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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 chemal
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 aspaomising 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 tems of durability,
reproducibility and stability. But even the latest generation okolid-state nanopores is in
comparison to biological channels much less ion selective and less sensitiea¢gulatory
signals.

The present work particularly focuses on nanostructures which are derived from
polymeric membranes in which asingle pore was fabricatedusing ion track technology.
This techniqueinvolves irradiations of polymer foils with swift heavy ionsavailable at the
UNILAC, linear accelerator of the GSI research center in Darmstadt (Hessen,
Deutschland). In this study, these poresserve as a templates for developing a hybrid
sensor system, which combines the robust single sohstate pores with the high
selectivity of biological channels. To this endwe integrated a synthetic biological
membrane (DPhPC1,2-diphytanoyl-sn-glycero-3-phosphocholine) at the tip of asolid-
state nanopore and functionally reconstituted an active, miniature size iorchannel
protein, the viral Kcwrschannel, 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 solidstate channels can be readilgontrolled due to their chemical
and structural characteristics in terms of dimensions, geometry, and sensitivitywhile
their surface can be specifically functionalized by a variety of approaches this work the

surface of multiple-pore polymer membrane was functionalized with the

thermoresponsive polymer PNIPAM, enabling temperatureegulated 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 performangg@aving the way
for innovative applications in biosensing and smart materials.



Zusammenfassung

Biologische Kanalproteine erfullen 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 Fahigkeit,
chemischeSignale zu erkennen und diese Wahrnehmung in eine regulierte Kanalaktivitat
umzusetzen, sind sie trotz ihrer inharenten strukturellen Fragilitat die besten Beispiele
fur elektrisch aktive Sensoren, die von der Natur geschaffen wurden. Festkorper
Nanokanéle hingegen haben sich als valide Alternative zu biologischen Poren
herausgestellt, um robustere und langlebigere elektrisch aktive Sensoren herzustellen.
Auch wenn das Design der Nanokanale von ihren biologischen Vorbildern inspiriert ist,
weisen sie gegenbier ihren biologischen Pendants wichtige Vorteile in Bezug auf
Haltbarkeit, Reproduzierbarkeit und Stabilitat auf. Aber selbst die neueste Generation
von synthetischen Nanoporen ist im Vergleich zu biologischen Kanalen viekeniger
ionenselektiv und weniger empfindlich gegeniiber Regulationssignalen.

Die vorliegende Arbeit befasst sich insbesondere mit Naporen in Polymermembranen,
die unter Verwendung der lonenspurtechnologie hergestellt wurda. Bei dieser Technik
werden Polymerfolien mit hochenergetischenSchweriionen bestrahlt,die am UNILAC,
dem Linearbeschleuniger des GStorschungszentrums in Darmstadt (Hessen,
Deutschland), verfigbar ist. Hier verwenden wir diese Poren als Vorlage fiur die
Entwicklung eines hybriden Sensorsystems, das die robusten einzelnen Festkérperporen
mit der hohen Selektiviat biologischer Kanéle kombiniert.Zu diesem Zweckvurde eine
synthetische biologische Membran (DPhPC, 1,2-Diphytanoyl-sn-glycero-3-
phosphocholin) an der Oberseitein die Cffnung einer Nanoporeintegriert und ein aktives,
miniaturisiertes lonenkanalprotein, den viralen KcwrsKanal, in dieser Miniatur
Doppelschicht funktionell rekonstituiert. Proof-of-ConceptExperimente bestatigen, dass
dieses System tatsdchlich die Moglichkeit einer funktionellen Rekonstitution eines
einzelnen aktiven K -Kanals an der Obrseite einer FestkérperNanopore bietet.

Die Struktur der Festkdrperkanéle kann aufgrund ihrer chemischen und strukturellen
Eigenschaften in Bezug auf Abmessungen, Geometrie und Empfindlichkeit leicht
verandert steuern, wahrend lhre Oberflasche einer Polymenembran mit mehreren
Poren mit dem thermoresponsiven Polymer PNIPAMfunktionalisiert, wodurch eine
temperaturregulierte Leitfahigkeit in Elektrolytldsungen ermdglicht wird.

Zusammenfassend prasentiert diese Studie ein hybrides Sensorsystem, das die
Robustheit von FestkérperNanokandlen mit der Selektivitat biologischer lonenkanéle
verbindet. Unsere Ergebnisse zeigen das Potenzial von Hybridsystemen fir eine
verbesserte Leisting und ebnen den Weg flr innovative Anwendungen in der Biosensorik
und bei intelligenten Materialien.



Sommari o

| canali biologici a base proteicasvolgono funzioni cruciali nella membrana plasmatica
delle cellule di tutti gli organismi. Negli esseri umani regolano la comunicazione selettiva
e controllata tra le cellule e I'ambiente circostante. Grazie alla loro capacita di rilevare
segnali chimici e di tradurre tale rilevamento in un‘attivita di canake regolata,
rappresentano i migliori esempi di sensori elettricamente attivi creati dalla natura,
nonostante la loro intrinseca fragilita strutturale. | nano-canali allo stato solido, d'altra
parte, sono emersi come una valida alternativa ai pori biologici per fabbricare sensori
elettricamente attivi piu robusti e duraturi. Anche se il loro design si ispira ai loro
omologhi biologici, essi presentano importanti vantaggrispetto alla loro controparte
biologica in termini di durata, riproducibilita e stabilitd. Tuttavia, anche ['ultima
generazione di nhanopori &, rispetto ai canali biologici, molto meno selettiva dal punto di
vista ionico e meno sensibile ai segnali di redazione.

Il presente lavoro si occupa in particolare delle nanostrutture derivate da membrane
polimeriche in cui €& stato fabbricato un poro utilizzando la tecnologia ioftrack
disponibile presso I'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 combinga robustezza deipori allo stato solido con I'elevata
selettivita dei canali biologici. A tal fine abbiamo generato una membrandiologica
sintetica (DPhPC, 1 &ifitanolo -sn-glicero-3-fosfocolina) sulla sommita di un nanoporo e
ricostituito funzionalmente una proteina canale attiva di dimensioni miniaturizzate, il
canale virale Kcwrs nello spessore detloppio strato sintetico. Esperimenti di verifica del
concetto confermano che questo sistema offre effettivamente la possibilita di ricostituire
funzionalmente un singolo canale Kattivo nella parte superiore di un nanoporo allo stato
solido.

La struttura dei canali allo stato solido puo essere facilmente modificata grazie alle loro
caratteristiche chimiche e strutturali in termini di dimensioni, geometria e sensibilita
mentre la loro superficie puo essere specificamente funzionalizzata con una varieta'di
approcci. In questdavoro, la superficie della membrana polimerica pori multipli e stata
funzionalizzatacon 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 nanecanali allo stato solido con la selettivita dei canali ionici biologici. |
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.



| ndducti on

The present research was part of the INAPO project {on conducting nanopores) a
platform for interdisciplinar researchwith the goal to build a micro-device sensoron the
basis ofchannel pores formedical diagnostics The design of such a deviceas inspired
by biological processes of signal sensing and electricalqeessing In biological cells, such
sensor systensare known as receptordor distinct chemical and physical stimuliA highly
sensitive and selective peteption of such stimuli triggers a chain of signaling steps and
consequent cellular responses. Many of these cellular siglling 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 sigl/response system are
neurons, where a stimulus peception is converted into an electrical signal propagation
along the axonswithin the central nervous sysem.

