, in the presence of a negatively charged 
surface, the EDL will guide positive charges in the direction of the negative charged 
electrode (cathode), while negative charges move toward the anode (47). 

Depending on the nanochannel dimensions or the ionic strength, the EDL can develop 
across all its components until the electric potential reaches zero at the center. In 
presence of low ionic strength, the EDL influences the electro-osmosis process, as the 
overlap of their thicknesses follows the electric potential ‪(ᾀ) (48) (49).  

 

 

 

Figure 10 Potential distribution in a nanochannel. The EDL extends from the surface into 
the surrounding electrolyte (dashed lines). For small channels, the layers may significantly 
overlap modifying the resulting potential (solid line) (37). 
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Conversely to the electro-osmosis process, the electro-phoresis assumes the liquid as 
fixed, whereas the charged molecules move in the direction opposite to the flow of the 
solution under the influence of an electric field (50). 

The thickness of the EDL significantly affects the electro-phoretic mobility. It is capable of 
screening the charge of any molecules immersed in an aqueous medium. In presence of 
an electric field, the molecules become completely wrapped by mobile counter ions that 
carry opposite charges resulting in fluid movement because of the electro-osmosis 
appearance. In reality, the movement of ions in a fluid medium is rather complicated, 
because of the contemporary presence of co-ions, which can either increase or decrease 
the electrophoretic mobility due to polarization effects (35). 

When a fluid moves through a nanochannel under pressure, it creates an electrical current 
called streaming current. This happens because the mobile ions in the electrical double 
layer (EDL) move in the opposite direction of the fluid flow. A streaming state is reached 
when there is a conduction current that is equal and opposite to the streaming current 
(37) . 

Based on the previous considerations, the ionic transport in a nanochannel can basically 
be represented by two equations, the Poisson (Eq. 7) and the Nernst-Planck equation (Eq. 
8). The electrical potential in a nanochannel is described by the Boltzmann equation: 

 
  ‪ὼȟᾀ •ὼ Eq. 6 

with the electric potential ‪ due to the surface charges of the channel and • denoting the 
streaming potential. Parameter x represents the longitudinal channel direction and z the 
direction of the vector normal to the channel wall. 

As the nanochannel is much longer than wide, it can be assumed that the potential 
variation in x direction is smaller than the one in z direction. Under this assumption, the 
electric potential in the nanochannel is given by the Poisson equation (Eq. 7). 

 

​‪  В ᾀὧ  Eq. 7 

where ᾀὭ is the valence of ion Ὥ, ci  the ionic molar concentration, ‐0 the permittivity of free 
space, ‐ὶ the relative permittivity of the polymer in which the nanochannel is fabricated 
and F the Faraday constant. In presence of an electrical potential applied across a 
nanochannel, the ionic transport is described by the extended Nernst-Plank equation (Eq. 
8 ȟ ×ÈÉÃÈ ÃÏÍÂÉÎÅÓ &ÉÃËȭÓ ÌÁ× ÒÅÌÁÔÅÄ ÍÏÌÅÃÕÌÁÒ ÄÉÆÆÕÓÉÏÎȟ ÉÏÎÉÃ ÆÌÏ× ÄÕÅ ÔÏ ÔÈÅ ÅÌÅÃÔÒÉÃ 
potential and convective transport. The flux Ji of ion i is influenced by the diffusion flux, 
the flow of molecules under the electric field and the convective flux within the 
nanochannel. Di denotes the diffusion coefficient of ion i and vc the convective velocity, 
the direction of which is dependent on the surface charges of the nanochannel (35). 
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ὐ Ὀ​ὧ Ὀὧ​  ὺὧ  Eq. 8 

Nanochannel conductance and ion current rectification 

The flow of an electric current through a nanochannel is characterized by its electrical 
conductance that can be measured by impedance spectroscopy. This technique is useful 
for analyzing the electrical properties of the material and understanding the events that 
take place at the liquid-solid interface. 

The electrical impedance can be considered as a measure of the opposition that a circuit 
creates against the electric current which possess the attributes of resistance and 
reactance. The impedance Z of a circuit is given by the applied potential difference or 
voltage V  divided by the current I ; the unit of Z is Ohm (Eq. n° 9) (51) (52).  

 

ὤ   Eq. 9 

The conductance of a nanochannel depends essentially on its geometrical symmetry and 
charges distribution  and is mathematically given by the slope of the I/V curve.  

A voltage applied to any solid-state pore immersed in an electrolyte solution determines 
the rise of a current flow. The recorded current allows the calculation of the pore 
conductance G which is the inverse of the electrical resistance R: 

 

Ὃ   Eq. 10 

Considering a cylindrical pore with diameter d and length L, filled with an electrolyte of 
specific conductivity ‖ȟ the conductance can be calculated with Eq. 10 and 11: 

 

 

Ὃ   
Eq. 11 

If the pore length L   and the electrolytes specific conductivity are known, the diameter 
dcyl of a cylindrical nanochannel can be determined by current/voltage measurements. 
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Ὠ ς   
Eq. 12 

In case of a conical pore geometry, the tip diameter dtip or the base diameter D  can be 
determined with Equation 13, knowing the other one (e.g. after determination by 
scanning electron microscopy measurements): 

 

Ὃ   Eq. 13 

 

 

Ὠ τ
Ὅ

ὠ

ὒ

“‖Ὀ
 

Eq. 14 

The current/ voltage (I/V)  relation for cylindrical and conical nanopore may significantly 
differ for very small pore opening dtip . Typical curveas are graphically represented as in 
Figure 11. 

 

Figure 11 Typical current/voltage (I/V) curves of a cylindrical (a) and a conical (b) 
nanopore. Cylindrical nanochannel produce linear, symmetric I/V curves, while conical 
pores may show rectification, i.e. asymmetric currents with values strongly depending on 
the polarity of the applied voltage. 
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The conductance of a cylindrical pore is characterized by a current amplitude that has the 
same absolute value for both opposite polarities. Graphically the I/V curve is represented 
by a linear curve indicating a classical ohmic behavior. 

On the contrary, the geometrical asymmetry of conical pore is graphically characterized 
by a rectifying curve characteristic for a diode-like behavior with a high current for one 
polarity and a low current for the other polarity (39) . 

The direction of rectification as well as the amplified or reduced rectification degree can 
be tuned by of the type of surface charges (Fig. 12) and by the pH or concentration of the 
electrolyte solution (40) . The magnitude of the current rectification depends by the ionic 
strength of the salt in which the pore is immersed. A diluted electrolyte solution 
determines a more pronounced diode-like behavior (37) . 

The efficiency of rectification is defined as rectification factor frec : 

 

Ὢ  
  

  
   Eq. 15 

It is calculated by the ratio between the higher current/conductance value and the lowest 
current/conductance amplitude at a given voltage (41) . 
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Figure 12 Rectification current for differently charged conical nanopores. Anion selective 
conical pore (red) and cation selective pore (blue) under the applied voltage rectify the 
ionic current in opposite directions with a different conductance amplitude (low 
conductance: thin arrow; high conductance: thick arrow). Positively charged pores reach 
higher conductance state due to the anions movement entering the pore tip when V<0. For 
negatively charged pores the higher conductance state is due to the amount of cations that 
enters the tip for V>0 (40). 

 

The working principle of a nanofluidic diode suggests that when an applied voltage with 
opposite polarity is introduced, it results in high ionic currents due to the overlapping of 
anions and cations within the EDL layers. On the other hand, when a reverse voltage is 
applied, cations and anions are push in the direction of the bulk, creating a depletion zone 
within the channel and consequently a low ionic current (42) . 
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Nanopore technology  

In recent decades, the technology to produce and control nanopore properties has gained 
significant interest in the scientific community marking a new era in advanced research 
to biophysics and medicine-related fields, particularly as a source for future diagnostic 
tools. 

Nanopore analytics benefit from various scientific disciplines such as biology, chemistry, 
physics, engineering and materials science, which follow the common aim to develop 
nanosensors (43) . 

The principle of nanopore technology essentially relies on the analysis and investigation 
of the current flowing through an aperture represented by the nanopore. One of the first 
example of nanopore recording dates back to 1953, known as Coulter counting, a tool 
which demonstrates that the ionic current flowing through the nanopore is affected by 
the movement of small objects within the pore (44) . 

Later, in 1970, the same approach was applied to a biological cellular membrane 
membrane, where the investigated ion channels demonstrated their ability in 
controlling the ion flux in response to a given stimulus (45)  (46) . 

When a stimulus reaches a cell in which ionic channels are present, the receptor activates 
the signal transduction, leading to a specific response. Similarly, solid state pores when 
ÓÔÉÍÕÌÁÔÅÄȟ ÁÃÔÉÖÁÔÅ ÔÈÅÉÒ ÒÅÓÐÏÎÓÅ ÉÎ ÉÔÓ Ï×Î ÉÎÄÅÐÅÎÄÅÎÔ ×ÁÙ ÂÙ Á ȰÃÅÒÔÁÉÎ ÓÉÇÎÁÌ 
ÔÒÁÎÓÄÕÃÔÉÏÎȱ ÔÈÁÔ ÉÓ ÒÅÖÅÁÌÅÄ ÉÎ Á ÍÏÄÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÃÕÒÒÅÎÔ-voltage relationship (I-V) 
(40) . 

Several methods exist to fabricate solid-state single nanopores ranging from electron 
beam lithography (EBL) and focused ion beam (FIB) that utilize respectively focused 
electron or ion beams (47)  (48) . A focused laser beams can also be applied using the laser 
ablation method (49) . In another method thermal annealing is applied to promote pore 
formation by defect migration and coalescence with the ability to fine -tune the process by 
adjusting temperature and duration (50) . And last but not least, the ion-track technology 
involves irradiating a polymer film with high-energy particles. The ions create latent 
tracks that can be chemically etched into nanopores (51) . In particular in this work single 
solid state nanopores were fabricated by this method. 

One of the most common types of materials employed for the development of biomimetic 
pores by the ion-track technology are polymeric membranes such as polycarbonate (PC), 
polyimide (PI) and polyethylene-terephthalate (PET). The main advantage of the ion 
track-technology is the possibility to precisely tune the size and geometry of the 
nanochannels, by selecting specific etching parameters. 

In past years, a variety of nanopores have been developed. Various functionalization and 
coating strategies were developed including layer by layer assembly, covalent coupling 
and host-guest chemistry to develop pores sensitive to stimuli such as temperature, light, 
pressure, potential, reduction/oxidation, pH or specific molecules. The response of the 
functionalized pore on an external signal input is determined for example due to steric 
effects, surface charge modulation or wettability switching. The effect of the input signals 
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is usually monitored by recording current-voltage curves (Fig. 13) (52) . 

The fabrication technologies combined with the development of several high-
performance nanofluidic systems exhibit rapid processing capabilities for the reliable 
transduction of ionic signals. The utility of nanopores and our ability to control their 
functions and properties have opened the door to a variety of nanofluidic devices with 
potential for broader applications.  

 

 

 

Figure 13 Nanofluidic device architectures. Signals of different nature as biologicals, 
chemicals and physicals can be transduced into iontronic signals capable of the 
accomplishement of various gating mechanisms (52). 
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Nanopore fluidic systems and sensitivity range 

Ion-responsive solid-state nanopores are smart systems that determine the movement of 
ions and the overall transport characteristics. Numerous nanopore systems based on this 
concept have been developed aiming at different applications. One of the first attempts 
was accomplished by the covalent coupling of zinc peptides that were immobilized into 
polymeric pores and adopted finger-like conformations. The effective channel diameter 
can be modified depending on the Zn2+  concentration (53) . 

Many approaches of ionic responsive polymers followed the principle of ions selectivity 
in the regulation of gating states ON/OFF. Polymeric pores (PET/PI), functionalized with 
ssDNA rich in tymine, cytosine or linked to DNA enzyme, can selectively bind Hg2+ , Ag+  or 
Pb2+  ions, respectively. They show an ON/OFF state due to the stealing/binding of the 
ssDNA with the specific ion species (54)  (55)  (56) . 

Other studies have modified the pore surface with hydrophobic APTE which is capable of 
adsorbing carbonate ions. Different concentrations of carbonates and ionophores can 
tune the switching of the ON/OFF gating and its rectification (57) . 