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 fragie. Techntal solutions of sensing and
ion conductingsolid-state nanoporeshave 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 ths INAPO project was to combine the advantages of the biological systems
with the rather robust artificial solid -state nanoporesin a hybrid sensor system. One of
the approaches in this endavor 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. Howeveim 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 simplebiological channels with track-etched polymer nanopores
subjected to different modification e.g.lipid bilayer assembly,atomic layer deposition or
PNIPAM couplingdepending an applications. In a prove of concept such a compositinit
should pave the way for robust and sensitive complex sensoedices.
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conceptualization of the cellular membrane architecture. Based on thermodynamic
considerations, the model providel a structure composed of aphospholipid bilayer,
exhibiting on either sidetheir polar head oriented towards the acqueous phaseFrom a
structural point of view, the lipid bilayer is a non covalent associatiof phospholipids,
sfingolipids, glicolipids, sterols andoroteins, characterized by a certain fluidity due to the
presence of cholesterol moleculeq1). This planar bilayer contains membrane proteins
which are freely floating in the two dimensional plane of the membraneRecent studies
of biological membraneshave shown that the bilayers aremuch more complex and
heterogeneous than predicted by the Singer and Nicholsonmodel. A variety of
phospholipids with different length and degree of saturatioras well as different amounts
of cholesterolform distinct regions in the plane of the membranevith diversethickness
and degree of fluidity. With this new information, the original model has been revised
substituting the principle of random distribution of proteinsin atwo-dimension planes
by into a nonrrandom and highly heterologous proteins arrangment (2) (3).

Structurally, the cellular membraneis a complex and diverse environment, characterized
by different properties. The external borders are constituted by the polar hea@roups of
phospholipids, which establish hydrophilic interaction with the acqueous environment
and an innerthicknessthat consists of the acyl chains of the phospholipgjwhich create
the central hydrophobic core of the bilayer. This bilayer serves as the solvent for
membrane proteins. The latterare therefore mostlycomposed at the protein/membrane
interface by hydrophobic amino acids The bilayer spanning part of membrane proteins,
the socalled transmembrane domains, are build o&lpha-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 changeslependingon cell type or organelles and
within the same membrane the inner and outer leafletscan show different lipid
compositions (3) (1).

Functionally, the lipidic layer creates acell compartimentalization which separates the
living part of the cell from the outside.In the same way endogenous membranes fim
specialized cellular canpartments inside the cytosol of a cell. The main function of the
lipid bilayer is to create a very highenergy barrier for the diffusion of small charged
moleculesand for large molecules irrespectively of their charge. To guarantezhemical
processes inside of the celbbr inside the cellularorganelles the surrounding membranes
must be semipermeablemeaning that essentiahutrients and ions are allowed to diffuse
inside the cell and that unwantedmnolecules are transportedinto surrounding milieus (4)

3).



The functional properties of lipid bilayers are characterized by nultiple physical
parameters, such as thebilayer thickness, surface charge distributionlateral pressure
and membrane fluidity; the latter canvary along the bilayerwhich in turn can affects the
dynamics of membrane proteirs (1) .

The cellular membrane separates twodifferent milieus with different chemical
compositions. There are on the internal sidghe cytoplasm andon the external side the
extracellular fluid. Sincethe intracellular and the extracellular fluids contain ions and are
henceconductive and since the bilayer is an insulatgthe membrane/fluid system can be
represented as a capacitor, i.eequipped with two plates holding different charges,
positive and negative. The phospholipid bilayer resembles an insulator becausedt
separates the inner space from the outespace(Fig. 1).

Each membrane is characterized by a specific parameter migted Odpacitance
expressed in units of Farads (F). It is proportional to the cell surface arelhat determines
together with the inherent resistance of themembranethe time constant,i.e. the velocity
with which the capacitor is loaded in responséo a change ifnembrane potential (4) (5)

(6).

QOutside

| |2

Figure 1 Equivalent circuit of cellular membraneTlhe lipid bilayer can be representieas
an electric circuit equipped with a resistor (Rm) and a capacitor (Cm) in para(lé).

The inherent resistance of the ipid bilayer is very highand does not allow the diffusion
of ions. For the transport of essential ionsacross the membrane barriercells have verious
types of membrane transport proteins in theirmembranes. D@ending on their modeof
action, they are classified as active transportersvhen they hydrolyze ATP and use this
energy for the transport of molecules against their electrochemical gradient.
Transporters for a passive downhilldiffusion of molecules are classified as antiporters or
symporters. A special type of transport proteins which catayses the rapid and selective
transport of ions across membranes are ion channeld) (8).

|l on channel

The communication between the differentparts of a living organism takes place by
electrical messageswhich are transmitted over long distances from cell to cell The
cellular signal conductanceis basedon the presence ofvarious ion channels These are



macromolecular proteins which exists in prokaryotics and eukaryotics. The electrical
current of ion channels is generated byjon fluxesthrough these channel proteing4) (9)
(8).

lon channels are multisubunit protein s, which havewater filled poresin their center that
are able to conduct ionsA key feature ofion channels is that they stahastically fluctuate
between an open and a closed state. Blyis so called gatingmechanism they control the
flux of ionsinside or outsidethe cell depending on the physiological nee{4) (10). Any
change in themembrane resting potential as well as changes in the concentratioof
critical ligands are able tomodulate theopen or closedstatus ofthese gates and integrate
in this way the activity of channels into the physiology of the ce(D) .

Relevantstimuli are therefore detected by sensor domaing the channel proteins and
then translated into an openingor closing of the gatesDependng of the nature of the
relevant stimuli, channels are classified into different families. ®ltage sensitive channels
e.g, have adistinct voltage sensordomain, which detects changes in the electrical field
across the membraneand activates the channel in a voltage dependent manndigand
gated channels have binding sitedor relevant molecules on the extracellularor
intracellular side; upon high affinity and selectivdigand binding they open or close a gate
in a respectivechannel protein. During their operating activities, all of these channels
show phenomenasuchas delays, inactivation and desensitizationgt) (8) .

| on channeh prptyeiimd o goyp haynsdi oplaa g y

The adivity of biological pores such asion channel proteins is determined bygating, i.e.
by stochastic switching between open and closedhannelstates (4) . lon fluxes are only
possible when the channel protein isn an open state. Research on ion chanrsah the last
decadeshas shown that the stochastic fluctuation betweempen and closed state is an
inherent property of the channel protein (4). These features are aleady present in
primitive procaryotic channels as well as in the miniature siz&cv type channels from
viruses.More complex channel proteirs, which are active in highly evolved organisms like
humans, senserelevant physical and chemical signals in the cells or in their external
medium and translate these signals ira stabilisation of the open or closedstates of the
respective channels. In this mannercells can integrate the required activity of an ion
channel into the physiology of a cellA prominent example are voltage sensitive K
channels. Whenthe membrane potential depolarizes during the onset of an action
potential, the change of the electrical potential is sensed by specifiomains inthese K
channels. This in turndestabilizedthe closed state of the respective Kchannel resulting
in its activation. This ativation results in a repolarization of the membrane and a
termination of the action potential (4) (11).

While channels are important in manyphysiological processes of cells, theimalfuntion
frequently leads to various pathologies called channelopathies(12). In 1989 it was
already shown for the first time that the ion channel mdunctioning is causallyrelated to
an inherited disease namely cystic fibrosis(13) (14) (15). Other examples for
channelopathiesare found in tumor growth and metastasislevelopment The respective



channelsindirectly vascularize the tumor mass,because of theneeded 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 factor§l5) . Both cationic and

anionic channelsare significant in the appearance of tumaos and in their spreading via

metastasis

Other examples for the impact of channehalfunctioning in pathologiesare evident in the
hereditary transmission of several genetic diseasgsuch aselevated blood pressure,
diabetes, cardiac illness, deafness and epilep&l6) . Particurarly the potassium channels
have been shown tglay arole in cellular proliferation, volume regulation and apoptosis
(17) . In this context, it has been proposedhat ion channels are criticaldrug 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 channel

Potassium channed are characterized by ahigh cationic sensitivity; they have ahigh
preference for K, over Na and Ca. Channetswith these features arefound in the plasma
membrane of different types of celt, excitable and not excitable onegl1) (16) (18).