The host-guest chemistry has frequently been adopted for the placement of crown 
compounds in proximity  of pore walls of PET and PI m e m b r a n e s  which can 
modulate the anion/cation selectivity  of the pore depending on the ion binding. The 
approach is also capable to activate or deactivate the ionic gate in dependence of the 
specificity of the ion and its radius (58)  (59) . 

Molecule responsive solid state nanopores have been designed from nanochannels (single 
and multichannels in PET and PI) functionalized via electrostatic assembly of 
polyallylamine labeled with biotin moieties (b-PAH). The presence of solutions with 
different streptavidin concentrations alters the pore conductance and rectification 
property due to bioconjugate formation (60) . 

Similarly, bioconjugation with concanavalin A (Con A) decreases the effective pore 
area available for ionic flux, leading to a reduction in conductance or even to total 
channel blockage (61) . 

DNA oligonucleotides responsiveness have been employed for nanofluidic solid-state 
channels because of their  molecular recognition properties. DNA polymeric gold-
coated nanotubes have been used as substrates for the covalent binding of single strand 
DNA next to the pore mouth. It  allows an ON/OFF gate that depends on the direction of 
DNA nucleotides chain and the rectification effect caused by the electrode polarity (62) . 

Over the years, a l s o  double- gated nanochannels with  C-quadruplex and G- 
quadruplex DNA, linked to the pore wall, have been developed. These structures create 
two gates that can be open or close simultaneously or alternatively in response to pH or 
K+  ions. Dependent on pH, the C4 DNA switches its conformation between four-
stranded/random single- strand structures (pH 4.5/7.5). Inversely, the G4 DNA switches 
between random single-strand conformation (ss) and a four stranded tetraplex 
(absence/presence of K+  ions) in response to potassium ions. This results in four possible 
gating states of the kind close/open, open/close, open/open and close/close (63) . 
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coupled to polymeric pores. These complexes can transform into a C-quadruplex state 
depending on the pH value. The DNA modifies its conformation and gate state based on 
pH: in alkaline condition it adopts a single strand configuration and an open state whereas 
in acidic conditions, it changes to aquadruplex DNA configuration and a closed state (64) . 

In another approach, DNA or RNA molecules have been combined with solid-state 
nanopores for the tuning of a system based on DNA/RNA hybridization for highly 
selective and stable recognition mechanisms. DNA probes are adsorbed on modified 
polymeric pores and their presence is detected by monitoring the degree of I-V 
rectification that occurs when hybridization takes place (65) . 

Many research activities focus on pH responsive nanofluidic devices. For pH sensing, 
polymeric membranes (PET, PI, PC) have been chemically modified with various 
processes such as EDC coupling chemistry for calibration of internal surface charges. In 
combination with the tuning of the Debye length, these modifications create a rectifying 
system that depends on the surrounding electrolyte pH (66)  (67)  (68) . 

Amphipol modifications of polymeric pores achieved by covalent binding of an 
amphiphatic polymer or an amphoteric amino acid such as lysine, or a neurotransmitter 
such as dopamine enhance the channel selectivity and influence the degree of 
rectification . They also allow the tuning of the pore cross section as a function of the 
electrolyte pH (69)  (70)  (71) . 

The employment of responsive polymer brushes in combination with solid-state 
nanopores offers an alternative approach for devices with pH-dependent ionic 
conductance. These brushes undergo conformational changes based on the degree of 
polymer charges, which are indirectly influenced by the effects of the outer 
nanoconfinement. For example, the combination of polyvinylpyridine brushes with 
polymeric pores established a gating activity of the type ON/OFF that varies with salt 
concentration (72)  (73) . 

Several research groups worked on thermally-based systems from polymeric 
membranes. PET and PI nanopores were modified for improving the binding affinity in  
order to achieve the attachment of the thermoresponsive polymer PNIPAM. A t  t h e  
lower critical solution temperature LCST (32°C), this polymer responds by changing the 
state of the chain configuration. This change affects the pore conductance by the 
enlargement or shrinkage of t h e  channel diameter and consequently the non-
rectifier/ohmic  behaviour (59)  (74)  (75) . 

Light responsive nanopore devices have been built using pores in PI and PET membranes 
modified by coupling with dual-responsive molecules such as the malachite green 
derivatives or spiropyran molecules (SP). Such systems feature a dual ionic gate that is 
activated by pH and/or UV light. Depending on the surface charge transition or the 
metastable states of the molecules, the gate can switch between the ON and OFF states 
(76)  (77) . 

Electrically addressable pores in in PC and PET membranes were metal coated by electron 
beam evaporation. Their state can switch between rectifier and non-rectifier modes based 



 

32 

 

on the electric field generated at the edges of the pores (78) . 

Polymeric gold-coated pores combined with the redox active polymer polyaniline (PANI) 
exhibit three different degrees of rectification. Additionally, these pores demonstrate pH 
responsiveness verifiable by the rectification degree (79) . 

Nanofluidic tools that are redox sensitive have been advanced by the combination of 
cytochrome C (cyt C) into polymeric pores (PET). The presence/absence of H2O2 
influences the oxidation/reduction of cyt C which in turn affects the wetting properties 
and pore conductance (80) . 

PNIPAM: Thermal Responsive Polymer 

The surface of ion track-etched PET membranes coated with silicon oxide was chemically  
modified with the thermoresponsive polymer, Poly(N-isopropylacrylamide), PNIPAM, to 
obtain pores which respond to temperature. Various methods allow the attachment of 
polymer molecules onto a surface such as grafting to, grafting from, physisorption and the 
most common Atom Transfer Radical Polymerization ATRP (81)  (82)  (83)  (84)  (85)  (86) . 

During the ATRP reaction, the sample surface is exposed to a solution containing the 
PNIPAM monomer (Fig. 14) together with a catalyst. The thickness of the polymer layer, 
i.e. the length of the polymer chains is strictly dependent on the molecular weight of the 
monomer in solution prior to the binding reaction and the grafting density (83)  (85) . 

Commonly, the growth of the thermoresponsive polymer is performed on specific end 
groups such as thiol, gold, silane or Si/SiO2. 

The chemical bonds between polymeric reactive groups and a given surface determine 
the formation of brushes, that are anchored on one side and can move freely in solution 
on the other side. 

 

 

Figure 14 Chemical structure of the PNIPAM Poly(N-isopropylacrylamide) 
thermoresponsive monomer. 

 

PNIPAM polymeric brushes exhibit distinct responses to temperature changes at a low 
critical solution temperature (LCST) of 32°C. Above and below this temperature 
threshold, the wetting properties alter the arrangement of the polymer chains due to 
hydration and dehydration of the backbones (81)  (82) . Depending on the wettability, the 
polymer adopts two different spatial conformations: the swollen state at low/room 
temperature and the collapsed state at high temperatures, up to the LCST (85)  (86)  (74)  
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(82)  (75) . Brushes connected to nanochannels establish a defined permeability gating 
mechanism. For temperatures below 32°C (T < LCST), the permeability is low because of 
the stretched and swollen molecule conformation. In contrast, above 32°C (T > LCST) the 
permeability is high due to collapsed and folded polymer chains (75)  (85) . 

Nanochannels enriched with polymer brushes influence the conductance as a function of 
applied temperature: for T <  LCST, swelling leads to a shrinkage or closure of the pores 
while for T > LCST, the collapsed chains keep the pores open. Temperature thus has a 
direct impact on the ionic transport amplitude (85) . In the case of PNIPAM-conjugated 
membranes with collapsing chains at T >  LCST, the rectification of asymmetric 
nanochannels is eliminated resulting in a linear ohmic current-voltage relation (36)  (75) . 
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Materials and Methods 

Synthesis of polymeric channel  

This section provides a comprehensive overview of the methodologies employed in the 
fabrication of polymeric channels. It  focuses on the approaches taken to design polymeric 
channels that mimic the functionalities of their biological counterparts, as well as the 
analytical techniques employed to assess their performance in various applications. 

Ion track-technology 

The development of the ion track technology has made a significant impact across various 
scientific fields, including nanophysics, biology and medicine. The technique uses particle 
accelerators to produce ion tracks in polymer foils. In a wet chemistry process, these 
tracks can then be transformed into open nano- or microchannels with precise control of 
the size and geometry (87) . 

Heavy ion irradiation 

The slowing down of energetic heavy ions and their interaction with solid state matter 
depends on their kinetic energy. At specific energies below ~0.1 MeV per nucleon 
(MeV/n) the ions interact primar ily with the target atoms via elastic collisions. This 
process is denoted as nuclear stopping. 

At higher energies, the ions interact predominantly with target electrons resulting in 
electronic excitation and ionization processes, followed by an energy transfer to the target 
atoms. This process is named electronic stopping (87)  (88) . 

The electronic stopping is quantitatively described by the Bethe-Bloch equation which 
reports the energy loss per unit length of the ion path: 

 

 
 Ͻ   ϽϽ  

 
ὰὲὰ  ‍ ‏ Ὗ   Eq. 16 

Where e is the electron charge, me the mass of the electron, vp the ion velocity, Zeff  the 
effective charge of the projectile ion, Zt  the target atomic number, Nt  the atomic density 
of the target material, I  the ionization energy of the target atoms and ß  the ratio of the 
ion velocity and speed of light. The factors ‏ and U  take into account relativistic effects 
and contributions of electrons belonging to inner atomic shells (89) .  

The Bethe formula (Eq. 16) defines the loss of energy when swift charged particles pass 
through matter. According to this equation, the electronic energy loss depends on the 
square of the effective charge Zeff  of the projectile, which is not a fixed value but depends 
on the velocity as described by the semi-empirical Barka equation, where Zp represents 
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the atomic number of the ion: 

 

ὤ  ὤ ρ Ὡὼὴρςυ  ὤ    
Eq. 17 

At a specific velocity, ions with a higher effective charge state have a higher energy loss. 
Consequently, the heavier is the ion, the larger is the energy loss in a given material (90) . 
In many materials, electronic stopping leads to the formation of ion tracks. The process 
begins with the generation of high-energy delta electrons through ionization. These 
electrons then ionize other atoms, leading to an electron collision cascade that spreads 
along the ion's trajectory. According to the thermal spike model, the deposited energy 
results in a rapid localized temperature rise along the ion path followed by rapid cooling. 
The molten area solidifies, forming what is known as the ion track, which can range in 
radius from a few nanometers (90)  (91)  (92)  (93)  (94)  (95) . 

In sensitive materials such as polymers, each ion produces an individual track. The 
number of tracks can be controlled via the applied fluence (given usually in units of 
ions/cm 2). 

The irradiations for creating membranes with a single ion track or multiple tracks are 
performed at  the linear accelerator UNILAC of the GSI Helmotzzentrum für 
Schwerionenforschung in Darmstadt. At the X0 beamline, an automatic sample exchange 
system allows the efficient irradiation of numerous single-tracked polymer foils (Fig. 15). 

 

 

Figure 15 UNILAC (UNIversal Linear ACcelerator) facility of GSI has a length of 120 m where 
ions after being extracted from an ion source can be accelerated to  ֗ 15% of light speed, 
which is equivalent to 11.4 MeV/n. Different types of ions, from protons to uranium can be 
provided. 

 

All the samples employed in this research were irradiated with  Au ions of 11.4 MeV/n 
specific energy. 

For efficient irradiations, stacks of polymer foils were irradiated. The thickness of the foil 
stack was usually limited to ~120 µm which is below the range of the ions in the stacks as 
calculated with the SRIM code. To limit the irradiation to a single ion,  a metal mask with  
a centered aperture of 200 ‘ά in diameter was placed in front of the stack. 
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Furthermore, the beam intensity is significantly reduced by defocusing magnets and 
a detector is placed behind the foil stack. As soon as the detector registers the arrival  
of one ion, the beam is stopped via electrostatic deflection (96)  (97)  (98) . 

Irradiation of polymer films 

In this work two different polymeric membranes were used: 30 ‘ά thick polycarbonate 
(PC) and 12 ‘ά thick polyethylene terephthalate (PET). PC is a versatile thermoplastic 
polymer known for its excellent impact resistance, optical clarity and thermal stability. 
Key properties of PC include high tensile strength, ductility, and rigidity, making it 
suitable for a variety of applications (Fig. 16) (99) . PET is a widely used thermoplastic 
polymer, primarily found in packaging applications, especially for beverage bottles. PET 
is known for its durability, light  weight nature and excellent barrier properties, making it 
ideal for food and beverage packaging (Fig. 17) (100) .  