Depending on the type of cellK* channelsperform 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 cellsfor example inthe 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 gellike substance characterized byahigher potassium ion concentrationrelative
to the extracellular environment. The concentrationgradient of Na exhibits the opposite
direction. As soon as a Kchannelreceives a signalhich favours opening of its gate, the
membrane potential moves towards the reversaloltage for K (EK*). In animal cellsEkK*
is the most negative diffusion potential with the effect that opening of K channels
generally causes membrandayperpolarization. This type of hyperpolarization occurs in
particular in electrically excitable cells where the activation of K* channels causeghe
repolarization of the action potential.

Different potassium channelscan bedifferently regulated. This can occuron different
levels ranging from a control of protein synthesisand intracellular trafficking to post-
translational regulation. The best studied mechanism ithe regulation of K+ channels on
the level of gating. The gatesf different channels aretypically sensitive to different
physical stimuli and/or distinct ligands . The former stimuli include membranevoltage or
mechanical stretch of the membraneThe latter ligands can beCa&*, cCAMP otintracellular
factor suchas G protein, nucleotides or polyaminegl6) .

The diversity in channel regulation is also reflected in a diversity othe structure within

the family of potassium channelsFunctional potassium channe$in generalare homo or
heterotetramers, mearing that they are made by fourmonomers which form a central
ion-conducting pore. This pore is flankedby the pore helix and a selectivity filterof each



subunit (20) . The basic representation of the unistructure or pore modul of a potassium
channelrequires two hydrophobic transmembrane domain (TMD) segments, TMD1 and
TMD2

The latter are on the external sideconnected by a linkerwhich contains the pore helixor
P domain An important part of this domain isthe selectivity filter sequence(4) (21).

Within the family of K* channel each member contains the aforementioneplore module
with 2 TMDs. This architectural principle with 2TMDs and one porgd2TMD/P) can be
considered as theamost basic and ancienblueprint of aK* channel During evolution more
complexbuilding principles occurred in which additional transmembranedomains were
added. The totaihumber of TMD can vary from twao eight TMDs depending by the class
of channel. The schematic desigrnn Figure 2 represents the basic building principles o#ll
known K* channek. According to this a monomerof a K channelcan contain 2TMDs or
6 TMDs each with oneselectivity filter containing pore (P) domain. Other K channelsare
build of dimersof 4 or 8 TMDs with two pore domairs (20) (Fig.2).In a functional channel
4 of the ZTMD/P or 4 of the 6TMD/P units form a tetramer. In the4 TMD/2P and the
8TMD/ 2P the functional channel iscomposed of a dimer of these units.

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

Tetrameric 2TMD/P channels areinwardly rectifying K* channel(Kir channels); also the
bacterial KcsA channel belongs to this type of channel&he inwardly rectifying potassium
(Kir) channel exists in seven subfamiliesThey aremodulated by diverse mediators
dependng on their localization. They conduct potassium flux in response to membrane
hyperpolarization (11).

The dimeric4 TMD/2P channels formthe weakly inwardly rectifying K2P channek. They
are gated by anionic lipids as well as mechanic stresemperature and pH(11).

The tetrameric 6 TMD/P channels are mostlyvoltage-gated K* (Kv) channels which
generally also exhibit distinct sensitivity to ligands Kv channelshave in the 4h TMD an
array of cationic amino acid, which serve as senséor changes in membrane voltage; they
are a key featureof the voltage sensitivity of these channels. For ligangating these type
of channels possesses cytosolic domains at @d N-terminus with high affinity binding
sites for regulatory molecules (11). Exception from these most common building
principles are the Ca&* activated K channel(BK), which has anadditional TMD (TMDO)
upstream of TMD1 (7 TMD/FL).



A channel withan 8 TMD/2P structure is onlyfound in yeast(1).

ST % 4TMD
S

Cu < -

C N c

l L ’ 4 6 TMD 8 TMD

~

C N c

Figure 2 Schematic representation ofl@sses oK* channek.Each monomer contains at
least one poreforming core containing two transmembrane TMD helices witlpare helix
(blue) and aselectivity filter (orange) and their respectiveamino group (Nterminus) and
carboxylgroup (Gterminus). A functionalK* channelconsists of a tetramer a2 or 6 TMDs
subunits or a dimer of 4 or 8TMOR0).

In spite of this structural diversity within the family of K* channels, they all show a
common structural feature namely the so calledselectivity filter in the loop which
connects the two TMDs in the pore domain; this filter domain is downstrearof the short
pore helix or the so calledP-loop. In thetetrameric organisation of the channelmonomers
this filter sequence lines the water filled pore ang@enerates the most narrowpart of the
ionic pathway. In all K- channelsthe respective amino acid sequence is highlonserved
definingasocalled OE CT A O 0 O Af altkA dhdhdels A obritains a sequencef eight
amino acidTMxTVGYGn which the threonines and the glycine-tyrosine-glycine motive is
with small variations obligatory. In some K channels athreonine is substituted by a
serine or the trypsine by a phenylalanine. But essentially this highly conserved domain
determinesthe high K over Na selectivity in form of the the selectivity filter (16) (22).

The viral potasss um channel : K

The viral potassium channel KKwTsis amongthe smallest membes of the family of K*
channels In a homotetramer, eachmonomer contains 82 amiro acids and thereforeis
fully embedded into thethickness ofthe lipid membrane (23).

In spite ofthe tiny dimensions of the channeprotein, it exhibits a robust channel activity
when expressed in different heterologous systeslike HEK293 cells, planar lipid bilayers
and horizontal bilayers derived from giant unilamellar vesicles (GUVs).
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Structurally the Kewrsis very similar to the Kcwarcva, the two channelsonly differ in a few
amino acidsin the first transmembrane domain. Bothchannels sharethe signature of
selectivity filter with the rest of the membersin the family of potassiumchannels

Under different experimental conditions, Kcwrs shows a systematic behavior whena
transmembrane potential is applied. The single channel recordingn 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 pSheopen probability of the channelis high
over the entire voltage window. The dannel gating behavior is characterized by
continous activity in which the channel is in its open statenterspersed with only short
closed states Theopen probability is almost reaching 100%. Theclosings appear as fast
events or incomplete transitions due to the limited temporal resolutionof the recording
system. These unresolved closing eventst negative voltages aredefined as flickering
events(23) . Figure 3 shows traces of kewrs single channel activityrecorded in different
systems
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Figure 3 Recorded traces dfcwrssingle channel activity in heterologous expression
systemsThe traces reort singlechannel activity at 60 mV with C and O representirg
open and closed statéctivity of a viral potassium proteirproduced in Pichia pastoris and
reconstituted in symmetric planar lipid bilaye(a). Rotein producedin a cellfree system

in symmetric planar lipid bilayer(b). RFotein produced in Pichia pastoris and reconstituted
in a horizontal bilayer from GU\c). Channel activitymeasured byatch-clampin plasma
membraneHEK 293 cell$23).
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The Crystal structure

The first atomistic understanding of the ion conduction through paassium channes
occurred in 1998 after the determination of the first X ray crystal structure of a K
channel The 3.2 A resolution analysis was accomplished by MacKinnand colleagues
for the KcsA channela bacterial K- channelisolated 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 witha 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 architectureesemblesan inverted tepee, a structural element
which has been confirmed as a common structure for the pore of ak* channels The
selectivity filter is foundin the wide end of this structuretowards the outer medium (11)
(18) (25).

TURRET ~  SELECTIVITY
\  FILTER

Figure4 The KcsA tetramer.The four subunitsare shownin a sterec3Dview in four
different coloursfrom horizontal and perpendiculamperspective(18).

In the following decade afterthe first X-ray crystal structure analysis by the McKinnon
group, new crystal structures were obtained forthe KcsA K channekat higher resolution

of 2 A (4) with and without blockers in the filter (24). Subsequently alsothe high

resolution structure of other bacterial K channelssuch as othe MthK (26), the KVvAP a
voltage-gated channel(27) and the KirBAC (28) were obtained. After establishing the

cryo-EM technique an advanced imaging techniqueat near-atomic resolution, to

investigate the structural resolution of membrane proteinsalso the structures of many
eukaryotic K* channels have been resolve(®9).
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The permeation pathways

The main functional features of ion channelsare permeation and gating.In potassium

channel the permeation is defined as theselective flux ofK* relative to Na from one side
of the membrane to the oppositeside. The functional principle in terms of permeation of

all potassium channes can be derivedfrom the KcsAchannel and the structure of its

selectivity filter (24) (30).

In a side viewof the channel structure one cambserve anintracellular constriction which

corresponds to theinner gate. A constriction towards the outer side of the channel
functions asselectivity filter (24) (25).

The K+ channek are able to perform avery fast and at the same timea very selective
transport of K+ over the cations. This is made possible bygpecific binding sites insidethe

filter for potassium ions. These binding sitess, &, S and S are formed by the carbonyl

oxygens of the amino acids sequence TVGY4 (8) (24). The negative charge®f these
carboxyls are organized ima geometry in which they are replacing the negative charge

water molecules in the water shell aroundhe 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 callgues proposed
that only two potassium ionsat a time occupy the filter, avoiding a tight binding. The
couple of ions binds either in $and S or S, and S with free potassium sites being
occupied by water moleculesFor acontinuos flux of ionsthe entry of a new ion into the
filter causes a boundon to move forward by one position(11) (24).

The high selectivity of K+ over Na- was explained bya so calledsnug-fit model which
postulates that the dimensions ofthe Na* ions istoo small to fit into the distinct cage of
carbonyl residues provided by the geometry of the selectiity filter. In this way it
discriminates between the smaller Na* and the larger K ion and provides aperfect
snugly-fitting only for the dehydrated potassium ion Henceeven thoughNa* 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 asnydstienmacti vati on mechani sm

The stochastic openingand closing of K channels is described agating (30) . Biological
channek are characterized bycomplex gating systems which permit them to switch
through different states: closed,resting, activated and inactivated. When the iomoves
through the pore the channel is openin the most simple cas¢he channel can fluctuate
directly from a closedinto an open state and back. Howevein physiologically relevant
proteins, gating is often more complex Before entering the open state from theclosed
statethe protein canpass throughdifferent distinct resting states(11) . The same complex
gating may occur for returning from the open, back to the closed state.

Viral potassium channes as well as prokarytic and eukaryotic K* channek contain two
types of gates one at the entry into the cavity (inner gate) and one in the selectivity filter
(filter gate). In the caseof the most simple K channels, the viral Kcv type channels, the

14



structure and function correlates for both gates are well understoodFor the model
channels Kcwrs and KcvS it has been shown that the selectivity filter (SF) gate is
responsiblefor a typical flicker gating in these channels which is so fast that the fudpen
state is not resolvable(32). The presence of a very longived closed state in Kv in
contrast is generated by the cytosoligate. The latter depend®n the presenceor absence
of aserine in the inner membrane helix This cytosolic gate isnechanically dependenion
the formation/breaking of an intrahelical H-bond and the subsequent reorientation of
the adjacent amino acid F78 at the entrancef the cavity (32) (33).

Bl ocker s

The basic functionsof K* channelsi.e. ionconduction as well as gating are occurringn
the pore domain (34) . These essential activities can be inhib&d or modulated by specific
blockers. Intense researcton the pharmacology of K channel has been used to better
understand the structure and function relationship in these proteins and even more to
developtherapeutic tools for inhibiting K+ channel activity.

One of thecanonical blockers of ptassium channels which has beenemployed for
studing the function of these channelsare Ba?* ions.

The Xray crystal structure of KcsA K channek accomplished by the MacKinno group
revealed the location of the selectivty filter (Fig. 5) and consequently allowed the
localization of the barium sitesin the filter of the channel(35).

A | B

Cutside

Membrane

Inside

Figure 5 Representation of Kcsghanneland K binding sites intothe selectivity filter. (A)
Two offour channelsubunits are represented (in blue) with the relative selectivity filter (in
orange). The K(in green) are located in the permeation pathwa{B) Sick-description of
the filter with the four binding sites (S54)(35).
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The selectivity filter of the KcsA can @opt two different conformations dependingon the
potassium ion concentration. Inthe presence of lowK* concentration, the channelis
closed andin 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 enteiing of K* ions
results in a conformational changethat allows the occupancy of site 2 and &ig. 6).

collapsed conductive

1 ion distributed over 2 sites 2 ions distributed over 4 sites

Figure 6 KcsA seledtity filter. The selectivity filter caradopttwo different conformations,
the collapsed(left) and the conductive(right) statein dependence of thetfon
concentration(35).

The structural data show that theselectivity filter of the channel has a dimension which
allows binding of B&* in a canonical K binding site at the exit into the cavity Figure 7
shows a 2Fo-Fcelectron density map i.e.a representation used in Xray crystallography,
that highlights the differences between observed and calculated electron densities,
helping visualize and refine the threedimensional structure. This is possible because the
radius of the K ion (1.33 A) is very similar to that of Baion (1.35 A), so that B&* 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 Kns (35).

Thereversible Ba?* block occus from both side ofthe channeli.e. fromthe extracellular
and intracellular side. But detailed examinations of the Bd block haveshown that the
bivalent ion producesa stronger blockage when applied tohe internal solution. It seems
as if theassociation ratefor Ba?* binding to a blocking ste is higher on the cytosolic side
than from the external side suggestinghat Ba2* may have at least two different binding
sitesin the filter (7) (36).

The blockng of K+ channels by B&" ions is typically also sensitive to the ptassium
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concentration in the solution, suggesting a mutual relationship between transported and
blocking ions. One mode of interactionis explained by a lockin effect in which a low
external K* ion concentration prevents the exit of B&* 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 favourdissociation of B&* from the internal blocking sideyielding a reduction of the
burst time and fast channel opening36).

Figure 7 Occupancy of Bainto the KcsA selectivity filterThe2Fo-Fc electron density map
showsthe Ba2* (in magenta) and theH20 (in red) into the selectivity filterBa2* ionsbind
at site 4 and 2of the filter (35).
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Solsitdntaastdannel s

Nanoflamndlielsectrostatics in | iquids

The process of fluid flow in an object with size in the nanometer range (€00 nm) is
named nanofluidics. Solidstate nanochannels withcontrolled geometry andhigh surface-
to-volumeratio represent an ideal model systems fonanofluidic studies becausat allows
the study of sizedependent physical phenomena that do not take place at microfluidic
and macrofluidic scales (34) (35) (36).

El ectrical Deswbl feoalehw cetr a manda

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 chasyeThis
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, thepecific
surface density, of positive or negative chargess given by Egation 1:

Eq.1

where qi is the netcharge of ioni and A is the surface areaonsidered

At a defined pH value of the surrounding solution, the polymeric surface of nanochannels
is neutralized (denoted as point of zero chargegzc); 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 ansh the surface.
These interactions affect the ionic transport within nanochannels (35) (41) (42).