 

 

Figure 16 Chemical structure of polycarbonate monomer (PC). 

 

 

Figure 17 Chemical structure of polyethylene terephthalate monomer (PET). 

 

Nanopore formation through heavy ion irradiation occurs by exposing polymer foils 
to 11.4 MeV/n gold ions at room temperature in a vacuum environment. The energy 
deposited by the ions causes the polymer chains to fracture, resulting in the formation 
of new chemical groups at the chain ends and modifications of existing ones. 
Carbonate groups convert into carbonyl groups, while new alkyne groups are 
generated and alcohols along with vinyl derivatives are synthesized. Furthermore, 
new chemical bonds are established between hydroxyl groups and phenyl groups 
(92)  (101) . 

Moreover, during ion irradiation small volatile degradation products such as small 
gaseous molecules and hydrocarbons are formed and released from the polymeric 
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membrane. The sum of all this chemical modifications leads to the so called selective 
etching of ion tracks (102)  (103) . 

Chemical track etching 

Track etching is a wet-chemistry procedure which selectively dissolve the damaged 
material along the ion track and thus convert the track into an open channel. The 
etching process depends on the material and on different parameters of the etchant (104) . 

For PET and PC, the tracks are usually sensitized by exposure to UV with a wavelength 
between 280 and 400 nm light. The process usually takes place in air at room 
temperature for both side of the films, for 3 h for PET and 1 hour for PC membranes (93)  
(105) . 

The chemical etching can be regarded as  competitive actions, namely the bulk etching 
vb i.e. a hydrolysis of undamaged polymer matrix and the track etching vt i.e. the 
dissolution of damaged material along the ion track. As illustrated in Figure 18, the 
track etch rate is much larger than vb The ratio  between vt  and vb  determines the 
geometry of the pore. For a high ratio of vt /v b the pore is almost cylindrical (106)  
(107) . 

 

 

 

Figure 18 Schematic representation of the track etching process. The resulting channel 
geometry is affected by the ratio of the two etching rates: vt along the track and vb the etch 
rate of the undamaged material.  

 

By adjusting the chemical parameters, the shape and dimension of the channels can be 
tailored. Both etching rates depend on parameters such as temperature and 
concentration of the etching solution, while vt is additionally a function of the energy loss. 
Specific pore geometries can be obtained by the fine tuning of the different parameters 
during the etching process (90)  (96)  (100)  (108) . The size of the resulting nanochannel 
is usually tuned by the duration of the etching process. 

vtvb

IO
N

 T
R
A

C
K

MEMBRANE

ETCHING SOLUTION



 

38 

 

Symmetric etching: Cylindrical geometry 

Track etching of cylindrical nanochannels in polymeric films is performed under 
symmetric conditions, i.e. exposing both sides of the membrane to the etchant. Etching of 
a single pore is usually performed in an electrochemical cell (Fig. 19) where the pore 
growth is monitored by applying a voltage (e.g. 1 V ) and recording the current across the 
membrane. In contrast, membranes with many tracks are immersed in a pot where 
typically four samples are etched at the same time under stirring.  

The etchant solution adopted for the etching of UV-sensitized PET and PC membranes is 
sodium hydroxide (NaOH, 6 M) at a temperature of 50° C. 

During the etching process, the membrane is placed in an electrochemical cell which 
separates two chambers filled by the chemical etchant, which acts as an electrolyte. The 
etchant attacks the tracks from both sides. At the moment of pore breakthrough, an open 
channel is formed, allowing the electrolyte to flow through. This is indicated by the 
appearance of an electric current across the two electrodes. 

After a specific etching time the samples are removed from the etchant and rinsed 
multiple times in deionized water in order to remove all possible residues of the etchant 
and definitely stop the etching process (109)  (110) . The membrane are then stored in 
water to avoid a possible closing especially for tiny pore dimension. 

 

 

 

Figure 19 Scheme of electrochemical cell for symmetric etching of cylindrical pores in 
polymeric membranes. 

Asymmetric etching: Bullet geometry 

Bullet etched nanochannels as well as conical channel geometries are etched under 
asymmetric conditions. That means that the two cell halves are filled with different 
solutions. The selection of the etchant/solution depends on the aimed nanopore 
geometry. After their prior exposure to the UV light (2 hours) exclusively on the etching 
side (71) , bullet shaped nanopores are etched by filling one side of the electrochemical 
cell with 6 M NaOH while the other half with  6 M NaOH with the addition of the surfactant 
DOWFAX 2A1 (0.05 %). For asymmetric etching, surfactants play a critical role by 
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reducing the hydrolytic process of the etchant at the membrane surface and allows the 
creation of asymmetric pores with  a very small tip and a much larger base (Fig. 20). After 
the etching is finalized, the same rinsing and drying procedure is applied as described 
above (109)  (110) . 

 

 

 

Figure 20 Adding a surfactant to one side of the electrochemical etching cell yields bullet-
like pores in polymeric membranes such as PC and PET. In contrast to the symmetric 
process, the presence of the surfactant reduces the hydrolytic process of the etchant at the 
membrane surface. This leads to a very small pore opening (tip)on the surfactant-applied 
membrane surface and to a large pore opening on the other membrane side (base) (110). 

 

In sensing systems, conical and bullet-like pores offer distinct advantages over cylindrical 
pores. The tapered geometry increases the surface area available for interactions, 
enhancing the sensitivity and responsiveness of the pore. This design allows for improved 
fluid dynamics, facilitating faster mass transport of analytes to the sensing surface, which 
can lead to quicker detection times.  

Additionally, conical pores can enhance the retention of target molecules, providing 
better selectivity and accuracy in sensing applications. The varying diameter of the pores 
can also aid in the differentiation of analytes based on size, improving the sensor's ability 
to discriminate between different substances. Overall, the unique shape of conical pores 
contributes to more effective and efficient sensing capabilities (111)  (112)  (113) . 
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Characterization of track etched pores 

Ionic transport and current-voltage measurements 

The ionic transport properties of track-etched membranes with single or multiple 
nanochannels are investigated by recording Current /Voltage curves (I/V) using a similar 
electrolytic cell as for etching. 

The investigation of channel conductance is performed by cyclic voltammetry protocols 
with a 4-electrode set-up applied through a Gamry potentiostat Reference 600+. It allows 
the measurement of the impedance across the solution-membrane interface. 

In a four-electrode configuration each electrode is designated for a specific function: the 
working electrode (WE), counter electrode (CE), working sense electrode (WS), and 
reference electrode (RE). The WE and CE are responsible for conducting current, while 
the WS and RE are employed for voltage (potential) measurements. The working 
electrode (WE) is the site of the electrochemical reaction of interest and is referred as the 
current-carrying electrode. The counter electrode (CE) completes the electrical circuit, 
facilitating the return pathway for current to the potentiostat. The working sense 
electrode (WS) measures the potential at the working electrode and the reference 
electrode (RE) serves as a stable potential reference, enabling precise control over the 
potential of the working electrode. 

The 4 electrode set up ensures the minimization of polarization effects at the electrode-
membrane interface due to the voltage drop across the electrochemical cell. It allows a 
more precise recording of electrical events occurring within  the nanochannel by the 
isolation of those occurring at the surface of the electrodes.  

In this work the working and counter electrodes were made of platinum, while the 
reference and working sense electrodes are commercial silver/silver chloride electrodes 
(filled with 3 M NaOH) MF-2052 from BASI (Fig. 21). 

Usually a potential range between ± 1 Volt with a scan rate of 0.1 V/s is applied. 
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Figure 21. The four-electrode configuration minimizes polarization effects at the electrode-
membrane interface, ensuring stable recording of the current related to ionic flux. This 
setup includes four electrodes: working, working sense, reference, and counter electrodes, 
along with counter sense electrodes. Visual representation in a) and real set-up in b). 
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Modification of track-etched pores 

Atomic Layer Deposition  

Atomic Layer Deposition (ALD) is a gaseous process at low temperature which 
was employed for homogeneous coating of track-etched membranes (114)  (115) . The 
technique enables high-precision and uniform coating of complex surfaces including 
the inner walls of nanochannel without affecting their  geometry. The deposition 
process is accomplished by dividing the reaction into two self-limiting half -reactions. 
The process starts with the chemical adsorption of a gaseous precursor onto the 
available binding sites on the surface until those sites are saturated. By the purging 
with  the inert gas N2, the leftover precursor and reaction byproducts are removed. Once 
the purging is accomplished, the second gaseous precursor reacts with the first one which 
has already adsorbed on the free available sites of the surface. The termination of an ALD 
cycle entails the deposition of the second precursor, which is subsequently followed by a 
second nitrogen purging to ensure a purified environment for the deposition of 
subsequent layers (Fig. 22) (116)  (117) . 

 

 

 

Figure 22 Scheme of ALD cycle. The coating process by ALD takes place by separating each 
cycle into two phases, each of them followed by N2 purging in order to remove residual 
material for the next cycle (118). 

 

The ALD reaction takes place in a medium-vacuum chamber equipped with various gas 
lines for the supply of the metal-oxide layer precursors and for the N2 purging using high 
precision pneumatic valves. 

The optimum conditions for deposition are reached in the so called ALD window, a 
temperature range in which the growth rate of the layer is constant, enough reactive sites 
are available on the sample surface, no condensation of the precursor occurs and the 
chemical precursors react satisfactory without decomposing or desorbing (119)  (117) . 
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Details of the ALD parameters depend on the specific coating layer (e.g. SiO2, TiO2 or 
Al2O3) (114) . 

The thickness of the coated layer is tailored by the number of ALD deposition cycles and 
is usually in the order of  several nanometers. The ALD deposition changes the charge 
state of the surface charges which can be revealed by a shift of the isoelectric point (IEP). 

SiO2 coating 

The ALD deposition of silicon oxide layers requires silicon tethrachloride SiCl4 as 
precursor, a chemical compound that is colorless and liquid at room temperature. 

The reaction mechanism is shown below: 

 

I Reaction:   SiOH +  SiCl4 O   SiOSiCl3 + HCl 

II Reaction:   SiCl+ H2OO   SiOH +  HCl 

Complete reaction:   SiCl4 + 2 H2OO   SiO2 + 4 HCl 

 

The SiO2 coating of our track-etched multipore PET membranes was performed by the 
group of Prof. Hess (Department of Chemistry, Technische Universität Darmstadt). 

The current/voltage data of a single cylindrical channel (100 nm diameter) in a 30 µm 
polycarbonate membrane before and after ALD coating with a 10 nm thick layer of SiO2 is 
shown in Figure 23. 

 

Figure 23 Current-voltage relation of single cylindrical channel (100 nm diameter) in a 
polycarbonate membrane (30µm) in 1M KCl electrolyte at pH 5 before (yellow) and after 
(blue) ALD coating with 10 nm of SiO2. 
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Synthesis of PNIPAM modified SiO2 coated track-etched membranes 

For the synthesis of PNIPAM-SiO2 coated membranes, 12 ʈm thick PET membranes with 
single and multiple (108 cm 2) track-etched pores were used. The nanochannels were 
obtained by symmetric etching (350 nm diameter) and had a cylindrical shape.  

In a next step, PNIPAM coating onto the silica surface was applied by the atomic 
transfer radical polymerization (ATRP) reaction (this process was performed by the 
group of Prof. Gallei (Department of Polymer Chemistry, Technische Universität 
Darmstadt) (120)  (121) . 

For investigating the temperature-dependent opening and closing of the PNIPAM 
functionalized nanochannels, conductance measurements were performed in the 4-
electrode set-up described above. Special care was taken in order to control the 
temperature (Fig. 24). I/V  curves were recorded once a fixed temperature was reached. 
As monitored by a thermometer immersed into the electrolyte, stable conditions were 
usually reached after 10-15 minutes of waiting time. 

The electrolyte used for the experiments was potassium chloride (KCl) with different 
molarities (0.2 M, 0.6 M, 1M) titrated at pH of 3.5 by phosphate buffered saline buffer 
(PBS) plus addiction of HCl or NaOH as acidic o r  b a s i c solutions, respectively. 