Over the years, dferent 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 solutia. Later on, Stern criticize ths concept asit
doesnot apply to highly charged L, i.e.at higher concentrations and at potentials away
from that of zero charge. To address this problem, Stern introduced theso-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 nehydrated coions and
surface-adsorbed counterions, 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[ 4. Beyond this lies the diffuse layer, which contains mobile
co-ions and counterions. An imaginary plane is the slip plane thaeparates the mobile
ions in solution from the surfacebound ions, it is characterized by the- potential and
depends on the pH and ionic strength of the surrounding electrolyte solution (43) (44)
(45) (46).

inner Helmholtz plane
outer Helmholtz plane
slip plane

é':';- Qo «— water molecule

cation, hydrated

spedifically adsorbed ¥
cation, partially hydrated [3

Y

g D36 aa%&%g . »

e e o %339* » D
H_L T

Figure 8 Electrical Double Layer organizationersus the distancéz) from the pore wall
based on the Goug€hapmannStern model with the relative potential distributios . The
negativdy charged surface is characterized by a negative surface poterdrad consistsof
three different layers:the inner Helmholtzplanelayer (i.), the outer Helmholtz plane
layer (¢ 4) and the slip planeY) (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 ‘ [of an ion i into a liquid phase assuming constant temperature and pressure
(Eq.n° 2).

‘T “+qF * YYTP &Ood fo Eq.2

where * is the chemical potential,j isthe O A1 A 1EAN MhF the Faraday constantand
[ is the electrical potential which dependends on the surface charge The
OOAT AEAABAART &ERD, Ris the gas constant,7 the temperature,[ the
activity coefficient, ¢ the ionic molar concentrationand ¢ the standard molarity (1 mol
L-1).

The achievement of the equilibrium conditiorrequires that all along the solid surfacghe
electrochemical potential of the ion is everywhere the same ([ 1) and that the
electrical and diffusional forces on the iorn are balanced(n C OA & x o ) yielding
Equation 3.

‘ AF T Eq.3

The dectrical potential of a charged surface in contact with a liquid diminisles along its
diffuse layer in dependence of the Debye length "Q , beingll the DebyeHiickel
parameter, which coincides with the the EDL thickness. Thé&DLdimension is inversely
correlated with the molarity of the salt concentration of the solution in which the
nanochannel is immersedIn high-concentration salt solutions the EDL is thin, while in
dilute solution it becomes thicker. The Debye lengtho 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 fearious KCI concentratiors
and the related Debye length_o. A simplified schemeof the EDLand_ for high and low
salt concentrationsis shown in Figire 9.
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Table1 Debyelengthy _for various salt solution concentration.

KCI concentration(M) Debye lengthy _(nm)

100 0.3

101 1.0

102 3.1

103 9.6

104 30.5

105 96.3
o @|High ionic strength ° o Low ionic strength .
@ (G-
® © —@ 5 é 5 @ @ _&) _ _|®
° ®_ @®_ © © ® e
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Figure 9 Schemeof EDL thicknes$or high and lowionic concentrationof the electrolyte A
thick Debye layer can significantly reduce the inner channel voluemne block ionic flow
through the nanochannel(37).

The concentration of the ions in the electrolyte solution defines itonic strength /s

"0 - on Eq.4

The EDL thickness or Debye length is describedas followed:
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El ectrokinetics effects in nanochanne

Electrokinetic studies describe the effectswhen charged atoms or molecules move
through a fluid under the influence of an electric field. In nanochannels various
electrokinetics processes including electreosmosis and electrephoresis 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 guidepositive 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 elect@msmosis process as the
overlap of their thicknesses follows the electric potentiaf (¢) (48) (49).

Figure 10 Potential distribution in a nanochannel. The EQdxtends from the surface into
the surrounding electrolytgdashed lines). For small channels, the layers may significantly
overlap modifying the resulting potentia{solid line) (37).
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Conversely to the electreosmosis process, the electrgphoresis 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 electiphoretic mobility. It is capable of
screening the charge of any molecules immersed in an agueous medium. In presence of
an electric field, the molecules become completely wrapped byobile counter ions that
carry opposite charges resulting in fluid movement because of the electasmosis
appearance. In reality, the movement of ions in a fluid medium is rather complicate
because of the contemporary presence of géons, which can either increase odecrease
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 statis 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 manochannel can basically
be represented by two equationsthe Poisson(Eq. 7) and the NernstPlanck equation(Eg.
8). The electrical potentialin a nanochannel is described by the Boltzmann equation

o . ® Eq.6

with the electric potential[ due to the surface charges of the channel anddenoting 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 equatiditq.7).

r —B G(I) Eq.7

where ¢ds the valence of iodQc the ionic molar concentration,-o the permittivity of free

space,-i the relative permittivity of the polymer in which the nanachannelis fabricated

and F the Faraday constant.In presence of an electrical potential applied across a
nanochannel, the ionic transport is described by the extended Nerngtlank equation (Eq.

8 h xEEAE Al i AETAO &EAEBJO0 1 Ax OAT AGAA 111 AA
potential and convective transport.The flux Jof ion i is influenced by the diffusion flux,

the flow of molecules under the electric field and the convective flux within the
nanochannel.D denotes the diffusion coefficient of ion/ and v the convective velocity,

the direction of which is dependent on the surface charges of the nanochannel (35).
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0 0 GO —Oow 0 ® Eq.8

Nanochannel acnhodnnd uccut rarnecnet recti ficatio

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 eves that
take place at the liquidsolid 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 impedanceZ of a circuit is given by the applied potential difference or
voltage V/ divided by the current /; the unit of Z is Ohm(Eq.n° 9) (51) (52).

G - Eq.9

The conductance of amanochannel dep@ds essentially on its geometrical symmetry and
chargesdistribution andis mathematically given by the slope of the I/V curve

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

0O - - Eq.10

Consideringa cylindrical pore with diameter dand length L, filled with an electrolyte of
specific conductivity Il the conductancecan becalculated with Eq. 10 and 11

Eq.11

If the porelength L and the electrolytes specific conductivity are known, the diameter
deyr0f a cylindrical nanochannel can be determined by current/voltage measurements
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T Eq.12

In case of a conical pore geometry, the tip diameta;p or the base diameterD can be
determined with Equation 13, knowing the other one (e.g. after determination by
scanning electron microscopymeasurements:

0 Eq.13

: 00 Eq.14
2 TETo

The current/ voltage (I/V) relation for cylindrical and conical nanoporemay significantly
differ for very small pore openingasp . Typicalcurveasare graphically representedas 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 1/V curves, while conical
poresmay 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 1/V curve is represented
by a linear curve indicating aclassical ohmic behavior.

On the contrary, the geometrical asymmetry of conical pore is graphically characterized
by a rectifying curve characteristic for a dioddike 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 degreean
be tuned by of the type ofurface chargegFig. 12) and by thepH or concentrationof 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 dioddike behavior (37) .

The efficiency of rectification is defned as rectification factorfec:

0 Eqg.15

It is calculated by the ratio between the higher current/conductance value and the lowest
current/conductance amplitude at a given voltagg41) .
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Figure 12 Rectification currentfor differently charged conical nanoporegnion selective
conical pore (red)and cation selective pore (bluednder the applied voltageectify the

ionic current in opposite directions witla different conductanceamplitude (low
conductancethin arrow; high conductancethick arrow). Positivdy charged poresreach
higher conductance stateue to the anions movement entering the pore tip when V<0. For
negatively charged porgethe higher conductance state is due to the amount of cations that
entersthe 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 revengdtage 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 curren{42) .
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Nanag@ot echnol ogy

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 medicinerelated fields, particularly as a source for future gnostic
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 anghvestigation
of the current flowing through an aperture represented by the nanopore One of the first
example of nanopore recording date back t01953, known asCoulter counting, a tool
which demonstrates that the ionic current flowing through the nanopore is affected by
the movement of small objectsvithin the pore (44).

Later, in 1970, the same approach was applied to &iological cellular membrane
membrane, where the investigated ion channelsdemonstrated their ability in
controlling the ion flux in response toa 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 specificesponse. Similarly, solid state pores when

OOEIi Ol AOAAh AAOEOAOA OEAEO OAOPITOA ET EOC
OOAT OAOAOGETT 6 OEAO EO OAOA Alollade refaiionshAip (V) A E /£EE |
(40).

Several methods exist to fabricate soligtate single nanoporesranging from electron

beam lithography (EBL) and focusedion beam (FIB) that utilize respectively focused

electron or ion beans (47) (48) . Afocused laser beamsan dso be appliedusingthe laser

ablation method (49) . In another method thermal annealingis applied to promote pore

formation by defect migration and coalescencwith the ability to fine -tune the process by

adjusting temperature and duration(50) . And lastbut not least,the ion-track technology

involves irradiating a polymer film with high-energy particles The ionscreate latent

tracks that can be chemically etchethto nanopores(51) . In particular in this work single

solid state nanoporeswere fabricated bythis method.

One of the most common types of materials employed for the development of biomimetic
pores by the iontrack 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
nanochannelspy selecting specific etching parameters

In past years, a variety of nanopores have been developagrious functionalization and
coating strategies were developed including layer by layer assembly, covalent coupling
and hostguest chemistryto develop pores sensitive to stimuli such as temperature, light,
pressure, potential, reduction/oxidation, pH or specific moleculesThe 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 efé of the input signals
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Is usually monitored by recording currentvoltage 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 devicesith

potential for broader applications.

SUPRAMOLECULAR DNA Ass

HosT-GUEST CHEMIS
FUNCTIONALIZATION .
STRATEGIES
ON
PLasMa POLYMERIZATION
CovALENT COUPLING

(

PHoToLABILE MOLECULES
PePTIDE NUcCLEIC AciDS
Azo CoOMPOUNDS
POLYELECTROLYTES
CONDUCTING POLYMERS
Repox PoLYyMERS

" e
CROWN ETHERS (—" °3 g
APTAMERS ‘Q@") R
ENZYMES T 3
ha -
HYDROGELS \_> AR A
ANTIBODIES Ju Buﬂdll‘lg

GATING MECHANISMS:
- STERIC EFFECTS
= SURFACE CHARGE

ACTUATION oF
MOLECULAR \DNA
COMPONENTS

Blocks

VIA EXTERNALLY

High Surface

MobuLATION

APPLIED FIELDS ( 5% o« &0 o See, | - WETTABILITY SWITCHING
| e
Low Surface
Charge Density
Z }g
; T Asymmetric - A
r High Surface = »
| PH ! + Charge Densily Nonagare ﬁ:’ -ﬁ?
LIGHT Cument Drop GATING f
v uf
TEMPERATURE 2 S Suine SWITCHING
Charge Density
MaGNETIC FIELD v
| ANALYTE CONCENTRATION cylindrical TRANSMEMBRANE
Nanopore loNnic CURRENT

| ELECTROCHEMICAL POTENTIAL

CHEMICAL,
P AL AND
BioLoGicaL STIMULI

MOLECULAR-LEVEL PREDICTABLE
CHANGES ON THE PHYSICOCHEMICAL
NANOCHANNEL OR

CHANGES IN THE
NANOPORE

WaLLS

NANOPORE PROPERTIES

Figure 13 Nanofluidic device architecturesSignals of different nature as biologicsl
chemicakand physicas can be transduced into iontronic signals capable of the
accomplishement of various gating mechanisift).

29



Nanopor e yfslsweiashids i t i vity range

lon-responsive solidstate nanoporesare smart systemghat determine the movement of
ions and theoverall transport characteristics. Numerous nanopore systems based on this
concept have beerdeveloped 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 fingeflike conformations. The effective channel diameter
can be modifiel depending on the ZA&* concentration (53) .

Many approaches of ionic responsive polymers followed the principle of ions selectivity
in the regulation of gatingstates ON/OFF.Polymeric pores (PET/PI), functionalized with

ssDNA rich in tymine, cytosine or linkedo DNA enzymecanselectively bindHg?*, Ag or

Pk?* ions, respectively They show an ON/OFF statedue to the stealing/binding of the
ssDNAwith the specific ionspecies(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 rectificatiob7) .

The hostguest chemistry has frequently been adopted for the placement of crown
compounds in proximity of pore walls of PETand PI membranes which can
modulate the anion/cation selectivity of the pore dependng on the ion binding. The
approachis alsocapable to activate or deactivate the ionic gate in dependenceof the
specificity of the ion andits radius (58) (59).

Molecule responsive solid state nanoporelsave 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 Adecreasesthe effective pore
area available for ionic flux, leading toa reduction in conductanceor even to total
channel blockagg61) .

DNA oligonucleotides responsivenessiave been employed for nanofluidic soliestate
channels because of their molecular recognition properties. DNA polymeric gold-
coated nanotubes have been used as substrates tbe covalent binding of single strand
DNA next to the pore mouth. It allows an ON/OFFgate that depends onthe direction of
DNA nucleotides chain and the rectificatiorffect caused by theslectrode polarity (62) .

Over the vyears, also double-gated nanochannels with Cquadruplex and G
quadruplex DNA, linked to the porewall, have been developed. These structures create
two gates that can be open or close simultaneously or alternatively in response to pH or
K* ions. Dependert on pH, the C4 DNA switches its conformation between four
stranded/random single- strand structures (pH 4.5/7.5). Inversely, the G4ADNAswitches
between random singlestrand conformation (ss) and a four stranded tetraplex
(absence/presence of K ions) in response to potassium ionsThis results infour possible
gating states of the kind close/open, open/close, open/open and close/clog63) .
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coupled to polymeric pores. These complexes can transform into agqDadruplex state
depending on the pH value. The DNA modifies its conformation and gate state based on

pH: inalkaline condition it adopts a single strand configuration and an open state whereas

in acidic conditions, it changes to aquadruplex DNA configuration and a closed stééd) .

In another approach, DNA or RNA molecules have been combined with sedithte
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 ard their presence is detected by monitoring the degree of-V¥
rectification that occurs when hybridization takes placg65) .

Many research activities focus ormpH responsive nanofluidic devicesFor 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 créa a rectifying
system that depends on the surrounding electrolyte pK66) (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 soligtate
nanopores offers an alternative approach for devices with pidependent ionic
conductance. These brushes undergo conformational changes based on the degree of
polymer charges, whitn 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. PETand Pl nanopores weremodified for improving the binding affinity in
order to achieve the attachment ofthe thermoresponsive polymer PNIPAM.At the
lower critical solution temperature LCST (32°C)this polymer respondsby changing the
state of the chain configuration. This change affects the pore conductance byhe
enlargement or shrinkage of the channel diameter and consequently the non-
rectifier/ohmic behaviour (59) (74) (75).

Light responsive nanopore devices®iave been built using pores in Pl 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 addressablepores in in PC andPET membranes were metal coated by electron
beam evaporation. Their state can switch between rectifier and merectifier modes based
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on the electric field generated at the edges of the por¢g8) .

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 degre€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.(id
influences the oxidation/reduction of cyt C which in turn affects the wetting properties
and pore conductancg80).