The I-V curves were recorded by a Reference 600 (Gamry instruments) applying a 
cyclic voltammetry protocol between ± 1 Volt under different temperatures namely 
room temperature (RT) 20°C, 25°C, 30°C, 35°C and 40°C. 

For some of the samples, scanning electron microscopy investigations were 
conducted in the different steps of pores modification, including the pristine original 
surface, the sample after SiO2 and PNIPAM functionalization and after the 
conductance measurements. 
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Figure 24 Experimental set-up for study of thermal gating of PNIPAM modified 
membranes. The PNIPAM modified membrane is inserted into the electrochemical cell 
sequentially filled with electrolyte of different molarities (0.2 M, 0.6 M, 1M). I/V curves are 
recorded at the following temperature intervals: room temperature (RT) ~20°C, 25°C, 
30°C, 35°C and 40°C. 

Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a powerful imaging technique that enables 
visualization and manipulation of surfaces at the nanoscale. It  is essential in materials 
science, biology, and nanotechnology, allowing for detailed studies of surface topography, 
mechanical properties, and intermolecular interactions. In this work AFM investigations 
were performed by the group of Prof. Stark (Department of Physics of Surfaces, 
Technische Universität Darmstadt). 

AFM operates by scanning a sharp tip over a sample surface, with the tip mounted on a 
flexible cantilever. The cantilever deflects in response to forces between the tip and the 
surface, which are measured using a laser beam reflected onto a position-sensitive 
detector. 

AFM can function in various modes. In contact mode: the tip makes direct contact with 
the surface, providing high-resolution images but potentially damaging soft samples. In 
tapping mode, the cantilever oscillates, intermittently contacting the surface, which 
reduces lateral forces and is suitable for delicate materials. And lastly in the non-contact 
mode, the tip hovers above the surface, measuring long-range forces without causing 
damage. In this work AFM was used to investigate the presence of biological layers on top 
of the polymeric surface (122)  (123) . 
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Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is an analytical technique utilized for the 
ÅØÁÍÉÎÁÔÉÏÎ ÏÆ ÏÒÇÁÎÉÃ ÁÎÄ ÉÎÏÒÇÁÎÉÃ ÍÁÔÅÒÉÁÌÓ ÁÔ ÔÈÅ ÎÁÎÏÍÅÔÅÒ ÔÏ ÍÉÃÒÏÍÅÔÅÒ ʈÍ  
scale. Unlike optical microscopy which relies on light, SEM operates based on electron 
emission, providing significantly higher magnification capabilities. 

The SEM technique produces highly detailed gray-scale images, allowing a comprehensive 
analysis of the surface morphology and composition of samples. One of the key 
advantages of SEM is its ability to analyze samples with minimal preparation, including 
those that are wet or larger in size. This flexibility makes SEM suitable for a wide range of 
materials, including metals, polymers, and other solid inorganic substances and is applied 
in various fields, including materials science and biology. The SEM machine comprises 
several components: a sample chamber that hold the sample, an electron gun generating 
electrons, electromagnetic lenses, a column, a deflection system and an electron detector. 
The scanned images are viewing through a screen connected to a computer and a control 
system to handle the electron beam. 

SEM imaging is generated by a high-energy electron beam (100-30,000 electron volts) 
typically produced by a thermal electron source. Electromagnetic lenses focus the 
electron beam to a spot size of less than 10 nm. The beam penetrates the specimen to a 
depth of up to ρ ʈÍ ÇÅÎÅÒÁÔing secondary electrons. The image is constructed point by 
point as the scan coils raster the electron beam across the specimen. An electron detector 
records the emitted secondary and/or backscattered electrons. Based on this signal, an 
image is constructed. The image is displayed on a monitor where brightness and contrast 
can be adjusted. The resulting SEM images often display a pseudo three-dimensional 
appearance, showcasing the sample's topography, shape, size and surface texture (124) . 
The SEM investigations performed in the current work were performed with  a Field 
Emission Scanning Electron Microscope, Gemini 500 (Zeiss). 
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Synthesis of potassium channel 

This section concentrates on biological channels, outlining the techniques employed for 
their extraction, characterization, and functional analysis. It includes the protocols for 
isolating these channels from biological systems, along with the assays performed to 
assess their properties and behaviors. 

Potassium channels 

In order to develop the hybrid sensor, the synthesis of potassium channel proteins is 
necessary. As an alternative to an in vitro synthesis they can also be isolated from the cell 
of origin or expressed in a heterologous system as Escherichia coli or Pichia pastoris. 

After a standard purification processes, the protein can be reconstituted into a planar lipid 
bilayer and finally tested for its functionality. However, this procedure costs time and can 
be the potential source of contamination. In order to overcome these problems, the 
protein synthesis was here performed by the combination of in vitro translation and 
nanodisc (ND) technology (125) . 

Nanodiscs are nanolipoproteins which consist of a central core of lipids surrounded by a 
scaffold of amphipathic proteins (126) . The nanoscale lipid bilayers have a diameter of 9-
12 nm and provide a stable environment for membrane proteins and the analysis  of single 
channel gating phenomena. 

Cloning of protein, expression and purification 

For a cell free expression of the potassium channel KcvNTS, the sequence of the protein is 
amplified via PCR and cloned into the pEXP5-CT/TOPO-vector, by the use of the TA 
Expression Kit (Invitrogen, USA). Details of this procedure are reported in Rauh et al. 
2021 (127) . 

The KcvNTS in vitro expression takes place in the presence of a nanolipoprotein mix in a 
shaker with 1000 rpm at a temperature of 37° # ÂÁÓÅÄ ÏÎ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓ 
of Membrane Max (MM) HN Protein Expression kit (Invitrogen). 

The nanodiscs used for the experiments contain Dimyristtoylphosphatidylcholine  
(DMPC) lipids; the scaffold protein contains a multi  His-tag in order to allow the 
purification of the channel conjugated to the nanodisc by metal chelate affinity 
chromatography. It is performed in the presence of a nitrilotriactic acid agarose resin 
HisPur Ni-NTA spin column (Thermo Fisher Scientific, USA), in which the incubation lasts 
45 minutes at room temperature on an orbital shaker at 200 rpm. By centrifugation the 
buffer is removed and the column washed several times. The nanodiscs-His-tag are eluted 
in a 250 mM imidazole solution. The final elution product, KcvNTS NDs-His tagged in 
imidazole, is stored at 4° C for months and can even be functional after years. 
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Liposome preparation 

The planar lipid bilayer experiments require the liposome production, made of 15 mg of 
1,2-diphytanoyl-sn-glycero-3-phosphocholine DPhPC (Avanti Polar Lipids) solubilized in 
a solvent like decane or pentane and sonicated until the solution appears limpid. The 
liposome solution is then frozen in 50 µl aliqots, ready for use. 

Planar lipid bilayer experiments 

The experiments performed for the hybrid sensor development were performed at room 
temperature using a conventional lipid bilayer set-up (IonoVation, Osnabrück Germany). 
The chambers suitable for the ion channel recordings are connected to the head stages by 
Ag/AgCl electrodes. A patch-clamp amplifier L/M EPC-7 (List-Medical, Darmstadt, 
Germany) was used to amplify the current signal. The current was then filtered at 1 kHz 
with a 4-pole Bessel filter and digitized with an A/D converter (LIH 1600, HEKA 
Elektronik, Lambrecht Germany) at a sampling frequency of 5 kHz. 

The synthetic lipid bilayer made of the liposome solution was formed by the pseudo 
painting/lipid bilayer technique  (128) . Using a bent Hamilton syringe, small droplets of 
the lipid solution are carefully deposited onto the substrate. Once the solvent has 
evaporated, the substrate is brought into contact with a buffer solution in which the lipid 
monolayer can then spontaneously form a bilayer. Depending on the concentration of 
lipids and the conditions, the bilayer can forms as a single or multiple layers. However the 
lipidic layer can be destroyed and restored multiple times until the desired conformation 
is reached (128) . The electrolyte solution adopted for the experiments consisted of 100 
mM KCl buffered with 10 mM HEPES at pH 7. After the painting of the lipid bilayer onto 
the surface of a track-etched membrane, a small amount of protein is added alternatively 
to the trans/cis side by the use of a bent Hamilton syringe. 

Ion channel recordings and data analysis and statistics 

After coupling the potassium channel to the double lipid bilayer supported on the track-
etched foil, the resulting hybrid membrane is clamped, i.e. subjected to a voltage protocol 
ranging from +160mV to -160 mV in 20 mV steps for the duration of 1 to 5 minutes. This 
process allowed us to test the membrane stability. Data from the ion recordings were 
analysed by the softwares KielPatch (version 3.20 ZBM/2011) and PatchMaster (HEKA 
Electronik).  

After confirming that the membrane is stable and does not contain any pore forming 
contaminations the channel protein was added to the membrane. The subsequent 
observations of single channel activity were analyzed by a specific software, KielPatch 
(23) . Particularly the open probability, i.e. the amount of time that the channel spent in 
its open state divided by the total time of the applied voltage per protocol-step, is 
calculated by KielPatch. The data of the ion-recordings are represented as arithmetic 
mean, i.e. average value of open and closed states as well as ± standard deviations (SD).  



 

49 

 

Results 

Hybrid sensing systems 

The building of the hybrid sensor system for single bio-channel characterization is a 
multi -step process. Here the tuning of a sensor characterized by a duplex nature was 
carried out on different supports. This was motivated by the idea to obtain the smallest 
dimension possible for a proper functional sensing hybrid system. Two different support 
systems were tested: a Teflon membrane and a PET track-etched membrane. The 
following paragraphs present the characterization and functionalization of both 
systems. 

Teflon system 

The Teflon-based system with a central hole that hosts a lipid bilayer is a classical 
method and dates back to the 1960s (131). In the present experiments, the system 
consists of a 25 µm thick Teflon foil  that was subjected to an electric spark (1V)  
resulting in the formation of a single pore/ hole into the foil. In the present 
experiments the pore had generally Á ÄÉÁÍÅÔÅÒ ÏÆ  ρππ ‘ά.  

The rim  of the Teflon pore was subsequently pretreated with  a ~1  ‘ὰ of a 1% of 
hexadecane solution dissolved in n-hexane using a bent Hamilton syringe. This 
treatment improves the hydrophobicity of the foil and supports the formation of a 
synthetic lipid bilayer. Once the n-hexane was evaporated, the Teflon foil was placed in 
an electrochemical cell separating two chambers filled with KCl buffer. The lipid  bilayer 
which was spanned over the hole with the so called pseudo-painting technique (Braun 
et al.) is explained in the following chapter (128) . 

Lipid bilayer assembly by the pseudo-painting air bubble technique  

After the invention of the bilayer technique, a variety of methods for bilayer 
generation have been developed. The most common techniques are the folding of the 
bilayer from monolayers (129)  (130) , or the painting over a hole (128)  i.e. a thin 
barrier  that separates two aqueous compartments, each of which is connected to 
electrodes for electrical measurements. Both methods have some disadvantages; in 
fact they may generate instable, leaky or fragile lipid bilayer . Also a lipid accumulation, 
which closes the septum can be a problem in particular when using the painting 
method (129)  (130) . 

Pseudo-painting of a planar lipid  bilayer combines the advantages of the two above 
mentioned techniques, the folding and painting ones (Fig. 25). The technique employs an 
air bubble which stabilizes a leaky or unstable bilayers and helps reducing the number of 
channel proteins inserted into the bilayer, facilitat ing the achievement of single-channel 
recordings (129)  (130) . 
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Figure 25 Pseudo painting/air bubble technique for planar lipid bilayers in a Teflon foil. 
The left panel depicts the different steps of the air bubble technique: monolayer formation 
and the improvement of double lipid layer by an air bubble. The right panel shows the 
appearance of the air bubble linked to a bent Hamilton syringe close the hole/septum in 
Teflon membrane as seen via stereomicroscope (128). 

 

With the pseudo painting air bubble technique a lipid monolayer is initially created over 
the aperture in the septum of the teflon foil  by elevating the water level in one chamber. 
This results in the creation of a leaky bilayer. Subsequently, an air bubble attached to the 
bent tip of a Hamilton syringe is carefully maneuvered from the edge of the septum 
toward the hole. This movement spreads the lipids over the aperture, facilitating the 
formation of a stable bilayer. The underlying principle of this technique is based on the 
Langmuir concept, which describes the behavior of insoluble monolayers at the air/water 
or oil/water interface. As the air bubble interacts with the lipid monolayer, it promotes 
the hydrophobic apposition of two monolayers at the air/water interface, ultimately 
leading to the successful formation of a lipid bilayer (Fig. 26). The assembly of lipid bilayer 
onto the Teflon foil  usually requires few minutes. The success of this process can be 
monitored via a stereomicroscope (128) . Synthetic lipid bilayers created in this way have 
typically a capacitance in the range of 90-110 pF (125) . 

 

KcvNTS characterization in bilayers in a septum of teflon 

As reference for the measurements of channel activity in the newly developed hybrid 
sensing system in PET membrane, I first recorded the model KcvNTS channel in the 
aforementioned conventional bilayer system with a Teflon septum. Figure 26 shows a 
typical example of a single channel recording with this system in symmetric buffer with 
100 mM KCl on both sides of the DPhPC bilayer. 
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Figure 26 Current traces of KcvNTS at different voltages recorded in a synthetic bilayer in a 
Teflon membrane. Data were recorded in symmetric KCl (100 mM KCl + 10 mM Hepes pH 
7). Each data set shows the current as a function of time with the channel fluctuating 
between the closed (c ) and open (o) state at the given clamp voltage. 

 

At positive voltage values, the channels show clearly resolved single channel currents, 
wich fluctuate between defined closed and open states. The corresponding I/V relation in 
Figure 28 is linear between 0 mV and 160 mV providing a unitary conductance of 80 pS 
at 100 mM KCl. An enlargement of the trace recorded at +160 mV shows better the 
fluctuation of the channel between an open and closed state (Fig. 27). 

At negative voltages of circa -80 mV, the traces appear progressively noisy with the result 
that the full channel open state is no longer fully resolved. This flick like gating of the 
channel is caused by a fast filter gating of KcvNTS with the consequence that opening and 
closing occur faster than the temporal resolution of the recording system (131) . Hence 
the progressive decrease of the current at increasingly negative voltages is an artifact of 
the recordings system. 
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Figure 27 Enlargment of single channel recording at +160 mV. The enlargement of the 
trace at higher temporal resolution shows distinct distinct open and closed states of the 
potassium channel KcvNTS. 

 

 

 

Figure 28 Current/ voltage measurements of KcvNTS  for voltages between ± 160 mV. Once a 
stable bilayer is built by the air bubble technique, it follows the addition of a solution 
1/100 KcvNTS. The analysis is conducted using a set of five measurements. Values presented 
are expressed as the mean ± standard deviation (SD). 
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Hence the progressive decrease of the current at increasingly negative voltages is an 
artifact of the recordings system. The real current of the fully open channel at negative 
voltages can be reconstructed analytically with the so called beta-fit method (131) . This 
analysis confirms that the real I/V relation of the channel is almost linear; hence the 
channel exhibits a general ohmic behavior over the entire voltage range (132)  (Fig. 28). 

The current traces like in Figure 26 allow the calculation of the open probability (PO) of 
open channel states for varying voltages. It is calculated by the ratio between the time that 
the channel spends in its open state divided by the total time of recording (23)  (132) . 

ὖ
έὴὩὲ ίὸὥὸὩ ὸὭάὩ

ὸέὸὥὰ ὸὭάὩ ὶὩὧέὶὨὭὲὫ
 

An analysis of the channel activity shows that the open probability over the entire voltage 
range varies between 83 and 97 % (see Fig. 29), a clear indication that the channel has no 
strong voltage dependency. The measurements performed for this system is in good 
agreement with previous experiments (23)  (131)  (133)  (133)  (134) . This means that the 
channel has a very reproducible behaviour and the same channel activity should be 
expected in any new kind of experimental setting like in bilayers on top of an track-etched 
nanopore in a PET membrane.  

 

 

 

Figure 29 Open probability/voltage (Po/V) relationship from KcvNTS recordings. The 
analysis is conducted using a set of five measurements. Values presented are expressed as 
the mean ± standard deviation (SD). 
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Barium block  

It is well established that recordings of channel activity in planar lipid bilayers are also 
prone to artifacts. Channel like fluctuations can in some cases originate from lipid pores 
or from contaminations like detergents in the solution (135) . One way to discriminate 
between artifacts and real channel gating in bilayer experiments is based on a 
pharmacological inhibition of the channel. It is well established that unspecific lipid pores 
or membrane instabilities by detergents are not sensitive to blockers while channels can 
be specifically inhibited by blockers. For K+  channels in general and for the particular case 
of KcvNTS Ba2+  can serve as such a blocker. 

KcvNTS with barium blocker from trans-side 

The effect of the Ba2+  blocker depends on the side of the protein at which the blocker is 
added (136) . Here we examined the effect of BaCl2 on the trans-side of the channel. 
Generally the channel inserts into the bilayer in a way that the extracellular side is facing 
the trans side (125)  (Fig. 30). In this way the addition of Ba2+  to the trans chamber causes 
a block of the inward current at negative voltages. Figure 31 compares the current traces 
recorded at negative potentials (from -40 mV to -160 mV) before and after the addition 
of BaCl2. 

 

 

 

Figure 30 Schematic representation of a planar lipid bilayer set-up. The measurement 
chamber consists of two compartments divided by a membrane, with an artificial bylayer 
spanning across the aperture in the Teflon foil. The trans compartment corresponds to the 
extracellular side, while the cis compartment represents the intracellular side of a living 
cell. 
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Figure 31 Ba 2+ blocking of single KcvNTS channel. Current traces of KcvNTS at negative 
voltages (from -40 mV to -160mV) before and after the addition of 3mM Ba2+ blocker from 
the trans-side. The addition of the blocker leads to a reduction in the channel open 
probability . 

 

The current/voltage relation of the KcvNTS channel before and after the Ba-blocker is 
shown in the Figure 32. 
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Figure 32 Ba2+ on the trans side has little impact on unitary conductance. Current/voltage 
data for the KcvNTS under control conditions (blue) and after the addition of 3mM Ba2+ to 
the trans-side (green). The comparison reveals that the blocker causes a small reduction in 
channel current at negative potentials. 

 

Inspection of current traces shows that the channel has a high open probability in the 
absence of the blocker. In the presence of the blocker the channel is still showing distinct 
openings, but the length of the closed times is prolonged. 

The visual assumption that Ba2+ has only a smaller impact on the open channel current is 
supported by the I/V  data in Figure 32. It emerges that the open channel currents with 
and without Ba2+  are mostly identical. A difference between the two conditions is 
apparent at voltages more negative than ca. -60 mV. At negative voltages Ba2+  also causes 
a small decrease in the open channel current.  

KcvNTS channels from unblocked to blocked states in the Teflon system 

The data in Figures 33-35 were obtained with a KcvNTS channel without the channel 
blocker Ba2+  (left) and with the blocker at 3 mM concentrations, first on the trans 
(middle) and finally also on the cis-side (right). Without the Ba blocker, the channel is 
characterized by the typical fluctuations with well resolved open/closed events at 
positive voltages and flicker-type gating at negative voltages. The addition of 3mM Ba2+  
to the trans chamber results in a voltage-sensitive blocking of the channel. 
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At positive voltages, the blocker has neither a significant effect on the channel amplitude 
nor on the open probability (Fig. 34, 35). 

At negative voltages, Ba2+  has little impact on the channel amplitude but causes a strong 
reduction of the open probability (Fig. 34, 35). Addition of Ba2+  also to the cis chamber 
has no further impact on the current amplitude and open probability at negative voltages 
but evokes a strong reduction of the open probability at positive voltages (Fig. 34, 35). 
Channel openings become increasingly short at higher positive voltages with the effect 
that the full open channel is no longer resolved (Fig. 33). This results in an effective 
decrease in the unitary channel conductance at positive voltages (Fig. 35). 

 

 

 

Figure 33 Ba2+ blocks KcvNTS from trans and cis side. Typical channel fluctuations under 
control conditions before (left panel) and after adding 3mM Ba2+ first to the trans (central 
panel) and then to the cis side (right panel). 

 

The impact of Ba2+  on cis and trans side on unitary channel I/V amplitude and open 
probability as a function of applied voltage are shown in Figures 34 and 35, respectively. 
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Figure 34 Effect of Ba2+ on conductance of KcvNTS channels. Current/voltage curves under 
control condition (blue), and after adding 3 mM Ba2+ to the trans-side (green) and 
subsequently to the cis-side (red). 

Figure 35 Effect of Ba2+ on open probability of KcvNTS in control condition (blue) and after 
adding 3mM Ba 2+  to the trans-side (green) and subsequently to the cis-side (red). 
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Track-etched PET support system 

Building of the hybrid sensing system was performed with the same procedure described 
for the Teflon system, only the support for the bilayer was a single-pore PET membrane 
instead of Teflon. One major difference between the two systems lies in the thickness and 
pore size of the support membranes. The Teflon is 25 µm thick with an aperture of about 
100 µm in diameter, whereas the PET membrane is thinner (12 µm) and contains a much 
smaller hole of  ֓150 nm, produced by the ion track etching technology (etching in 6 M 
NaOH for 6 minutes, at 50° C).  

Because of the significant differences of the two systems, it has to be assumed that they 
also differ fundamentally in the position of the bilayer. We assume that the bilayer is 
generated inside the hole of the Teflon foil while it is presumably spread across the small 
hole in the track-etched PET foil. 

Lipid bilayer assembly by the pseudo-painting air bubble technique  

In a first step, the electric properties of the PET foil with its single cylindrical nanopore 
were characterized before and after painting a lipid bilayer across the pore. The success 
of obtaining a bilayer was monitored by applying voltage steps between ±160mV with 20 
mV increments across the PET foil without and with lipid deposition.  

 

Figure 36 I/V curves before (grey) and after (red) lipid bilayer painting of a single cylindrical 
pore. The zero current indicates the complete cover of the track-etched channel by the lipid 
bilayer. 
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The I/V data shown in Figure 36 were measured before (grey symbols) and after bilayer 
paiting (red symbols). The data confirm that the high conductance of the open nanopore 
and a high resistance after building of the bilayer. The current traces of the bilayer-
covered pore recorded at voltages between +160 mV and -160 mV show a stable zero 
current over the entire voltage spectrum (Fig. 37). This implies that the painting process 
accross the nanopore has led to a successful creation of an electrically resistant bilayer, 
which covers the nanopore. 

In contrast to the Teflon system, the bilayer painting onto the PET track etched pore 
allows no optical control of the final membrane, because the nanopore is well below the 
resolution limit of optical microscopy. Without a visual inspection, it is difficult to judge 
whether the lipid deposition formed a real bilayer or just a blob of lipid on the nanopore. 

 

 

Figure 37 Current traces of single track etched nanopore in PET covered with a synthetic 
lipid bilayer by the pseudo painting technique.The bilayer creates a barrier that blocks the 
ionic flux resulting in zero currents across the entire voltage range thus indicating 
successful pore coverage. 
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Capacitance measurements of the synthetic lipid bilayer 

A diagnostic parameter for identifying a real bilayer in contrast to a lipid block is the 
membrane capacitance. As already mentioned, the capacitance of the membrane results 
from its insulating property sandwhiched between two conducting solution. As a result, a 
biological membrane can in this way be represented by a parallel arrangement of a 
resistor and a capacitor (RC-like circuit)  (4)  (5)  (6) . 

The method of choice to measure the value of the membrane capacitance in the PET 
system is the voltage ramp method. It consists of the application of a voltage ramp rate 
with a slope dV/dt of 10 mV/10 ms. The fast current elicited by this ramp is biphasic with 
an initial jump and a subsequent slow rising phase. The current jump is a measure for the 
capacitance; while the slow rise in current is a measure for the membrane resistance. The 
Figure 38 shows a typical response to a voltage ramp, with the onset of a current step of 
50 pA, which corresponds to the capacitive current Ic that charges the membrane 
capacitor. The following ramp is proportional to the conductance 1/R (5)  (6) . The 
resistance of a biological membrane can be deduced from Equation 10 and calculates as 
in Equation 18. 