PNI PAM: Ther mal Responsive Pol ymer

The surface ofon track-etched PETmembranes coated with silicon oxide vaschemically
modified with the thermoresponsive polymer, Poly(Nisopropylacrylamide), PNIPAM, to
obtain pores which respond to temperature.Various methods allow theattachment of
polymer moleculesonto a surfacesuchas grafting to, grafting from physisorption and the
mostcommon Atom Transfer Radical Polymerization ATRE81) (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/S¥O

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.
/Fjj/n

O~ 'NH

A

Figure 14 Chemicalstructure of thePNIPAMPoly(N-isopropylacrylamidg
thermoresponsivenonamer.

PNIPAM polymeric brushes exhibit distinct responses to temperature changes atav
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 backboneg81) (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 LC&b) (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 swollenmolecule conformation. In contrast, above32°C (T> LCST)the
permeability is high due tocollapsed 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 PNIPAMonjugated
membranes with collapsing chains at T> LCST, the rectification of asymmetric
nanochannels is eliminated resulting in a linear ohmic currentoltage relation (36) (75).
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Materi als and Met hods

Synt hediysmeafi cpoc hannel

This sectionprovidesa comprehensive overview of the methodologies employed in the
fabrication of polymeric channels.It focuses orthe 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.

| on ¢ttreaxadhkol ogy

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

Heavy i1 on 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 primarily 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 stoppin¢B7) (88).

The electronic stopping is quantitatively described by the Beth®loch equation which
reports the energy loss per unit lengthof the ion path

o) 20 x Eqg.16

Where eis the electron charge,methe mass ofthe electron, v the ion velocity, Zex# the
effective charge ofthe projectile ion, Z the target atomic number, A the atomic density
of the target material, / the ionization energy ofthe target atomsand /8 the ratio of the
ion velocity and speedof light. The factors] and U take into account relativistic effects
and contributions of electronsbelonging toinner atomic shells(89) .

The Bethe formula(Eq. 16) defines the loss of energyvhen swift charged particles pas
through matter. According to this equation, the electronic energy loss depends on the
square of the effective chargeZ# of the projectile, whichis not a fixed value but depends
on the velocity as describedby the semiempirical Barka equation, whereZ, represents
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the atomic number of the ion:

) ® p Quwipgu® Eq.17

At a specific velocity, ions with a higher effective charge state have a higher energy loss.
Consequentlythe heavier is the ion, the larger is the energy loss in a given mater{8D) .

In many materials, electronic stoppingleads tothe formation of ion tracks. The process
begins with the generaton 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 modethe deposited energy
results in arapid localized temperature rise along theion path followed by rapid cooling.
The molten area solidifies, formingwhat is known as the ion track, which camange in
radius from a few nanometerg90) (91) (92) (93) (94) (95).

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

The irradiations for creating membranes with a single ion trackor multiple tracks are
performed at the linear accelerator UNILAC of the GSI Helmotzzentrum flr
Schwerionenforschung in Darmstadt. At the Xbeamline, an automatic sample exchange
system allows the efficient irradiation of numerous singletracked polymer foils (Fig. 15).

s DEDE @ o .
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ion high frequency

mask foil detector
source accelerator

Figure 15 UNILAC (WIversal Linear Axcelerator) facility of GShas a length of 120 m where
ions after being extractedrom an ion source can be accelerated td5% of light speed
which is equivalent to 11.4 MeW! Different types of ions, from protons to uraniurcan be
provided

All the samples employed in this researchvere irradiated with Auions 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 um which is below the rangef the ions in the stacks as
calculated with the SRIM codeTo limit theirradiation to a single ion, a metal maskwith

a centered aperture of200 ‘ & 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. #soonas thedetector registers the arrival
of oneion, the beam is stopped vialectrostatic deflection (96) (97) (98).

|l rradi poil gmeof fi | ms

In this work two different polymeric membraneswere used 30 * dathick polycarbonate
(PQ and 12 * dathick 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 packagin@-ig. 17) (100).

Figure 16 Chemical structure opolycarbonatemonomer(PC)

Oi : 0
0 O—(CHy),
n

Figure 17 Chemical structure of polyethylene terephthalateonomer(PET).

Nanopore formation through heavy ion irradiation occurs byexposng 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 convertinto carbonyl groups, while new alkyne groups are
generated and alcohols along with vinyl derivatives are synthesized. Furthermore,
new chemical bonds are estdished between hydroxyl groups and phenyl groups
(92) (101).

Moreover, during ion irradiation small volatile degradation products such as small
gasous 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).

Ch e mitaadéctkc hi ng

Track etching isa wet-chemistry procedure which selectively dissolve the damaged
material along the ion track and thus convert the track into an open channelhe
etching process depends on the material and odifferent parameters of the etchant(104) .

For PET and PQhe tracks are usuallysensitized by exposure toUV 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 PETand 1 hour for PC membrane£93)

(105).

The chemical etchingcan be regarded as competitivactions,namelythe bulk etching
W i.e. a hydrolysis of undamaged polymer matrix and the track etching:i.e. the
dissolution of damagedmaterial alongthe ion track. As illustrated in Figure 18, the
track etch rate is much larger thanvs The ratio between v and v» determines the
geometry ofthe pore. For a high ratio of v+ /¥» the pore is almost cylindrical(106)

(107).

ETCHING SOLUTION

Figure 18 Schematic representation dhe track etching processTheresulting channel
geometry is affected by the ratio of the two etching ratesalongthe track and vs the etch
rate of the undamaged material

By adjusting the chemical parameters, the shapeand dimension of the channelscan be
tailored. Both etching rates depend on parameters suchas temperature and
concentration of the etching solution while vtis additionally a function of the energy loss
Specific pore geometies can be obtained by thefine tuning of the different parameters
during the etching process(90) (96) (100) (108). The sizeof the resulting nanochannel
is usually tuned by the duration of the etching process.
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Symmetric €ythndgical geometry

Track etching of cylindrical nanochannels in polymeric films is performed under
symmetric conditions, i.e. exposing both sideof the membrane to the etchantEtching of
a single pore is usually performed in an electrochemical cell (Fig9) where the pore
growth is monitored by applying a voltage (e.g. 1 Yand recordingthe 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 Ugensitized PET and PC membranes is
sodium hydroxide (NaOH, V) at a temperature of 50°C.

During the etching process, the mmbrane is placed in an electrochemical cell which
separates two chambers filled by thechemical etchant, which acts as an electrolyte. The
etchantattacks the tracksfrom both sides At the moment of pore breakthroughan open
channel is formed, allowing the electrolyte to flow through This is indicated by the
appearance of an electricurrent 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 procesg109) (110). The membrane are then stored in
water to avoid a possible closing especially for tiny pore dimension.

(F
v -
-i— i
Etching solution Etching solution

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

Asymmet ri:c Beulclhdgtnggeometry

Bullet etched nanochanned as well as conicalchannel geometriesare 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 nanoporesare etchedby filling one side of the electrochemical
cell with 6 M NaOHwhile the other half with 6 M NaOHwith 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 processof the etchantat the membrane surfaceand allows the
creation ofasymmetric poreswith a very small tipand a much larger baséFig. 20). After
the etching is finalized, the same rinsing and drying procedure is applied as described

above(109) (110).
v ___\‘
T

| I

Etching solution Etching solution
+surfactant

Figure 20 Adding a surfactant to one side of the electrochemical etching cell yields bullet
like pores in polymeric membranesichas PC and PETh contrast tothe symmetric
process, the presence of the surfactaaetucesthe hydrolyticprocessof the etchantat the
membrane surface. Tik leads to a very small pore opening (tgm) the surfactantapplied
membrane surface antb a large pore opening on the other membrane side (ba&e)0).