 

 

 

Figure 38 Voltage ramp method for capacitance measurements. A voltage ramp generates 
a current step Ic which defines the capacitance value of the synthetic membrane. 
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The membrane capacitance can be obtained from the following considerations: the 
current Ic  is the product of the capacitance c  times the change in voltage (dV)  over time 
(dt) : 

 

Ὅ ὧϽ
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Ὠὸ
 

Eq. n° 17 

By solving Equation 17 for the parameter c, the capacitance can be estimated from the 
measured current Ic  and the known parameters of the voltage ramp (dt/dV) .  
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Eq. n° 18 

 

Inserting the measured values provides a capacitance of 250 pF. 

 

ὧ
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The capacitance of a cellular membrane is with 0.8 F/cm2 rather constant independent on 
its phospholipid composition (5)  (137) . Since this value is a function of the membrane 
surface it should decrease with the size of the bilayer. Because the aperture in the PET 
support foil is much smaller than the hole in Teflon, we expected that the measured 
capacitance is smaller than the value measured in bilayers in a Teflon septum. A 
comparison of the respective values, however, shows that this is not the case. Bilayers 
such as that used in Figure 26 have a capacitance of about 39 ±  1 pF (138) . Unlike 
predicted this value is not larger than the value from the PET system but even 6 times 
smaller. The unexpected high capacitance value in the PET system can also not be 
explained by an undefined blob of lipid, which blocks the nanopore.  

Given that the capacitance of a capacitor diminishes with an increase in the distance 
between the conducting plates, a thicker insulator such as the lipid bilayer on the PET 
membrane can be expected to result in a decrease in conductance. 

Taken together, however, these data are not able to answer the question whether the 
deposition of lipid on the nanopore in PET forms a membrane bilayer or unspecifically 
occludes the pore.  
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KcvNTS characterization onto PET track-etched membrane 

Without knowing whether the PET nanopore is covered by a real lipid bilayer , I tried to 
reconstitute a functional Kcv channel in this system. It is expected that this will only be 
possible when the pore is covered by a real membrane bilayer; a successful reconstitution 
of channel activity would be an ultimate proof of a membrane over the nanopore. A 
solution of 1/ 100 diluted KcvNTS protein in imidazole was therefore spread into the 
electrolyte solution on top of the presumed DPhPC membrane. Insertion of the protein 
into a DPhPC membrane generally occurs spontaneously. The data in Figure 39 illust rates 
a representative example for such a successful incoporation of a single KcvNTS copy in a 
DPhPC bilayer over a PET nanopore. A functional reconstitution of channel activity was 
rare and only deteted in circa 25% of the attempts. 

In a symmetric electrolyte solution made of 100 mM KCl + 10 mM Hepes at pH .7, voltage 
steps between +160 mV to -160 mV elicit defined current fluctuations with the functional 
hallmarks of the KcvNTS  channel. Like in the recordings of the Teflon system the channel 
shows clear cut fluctuations between a closed and an open state at positive voltages. At 
negative voltages the channel exhibits the characteristic voltage dependent flicker type 
gating in which the full open state is no longer resolved. The striking similarity between 
current measurements in the reference Teflon system and in the PET system clearly show 
that the protein also functions in the latter. From this functional reconstitution of the 
KcvNTS channel in the PET system it can be concluded that the lipid deposition over the 
nanopore in the PET septum forms indeed a bilayer. 

 

 



 

64 

 

 

 

Figure 39 Current traces of KcvNTS at different voltages recorded in synthetic bilayer onto a 
PET track-etched membrane in symmetric KCl (100 mM KCl + 10 mM Hepes pH 7). Each 
trace shows a different current magnitude in the range of picoampere (pA), O indicates the 
open state, C the closed state. 
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Figure 40 Current/voltage curve of KcvNTS in the voltage window between ± 160 mV. Once 
established a stable bilayer was established using the air bubble technique, a 1:100 diluted 
solution of KcvNTS is added. The analysis is conducted using a set of five measurements. 
Values presented are expressed as the mean ± standard deviation (SD). 

 

Figure 41 Open probability of single channel as a function of voltage. The analysis is 
conducted using a set of five measurements. Values presented are expressed as the mean ± 
standard deviation (SD).  
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In the next step, we compared the functional parameters of the KcvNTS channel such as 
single channel conductance and open probability for both recording systems were 
compared (Fig. 42 and 43). The single channel I/V relation (Fig. 40) shows an overall 
similarity with the reference data in Figure 28. Both I/V relations are approximately 
linear at positive voltages and show a progressive decrease in current with 
hyperpolarization, i.e. at more negative voltages. A direct comparison however shows also 
distinct  differences (Fig. 42). While the unitary conductance of the channel in the 
reference system e.g. a standard experimental setup is 80 pS it measures only ca. 65 pS in 
the PET system. At negative voltages up to about -80 to -100 mV the I/V relation in the 
reference system is linear up to about -80/ -100 mV. In the PET system the the curve 
shows already at lower voltages a negative curvature. 

 

 

Figure 42 Current-voltage curves of KcvNTS for  voltages  between ± 160 mV for the two 
hybrid systems Teflon (orange) and PET (green). The analysis is conducted using a set of 
five measurements. Values presented are expressed as the mean ± standard deviation (SD).  

 

Similarities and differences of the two systems are also apparent when comparing the 
open probability of the channels. The reference data in Figure 29 for the Teflon system 
report maximal Po values > 95% around 0 mV and a moderate decrease in this value at 
negative and positive voltages. The respective data from the PET system have a similar 
shape with a maximum at around 0 mV and decreasing values towards positive and 
negative voltages. On a quantitative level the Po values seem to be lower in the PET than 
in the Teflon system (Fig. 43). But this comparison suffers from the large deviations of the 
data and the low number of recordings in the PET system. 
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Figure 43 Comparison between open probabilities of single channel I/V curve in Teflon 
hybrid system (orange) and PET hybrid system (green). The analysis is conducted using a 
set of five measurements. Values presented are expressed as the mean ± standard deviation 
(SD).  

 

Barium block in PET nanopore system 

The KcvNTS channel in the reference Teflon system exhibits a Ba2+ block, which is distinctly 
different depending on whether the blocker is applied from the trans or cis side. To test if 
this delicate feature of channel function is mantained in the PET system Ba2+  block 
experiments were repeated with a KcvNTS channel placed across the track-etched 
nanopore in a PET membrane (Fig. 44). Currents at positive and negative voltages were 
measured before and after 3mM Ba2+  was added first to the trans chamber and then also 
to the cis chamber.  

A comparison of the current fluctuations shows that Ba2+  on the trans side has little 
impact on the positive currents but causes a severe reduction in the open probability at 
negative voltages. This visual impression is supported by the analysis of the I/V and the 
Po/V releationship. Ba2+  has no negative impact on the amplitude of the unitary current 
and the open probability decreases at negative but not at positive voltages (Fig. 44). This 
behaviour of the channel is in agreement with the expected voltage dependent block of K+  
inward current by extracellular Ba2+  in which the blocker increases the frequency of 
closed events. 
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Figure 44 The three different phases of the experiment without and with Ba blocker.         
(Left) Current/time traces recorded without Ba2+ (100 mM KCl + 10 mM Hepes pH 7). 
(Middle) Barium blocker (100 mM KCl + 10 mM Hepes + 3 mM BaCl2) added from the trans 
side. (Right) Barium blocker added at 3 mM from both sides trans as well as cis side. 

 

When Ba2+  was also added to the cis compartment the channel exhibits also at positive 
voltages a drastic decrease in current amplitude and open probability. While the channel 
is under control conditions mostly open at positive voltages it shows in the presence of 
Ba2+  on the cis side only very short and no longer fully resolved openings (Fig. 44). Also 
this behaviour of the channel is in agreement with recordings in the reference system with 
a Teflon septum (139) . Collectively, the data demonstrate that the KcvNTS channel 
functions in the PET system (Fig 45 and 46) in a similar manner as in Teflon reference 
system (Fig. 34 and 35). 
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Figure 45 Current/voltage data of KcvNTS channel in PET membrane under normal 
condition without (blue), and with Ba-blocker from the trans side (green) and from the cis 
side (red). 

 

Figure 46 Open probability of KcvNTS channel in PET membrane under normal condition 
(blue), and with Ba-blocker from the trans side (green) and from the cis side (red). 
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Multiple channel insertion 

The reconstitution of KcvNTS in the Teflon system results frequently in an insertion of 
multiple copies of the same channel (Fig. 47) (135) . This is not surprising, as the bilayer 
area in this system is very large and provides ample space for multiple protein insertions. 
Considering the fact that the bilyer over a PET nanopore might be much smaller, we asked 
the question whether this system is also able to host multiple channels. The data in Figure 
47 shows an example where multiple copies of the KcvNTS channel, instead of a single unit,  
were inserted into a bilayer over a PET nanopore. The current traces recorded at positive 
voltages demonstrate the occurrence of up to three simultaneous channel openings, 
indicating that a minimum of three copies of this channel must have been inserted into 
the bilayer. This phenomenon is corroborated by the presence of three distinct steps 
within the current /time traces. This observation means that the bilayer diameter in this 
system is not limiting the presence of multiple channels. Considering that a functional Kcv 
channel in its functional forms as a tetramer with a diameter of  ֓ 5 nm, the bilayer must 
have a diameter larger than 15 nm.  

 

 

Figure 47 Current time traces of multiple insertion of KcvNTS in a synthetic lipid bilayer 
across a track-etched nanopore in PET. 
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Figure 48 presents the I/V relationship of the system under conditions where one, two, 
and three channels are simultaneously inserted in the synthetic lipid bilayer. The blue 
curve represents the current response of a single open channel, while the turquoise and 
pink curves correspond to the cumulative effects of two and three open channels, 
respectively. This additive current behavior highlights the linear relationship between the 
number of open channels and the resulting current. 

 

 

Figure 48 Current/voltage curves of three channels simultaneously inserted into the 
synthetic lipid bilayer across the nanopore in PET. The unitary current was measured for 
one (blue) two (turquoise) and all three (pink) channels being simultaneously open. 

Discussion 

The concept of a hybrid sensor system has been applied on two different platforms, the 
25 µm thick Teflon membrane with a large pore (100 µm) and the 12 µm thin PET 
membrane containing a track-etched nanopore (150 nm). Besides the different nature 
and features, both systems show similar results. 

For both hybrid systems, the pseudo-painting air-bubble technique is successfully 
yielding an electrically tight lipid  bilayer in which the model KcvNTS channel can be 
functionally reconstituted. The impressive outcome of these experiments is the finding 
that the KcvNTS exhibits in both systems its typical functional features like an ultrafast 
gating at negative voltages, an overall high open probability and a side dependent 
sensitivity to Ba2+ block. As a main difference between the two recording systems we find 
that the unitary conductance of the channel is 18.75 % reduced in the PET system relative 
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to the Teflon system. 

Taken together the prove of concept data demonstrate that the nanometer sized pores in 
PET can in principle serve as a platform for building an alternative device for single 
channel recording. A lower capacitive noise, which was expected from a reduced size of 
the bilayer, is not observed. The question on why the capacitance in the PET system is so 
high remains for the moment unanswered. 
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Atomic Force Microscopy  

For a better characterization of the track-etched nanopores, PET membranes were 
inspected by atomic force microscopy (AFM). Due to the difficulty of finding a single pore, 
most of the AFM investigations were performed on track-etched samples with 108 
channels/cm2. 

Figure 49 shows a representative AFM imagine of a 12 µm thick PET membrane irradiated 
with 108 ions/cm 2 before and after track etching for 6 minutes in NaOH (6M; 50°C). 

 

 

Figure 49 AFM images (10 µm × 10 µm ) of a PET membrane (left) pristine and (right ) after 
track etching a multi -channel PET membrane with 108 channels/cm2. The height scale is 
shown on the right side of the picture. 

 

The AFM image of the untreated PET sample (Fig. 49, left) illustrates the smooth surface 
of the foil. In contrast, the irradiated and track-etched sample displays black circles 
corresponding to the etched pores. Due to the stochastic distribution of the ions in the 
beam, the pores are randomly distributed across the surface. Besides the presence of the 
nanochannels, some irregularly shaped objects are visible which we attribute to defects 
in the foil that are magnified by the etching process. AFM images of different scan sizes 
were recorded after applying the pseudo-painting technique onto PET membranes with  
108 channels/cm2 (Fig. 50). Two techniques have been employed to investigate the 
sample. The Peak Force Tapping (PFT) and the Peak Force Quantitative Nanomechanical 
(PFQNM) AFM Mode. Considering that the measurements conditions obviously play an 
important role for the surface morphology of the lipid covered sample, both techniques 
have been employed in air and water. The surface covered by the synthetic lipid bilayer 
appears rough with agglomerate- or bubble-like features. When examining the sample in 
water, the AFM image reveals a waves-like pattern. 
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Figure 50 AFM images of synthethic lipid bilayer on PET membranes (1nN): (left) sample 
in air (40 ‘ά, PFT) and (right) under water (20 ‘ά , PFQNM). 

 

One of the PET membrane with 108 channels/cm2 was AFM analyzed under the same 
condition (applied force 1 nN) in water on the same spot, comparing its etched/uncoated 
state with the coated state obtained directly after having spread the lipid solution on the 
surface. When applying a larger force (20 nN), the delicate nature of the lipid layer was 
compromised, exposing the underlying PET structure. 

AFM images and line scans across nanopores in PET membrane were recorded before and 
after lipid bilayer coating. The applied force was 50 nN and damaged or even removed the 
fragile coating layer. A comparison of the depth profile analyses amongst the two states 
before and after coating with lipid layer is shown below (Fig. 51). 

Before the lipid layer coating, the depth profiles reveals pronounced dips, indicating 
significant surface features. The mean pore diameter measured in this state is 259.33 ±  
14.9 nm. After the lipid layer coating, depicted in the bottom graph, the depth profiles 
shows shallower and more gradual dips. The mean pore diameter in this state is 226.67 
± 30.3 nm, indicating smaller pore sizes compared to the uncoated state. 
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Figure 51 (Left) Depth profiles for 3 nanopores of PET sample before (a) and after coating 
with the lipid layer (b). (Right) Scanning under a cantilever load of 50 nN seems to 
partially remove the fragile lipid layer (compare upper and lower part of image). 

 

Overall, the lipid layer affects the surface morphology, leading to smaller pore diameters 
and a more uniform surface profile compared to uncoated state. 

Discussion 

Atomic Force Microscopy has provided valuable insights into the characterization of 
track-etched nanopores in PET membranes. The AFM images reveal a clear distinction 
between the pristine and track-etched states of the PET membrane, with the etched 
samples exhibiting identifiable pores.  

The investigation of synthetic lipid bilayers on the PET membranes further demonstrates 
the impact of the lipid coating on surface morphology. AFM analysis before and after lipid 
layer application shows a general reduction in pore size. Additionally, the application of 
higher forces during AFM imaging reveals the fragile nature of the lipid layer. 

Overall, the findings highlight the significant influence of a coating layer on the surface 
characteristics of track-etched PET membranes. 
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Ionic transport in track-etched nanopores 

Influence of pore geometry on pore conductance  

The pore geometry plays an important role in the ionic transport within track -etched 
pores. 

PET membranes exposed to single ions were etched with different geometries 
respectively cylindrical pores (6M NaOH, 50° C) and bullet-like pores (6M NaOH with and 
without surfactant, 60° C). Figure 52 illustrates the current-voltage (I/ V) characteristics 
of these samples. The cylindrical pore shows a linear I/ V curve consistent with ohmic 
behavior, where the current increases linearly with the applied voltage. 

On the contrary, the bullet-shaped pore has a nonlinear response. The current gradually 
increases at negative voltages, but remains very limited at positive voltages indicating a 
rectifying behavior. This asymmetry is likely influenced by the unique shape of the pore, 
which influences the ion distribution and interactions with the electrical double layer, 
thus affecting ionic transport dynamics. Overall, the comparison of these I/ V curves 
highlights how different pore geometries impact the ionic transport behavior within 
nanopores in PET membranes. 

 

 

Figure 52 Representative current-voltage curves of PET containing a single track-etched 
nanochannel with different geometry: (a) cylindrical pore (6 min of etching time in 6M 
NaOH at 50° C) with ohmic behaviour and (b) bullet-shaped pore (6.5 min of etching time 
in 6M NaOH with and without surfactant at 60° C) with current rectification. 

Influence of etching time on pore dimension and conductance 

Ionic transport investigations on track etched pores in polycarbonate membranes were 
performed with the aim to understand the relation between the pore conductance and the 
pore dimension controlled by the etching time and electrolyte concentration. In this 
section PC membranes have been employed over PET ones because of their enhanced 
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resistance to chemical etching and a more precise control over the dimensions and 
morphology of the channels. 

30 ‘ά thick PC membranes irradiated with a single gold ion were etched symmetrically 
to obtain a cylindrical-shaped channel. Current/voltage mesurements of five different 
single ion track membranes etched for increasing times (75 s, 80 s, 90 s, 150 s and 180 s) 
were performed in an electrochemical cell (1 M KCl at pH 5) (Fig. 53). The electrolyte 
solution was chosen based on the isoelectric point of the PC surface in order to avoid 
electrostatic effect due to the presence of the electrical double layer. 

Figure 53 Current/voltage curves of single track-etched nanopores in polycarbonate with 
different diameter in presence of 1 M KCl at pH 5. 

 

The ionic current flowing through the nanochannels for 5 different etching times recorded 
in the voltage range between -1 V and 1 V are shown in Figure 53. All I/V curves are linear 
indicating ohmic behavior. From the slope of the current/ voltage curves, the pore 
conductance can be calculated from Equation 10. As expected, the conductance increases 
with etching time due to the increasing pore size (Fig. 54). 
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Figure 54 Correlation between pore conductance (nS) and etching time (s). The samples 
were etched in symmetric condition in 6 M NaOH at 50° C. Line is a guide-to-the-eye. 

 

According to Equation 12, the ionic conductance can serve as parameter to calculate the 
pore diameter considering the conductivity K  of the electrolyte and the length L of the 
channel. The pore diameter as a function of etching time is presented in Figure 55, yielding 
a diameter growth rate of approximately 19.4 ± 3.6 nm/min . 

 

Figure 55 Correlation between pore diameter (nm) and etching time (s). The samples were 
etched in symmetric condition in 6 M NaOH at 50° C. 

Influence of electrolyte concentration in symmetric and asymmetric pores 

To study the dependence of the ionic transport  on the electrolyte concentration, a single 
cylindrical  pore in a  polycarbonate membrane e t c h e d  f o r  6  m i n u t e s  ( 6  
M N a O H ,  5 0  ° C )  was exposed to s o l u t i o n s  w i t h  different  K C l  concentrations 
at pH 5. As the concentration of KCl increases, more ions in the electrolyte solution flow, 
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enhancing the amplitude of the current recorded through the single pore etched 
mambrane. The pore conductance is in linear correlation with the concentration of the 
electrolyte solution (Fig. 56). 

 

 

Figure 56 Current/voltage relation of a single cylindrical pore (6 min etching time) in PC in 
presence of an electrolyte solution of pH 5 at different concentration 1 M, 0.1 M and 0.01 M. 

 

Other properties of the ionic transport as well as ion current rectification were 
investigated using non-cylindrical nanopores in 12 µm thick PET membranes. 

Of particular interest are bullet-shaped pores, because the curvature at the tip of the small 
pore opening leads to a high degree of current rectification. The investigated nanopore 
had a tip diameter of 50 nm and a base diameter of ~300 nm. Cyclic voltammetry 
measurements, i.e. I/ V curves recorded several times, were conducted with KCl as 
electrolyte of concentration 1M, 0.1 M and 0.01 M (Fig. 57). 

The I/ V curves are non-linear showing smaller current values at positive voltages than at 
the corresponding negative voltages. This is a typical characteristics for current 
rectification. 

Here we see the relation between the salt molarity and the rectification degree. The 
mentioned rectification degree is stronger at smaller salt concentration than at higher 
one, which is ascribed to the involvement of surface charges in the electrical double layer 
of the pore wall (Fig. 58). At lower concentrations, the electrical double layer extends 
further into the pore. This phenomenon is attributed to the influence of surface charges 
associated with the electrical double layer (EDL) of the pore wall At reduced 
concentrations, the electrical double layer expands in size, thus the asymmetry in ion 
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distribution, resulting from the thicker EDL, i.e. increased charge density and the 
geometry of the pore enhances the rectification ratio. 

 

Figure 57 Current-voltage curve of a bullet-shaped pore in PET using different KCl 
concentrations as electrolyte. The non-linear behavior indicates current rectification. 

 

 

Figure 58 Rectification degree in bullet-shaped pores as a function of KCl concentration. 
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Influence of electrolyte pH asymmetric pores 

The current rectification in single asymmetric bullet-shaped pores, depends on the pH of 
the electrolyte solution. Figure 59 and 60 shows the I/V curves and corresponding 
rectification effect for a given PET pore in presence of 0.1 M KCl e lec t ro ly te  at pH 2, 
5 and 9. 

Figure 59 Current/ voltage curves of a bullet-shaped PET pore in 0.1 M KCl electrolyte at 
different pH values. 

 

 

Figure 60 Rectification degree in bullet-shaped pore as a function of pH. 

 

The degree of rectification is minimal at pH 2, which is near the isoelectric point of PET 
(3.8), but progressively increases at pH 5 and pH 9 (Fig. 60). This phenomenon is 
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attributed to the balance of positive and negative charges, as well as their interactions 
with the surface charges associated with the electrical double layer. 

Discussion 

In conclusion, the experiments demonstrate that the geometry of nanopores significantly 
influences pore conductance and ionic transport behavior in PET and PC membranes. The 
comparison of cylindrical and bullet-shaped pore geometries reveals distinct 
current/ voltage characteristics, with cylindrical pores exhibiting ohmic behavior while 
bullet-shaped pores displayed rectifying behavior due to their unique pore mouth and 
surface charge. Additionally, the etching time is found to correlate directly with pore 
conductance, confirmi ng that longer etching times result in larger pore diameters and 
enhanced ionic transport. 

Furthermore, variations in electrolyte concentration and pH are shown to affect ionic 
transport and rectification. Higher electrolyte concentrations lead to increased current 
flow through the pores, as expected while the degree of rectification in bullet-like pores 
is found to be influenced by pH. The larger the surface charge, the higher the rectification 
factor. Overall, these findings underscore the critical role of pore geometry, etching 
parameters, electrolyte concentration and pH in determining the ionic transport 
dynamics within nanoporous membranes. 
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Characterization of PNIPAM functionalized track-etched membranes 

PET membranes with cylindrical single pores were ALD-coated with SiO2 (5 nm) and   
characterized before and after PNIPAM functionalization. The room temperature 
conductance measurements were performed with 4 electrodes set-up using 1M KCl at pH 
3.8 as electrolyte. Applying a voltage in the range between ± 1 V the ionic current is 
recorded. Figure 61 shows the I/V curves for the same nanopore without and with 
PNIPAM modification. Both I/V curves show the typical linear ohmic behavior, but their 
slope is quite different corresponding to a respective pore diameter of   ֓ 350 nm and 100 
nm. 
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Figure 61 Room temperature I/V measurements of single SiO2- coated ÐÏÒÅ ÉÎ υφ ʈÍ thick 
PET before (black) and after (red) ATRP reaction of PNIPAM functionalization in 1 M KCl. 
The reduced slope for the functionalized pore is a clear indication that PNIPAM 
significantly reduces the cross section of the pore. 

 

The size of the single track etched pore before and after functionalization deduced 
from the respective conductance data in Figure 61 were confirmed by scanning electron 
microscopy images of a membrane with multipores ( 108 cm-2)  which was etched by 
exactly the same procedure (Fig. 62). 
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Morphology of PNIPAM modified membranes by SEM, top view 

Some of the track-etched PET membranes were inspected by scanning electron 
microscopy. Figure 62 shows the membrane surface before (a) and after (b) PNIPAM 
modification. The pores in the PNIPAM-modified membrane are partially filled resulting 
in a significantly reduced inner opening. The outer edges of the pores appear to have a 
bulging rim. 

 

 

Figure 62 SEM images of track-etched PET membranes before (left) and after (right)  
PNIPAM functionalization. 

 

The inner and outer diameters of the functionalized pores were analyzed (Fig. 63) 
yielding 332.1 ±  3.9 nm and 135.6 ±  5.9 nm respectively, based on measurements from 
20 pores. The corresponding thickness of the PNIPAM layer is 85.8 nm. This layer 
thickness is consistent with observations made in other samples, highlighting a common 
structural characteristics across the analyzed materials. 
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Figure 63 SEM images of membrane after PNIPAM functionalization showing coated pores 
with the respective dimension of the outer and inner mean diameter of Do mean = 338.9 
nm; Di mean = 120.9 nm. 

 

 

 

 

 

 

 

 

 

 

 



 

86 

 

Morphology of modified membranes by SEM, under tilted angle 

SEM investigations were performed under a tilted angle of 45° trying to investigate the 
inner part of the nanochannels as well as the inner wall (Fig. 64). PNIPAM-functionalized 
membranes were investigated before (a-b) as well as after I/V measurements (c-d). 

 

 

Figure 64 SEM images of PNIPAM conjugated PET membranes in top view (left) and under 
a tilt ed angle of 45° (right ). Membrane before (a, b) and after temperature controlled I/V 
measurements (c, d). 
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Thermal gating of PNIPAM modified SiO2 ï coated PET nanopores 

PNIPAM, being a thermoresponsive polymer, changes its spatial conformation at a critical 
temperature of 32° C. Tests of temperature dependent gating were performed on 
PNIPAM-SiO2 coated multi -pore membranes (108 pores/cm2) at different KCl electrolyte 
concentrations (1M, 0.6 M and 0.2M) and temperatures (RT ca. 20° C, 25° C, 30° C, 35° C 
and 40° C). Above 32° C, the PNIPAM polymer brushes are expected to collapse 
resulting in a reduction of the effective PNIPAM layer thickness and consequently an 
increase of the effective channel diameter (Fig. 65) (82)  (75)  (140) . 

 

 

Figure 65 Scheme of spatial rearrangement of the polymer brushes in the PNIPAM layer 
below and above the lower critical solution temperature (LCST) of Tc = 32° C. 

 

The I/ V curves recorded for different electrolyte molarities and temperatures are shown 
in Figure 66. All measurements were performed on the same sample rinsed in water after 
every single measurement.  
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Figure 66 I/V curves of PNIPAM functionalized pores at different temperatures, from room 
temperature, RT (20° C) to 40° C, and molarit ies of the KCl electrolyte (a) 1 M, (b) 0.6 M 
and (c) 0.2 M. 
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The conductance of the channel depends as stated in Eq.11, of both channel geometry and 
electrolyte conductivity: 

 

Ὃ
Ὠ “‖

τὒ
 

 

During the course of this investigation, the conductivity of KCl was measured by a 
conductometer at the different temperatures (Tab. 2). 

 

Table 2 #ÏÎÄÕÃÔÉÖÉÔÙ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ +#Ì ÓÏÌÕÔÉÏÎÓ ɉʆɊ ÁÔ ÄÉÆÆÅÒÅÎÔ ÍÏÌÁÒÉÔÉÅÓ ÆÒÏÍ 20°C 
(room temperature, RT) to 40°C. 

 

 

 

Table 3 illustrate s a comparison between the measured channel conductance alongside 
the nominal channel conductance and their difference at various temperatures and for 
different electrolyte molarities 1 M, 0.6 M and 0.2 M. The measured conductance values 
were calculated based on the slope of the curves (I/V). The nominal conductance is 
obtained by calculating the conductance G  introduced in the equation 11, with L  being 
the channel length (12 µm) and dcyl  being the pore diameter value, obtained after the 
PNIPAM coupling (i.e after the ATRP reaction), determined by SEM. The discrepancy 
between these two values of conductance (Tab. 3), measured conductance with respect 
to the nominal one, should indicate indicate the contribution of conformational changes 
of the PNIPAM brushes. The temperature dependent conformation and solvation changes 
of PNIPAM chains affect the effective pore diameter. It was expected that at temperatures 
above the lower critical solution temperature of PNIPAM ( ֓ 32° C for PNIPAM in bulk), the 
pore effective diameter increases, in turn enhancing the ionic flow and promoting a higher 
pore conductance. 
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Table 3 Conductance of PNIPAM functionalized pores (measured, nominal and their 
difference) at 1 M, 0.6 M and 0.2 M KCl from 20°C (room temperature, RT) to 40°C. 

 

 

 

Discussion 

Nanopores created through ion track nanotechnology were coated by SiO2 ALD and 
subsequently functionalized with PNIPAM by ATRP. 

I/V curves of single pore membrane at room temperature (Fig. 61) showed that the 
polymer functionalization leads to a reduction of channel diameter, as evidenced by the 
decreased current amplitude. The effective diameter of the pore after PNIPAM 
functionalization depends on the length of the anchored PNIPAM brushes (82)  (85)  (74)  
(75) . 

Top view SEM investigation of the polymer membranes after PNIPAM coupling revealed 
the presence of the PNIPAM coating and enabled the identification and determination of 
two diameters values (Fig. 63) (141)  (142) . The outer diameter corresponds to the 
original track-etched channel, while the inner diameter is attributed to the smaller cross-
section limited by the conformal PNIPAM brushes at the channel walls. This size reduction 
is due to the length of PNIPAM polymer chains which block part of the channel section 
leading to a partial occlusion of the inner pore volume (143) . 

The temperature-dependent gating of PNIPAM functionalized membranes is investigated 
on multi-pores membranes at different KCl concentrations (0.2 M, 0.6 M and 1M) between 
20° C (room temperature, RT) and 40° C (Fig. 66). The measurements reveal an increase 
of current amplitude with increasing temperature (84)  (75) . PNIPAM polymer has a 
nominal transition point of 32°C when is not in confinement (143) . The I/V curves did not 
show any clear increase in the current amplitude at this temperature; instead, the current 
increase seems more gradual. This is in agreement with Alem at al. (85)  and is due to the 
contribution of the increased specific conductivity of the electrolyte solutions with 
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temperature. To account for the contribution of the electrolyte conductivity, the channel 
conductance was analyzed. Table 3 shows the channel conductance values, determined 
from the slope of the I/V curves, as well as the nominal channel conductance values, 
estimated from Equation 11. It is evident that there is only a slight difference up to 35° C. 
The conductance values at 40° C reveal a slight increase in channel conductance (74) , 
which is more evident at higher KCl concentration and less evident for low concentrated 
salt solutions. The effect of the temperature-dependent spatial conformation of PNIPAM 
brushes should consider the steric and hydrophilic-hydrophobic effects (84)  (85) . The 
steric effects rules the passage from the swollen state to the coiled chains, during which 
the hydrophobic group of the PNIPAM chains exposed coil, self-aggregate and collapse 
increasing the cross section and the current flowing. On the contrary the shift from the 
coiled arrangement to the swollen is governed by the hydrophilic-hydrophobic effect due 
to the contemporary presence of hydrophobic group and the hydrophilic one which 
decrease the effective cross section of the pore (84)  (144) . Experiments involving 
PNIPAM-functionalized pores obviously require a more systematic approach, with a 
controlled variation of the length of the polymer brushes with respect to various 
nanopore diameters and a more precise control of the cell temperature to enable smaller 
temperature steps.  
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Conclusion 

In this study, we developed and investigated the performance of hybrid sensor systems 
applied to two distinct membrane platforms: a 25µm thick Teflon membrane with a large 
100 µm pore and a 12 µm thin PET membrane containing a single track-etched nanopore 
of 150 nm. 

The application of the hybrid sensor system on both the Teflon and PET membranes yields 
similar results despite their differing characteristics. The pseudo-painting air-bubble 
technique is effectively utilized, resulting in successful protein insertion through the 
synthetic lipid membrane. Notably, the KcvNTS channels exhibit consistent behavior across 
both systems, demonstrating typical gating responses and sensitivity to barium blockage. 
This finding indicates that the performance of the channels is consistent, regardless of the 
surrounding membrane conditions. 

 

AFM provides valuable insights into the characterization of track-etched nanopores in 
PET membranes. It  clearly distinguishes between pristine and track-etched states, with 
the etched samples exhibiting identifiable pores. The investigation of synthetic lipid 
bilayers on the PET membranes demonstrates the presence of a lipid coating which leads 
to a general reduction in pore size. Furthermore, higher forces during AFM imaging 
highlight the fragile nature of the lipid layer, which can be easily disrupted, exposing the 
underlying PET structure. Overall, these findings emphasize the fragile nature of the lipid 
coating. 

 

Supporting experiments demonstrate that pore geometry significantly influences the 
conductance and ionic transport behavior in PET and PC membranes. A comparison of 
cylindrical and bullet-shaped pore geometries reveals distinct current -voltage 
characteristics, with cylindrical pores exhibiting ohmic behavior, while bullet -shaped 
pores displaying rectif ication behaviour due to their unique shape. Additionally, the 
etching time is found to correlate directly with pore conductance, indicating that longer 
etching times result in larger pore diameters and enhanced ionic transport. Variations in 
electrolyte concentration and pH affect ionic transport and rectification, with higher 
electrolyte concentrations leading to increasing ionic currents and pH influencing the 
degree of rectification in bullet-shaped pores. These findings underscore the critical role 
of pore geometry, electrolyte concentration and pH in determining ionic transport along 
the nanochannels of polymeric track-etched membranes. 

 

Moreover track etched membranes were functionalized using SiO2 coating along with the 
ATRP reaction for the coupling of PNIPAM. The I/V characteristics of single nanopore 
membranes at room temperature indicate that the PNIPAM functionalization leads to a 
reduction in channel diameter, evidenced by the decreased current amplitude. SEM 
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investigations enabled the determination of two distinct diameters in PNIPAM modified 
nanochannel: the outer diameter, corresponding to the original etched-channel size, and 
the smaller inner diameter, which results from the PNIPAM coating extending into the 
inner pore volume. The conductance of the PNIPAM-functionalized membranes has been 
investigated at varying salt concentrations (0.2 M, 0.6 M, and 1 M KCl) from 20° C (room 
temperature, RT) to 40° C. The measurements revealed a slight increase of channel 
conductance with temperature, specially above 35° C and at higher KCl concentrations, 
which was tentatively attributed to  the involvement of PNIPAM chains in pore 
conductance. Further systematic investigations are required for PNIPAM-functionalized 
pores. 

 

Our initial objectives included assessing the feasibility of using diverse membrane 
platforms for hybrid sensor applications and understanding the behavior of KcvNTS 
channels within these systems. We successfully achieved these objectives, demonstrating 
that the hybrid sensor approach can be effectively applied to membranes with varying 
properties as both systems yielded comparable functional outcomes. 
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Outlook 

This research contributes to the understanding of hybrid sensor systems by illustrating 
that membrane characteristics do not necessarily hinder the functionality of protein 
channels. The findings provide evidence that the pseudo-painting air-bubble technique is 
adaptable to different membrane types, enhancing the potential for future applications in 
biosensing and related fields. The consistent behavior of KcvNTS channels across platforms 
suggests a broader applicability of this channel in diverse environments. The exploration 
of pore geometry and functionalization further enriches our understanding of ionic 
transport dynamics and how parameters can be optimized for enhanced sensor 
performance. 

 

Despite the promising results, challenges remain, particularly regarding the scalability of 
the PET membrane platform. The small size of the track-etched pore complicates 
achieving large-scale reproducibility tests, which is a critical aspect for practical 
applications. Future research should focus on tuning the fabrication processes for the 
hybrid system in order to get the necessary reproducibility to scale-up the building of 
such a system. 

 

Looking forward, the implications of this study are significant for the development of 
hybrid sensor technologies. We recommend further exploration of the PET membrane 
platform, particularly in optimizing pore size and reproducibility techniques to facilitate 
broader application in biosensing. 

 

In conclusion, this study not only meets its initial objectives but also highlights the 
adaptability and potential of hybrid sensor systems in diverse environments. The 
knowledge gained here can guide future research and practical applications, ultimately 
advancing the field of biosensing and hybrid technology. 
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