In sensing systems, conicand 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 theore. This design allows for improved
fluid dynamics, facilitating faster mass transport of analytes to the sensing surface, which
can leadto 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 sem's ability

to discriminate between different substances. Overall, the unique shape of conical pores
contributes to more effective and efficient sensing capabilitieq111) (112) (113).
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Characterization of track etched pore

l oni c tamthspoenitt magasur ement s

The ionic transport properties of track-etched membranes with single or multiple
nanochannels are investigated by recording Curren/oltage 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 setup applied through a Gamry potentiostat Reference 600+t allows
the measurement of the impedance across the solutiemembrane 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
referenceelectrode (RE). The WE and CE are responsible for conducting current, while
the WS and RE are employed for voltage (potential) measurement$he working
electrode (WE) is the site of the electrochemical reaction of interest and is referred as the
current-carrying electrode. Thecounter electrode (CE) completes the electrical iccuit,
facilitating the return pathway for current to the potentiostat. The working sense
electrode (WS) measures the potential at theworking 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 giolarization effects at the electrode
membrane interfacedue to the voltage drop across the electrochemical cell. It allows a
more precise recording of electrical events occurringvithin the nanochannel by the
isolation of those occurring at thesurface of the electrodes.

In this work the working and counter electrodes were made of platinumwhile the
reference and working senseslectrodesare commercial silver/silver chloride electrodes
(filled with 3 M NaOH) MF2052 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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a) MEMBRANE

b)

Figure21. The fourelectrode configuration minimizegolarization 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 electrodégisual representation in a)and real setupin b).
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Modi fi cat reatnc hoefd tproarceks

At omic Layer Deposition

Atomic Layer Deposition (ALD) is a gaseousprocessat low temperature which
was employed for homogeneouscoating of track-etched membranes (114) (115). The
technique enables highprecision and uniform coating of complex surfacesincluding
the inner walls of nanochannd without affecting their geometry. The deposition
processis accomplished by dividing the reaction into two seHimiting 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 saturateBy the purging
with the inert gas N, 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 surfadée 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 layerqFig. 22) (116) (117).

a) Exposure of 1st precursor b) Purging
4‘4 J‘J
J‘J B & = &
4 v 4‘1
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——————— e ———
c) Exposure of 2nd precursor d) Purging
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‘ v 4
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9 o A @ "]

99 % e % 4}&3—&}&3«&5—&;0
——————————— ———————————

Figure 22 Scheme oALDcycle.Thecoating processy ALDtakesplaceby separatingeach
cycle into two phases, each of them followed yphNrging in order to remove residual
material for the next cycl€118).

The ALD reaction takes place in a mediutmacuum chamber equipped with variousgas
lines for the supply of the metaloxide layer precursors and for the M purging using high
precision pneumatic valves.

The optimum conditions for deposition are reached in the so called ALD windgva
temperature range in which the growth rate of the layer is constant, enough reactive sites
are available onthe sample surface, no condensation of the precursor occurs and the
chemical precursors react satisfactory without decomposing or desorbin@l19) (117).
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Details of the ALD parameters depend on the specific coating layer (eI, Ti& or
AlGs) (114).

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

SOcoating

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

The reaction mechanism is shown below:

| Reaction: SiOH+ SiCL© SiGBiCk+ HCI
Il Reaction: SiCl+H20° SiOH+ HCI
Complete reaction: SiCh+ 2 H20° SiG+ 4 HCI

The SiQ coating of our tracketched multipore PET membranes was performed by the
group of Prof. HesgDepartment of Chemistry,Technische Universitat Darmstady.

The current/voltage data of a single cylindrical channel (100 nm diameter) in @80 um
polycarbonate membrare before and after ALD coating witha 10 nm thick layer of SiQ is
shown in Figure 23.

+10 nm
SiO, coating

Current (nA)
o

-1 -0.5 0 0.5 1
Transmembrane voltage (V)

Figure 23 Current-voltage relation of singlecylindrical channel (100 nm diameterjn a
polycarbonate membrane (302rm) in 1M KCeklectrolyteat pH 5 before (yellow) and after
(blue) ALD coating with10 nm ofSiQ.
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Synt hesi s of PINb@PAM: eneecthkcfimeeddbr anes

For the synthesis oPNIPAMSIO: coated membranes12 t m thick PET membranes with
single and multiple (108 cm 2) track-etched pores were used. Th@anochannels were
obtained by symmetric etching 850 nm diameter) and hadacylindrical shape

In a next step,PNIPAMcoating onto the silica surface was applied by thatomic
transfer radical polymerization (ATRP) reaction (this processwas performed by the
group of Prof. Gallei (Department of Polymer Chemistry, Technische Universitéat
Darmstadt) (120) (121).

For investigating the temperature-dependent opening and closing of the PNIPAM
functionalized nanochannels conductance measurementswere performed in the 4-
electrode setup described above. fecial care was takenin order to control the
temperature (Fig.24). I1/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 1315 minutes of waiting time.

The dectrolyte used for the experimentswas potassium chloride (KCI) with different
molarities (0.2 M, 0.6 M, 1M) titrated at pH of 3.5 by phosphate buffered salinbuffer
(PBS) plus addiction of HClor NaOHas acidic or basic solutions, respectively.

The -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, 354nhd 40°C.

For some of the samples,scanning electron microscopy investigations were
conducted in the different steps of pores modificationincluding the pristine original
surface, the sample after SiG@ and PNIPAM functionalization and after the
conductance measurements.
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Figure 24 Experimentalsetup for study ofthermal gating of PNIPAM modified
membranesThe PNIPAM modified membrane is inserted into the electrochemical cell
sequentiallyfilled with electrolyte of different molarities (0.2 M, 0.6 M, 1M)/V curves are
recorded at thefollowing temperature intervak: room temperature RT) ~20°C, 25°C,
30°C, 35°@nd40°C

At omic Force Microscopy

Atomic Force Microscopy (AFM) is a powerful imaging technique that enables
visualization and manipulation of surfaces at the nanoscalét is essential in materials
science, biology, and nanotechnology, allowing for detailed studies of surface topography,
mechanical properties, and intermolecular interactionsin this work AFM investigations
were performed by the group of Prof.Stark (Department of Physics of Surfacg
Technische Universitat 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 positisensitive
detector.

AFM can function in various modesin @mntact mode: the tip makes direct contact with
the surface, providing highresolution images but potentially damaging soft sampledn
tapping mode, the cantilever oscillates, intermittently contacting the surface, which
reduces lateral forces and is suitable for delicate materialgind lastly in the non-contact
mode, the tip hovers above the surface, measuring longange forces without causing
damage.n this work AFMwas used to inestigate thepresence of biologicalayerson top
of the polymeric surface(122) (123).
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) is m analytical technique utilized for the
AgAi ET AGETT 1 &£ 1T OCATEA AT A ETTOCATEA 1 AOAO
scale. Unlike optical microscopy which relies on light, SEM operates based on electron
emission, providing significantly higher magniication capabilities.

The SEM technique produces highly detailed gragcale 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 substancesdis applied

in various fields, including materials scienceand biology. The SEM machia comprises
severalcomponents:a samplechamber thathold the sample,an electron gun generating
electrons, electromagnetic lensesa column, a deflection systemand an electron detector
The scanned images are viewing through screen connected to @omputer and a control
system to handle the electrorbeam.

SEMimaging is generated by ahigh-energy electron beam (10030,000 electron volts)

typically produced by a thermal electron source. Electromagnetic lenses focus the
electron beam to a spot size of less than 10 nrithe beampenetrates the specimen to a
depth ofuptop t I  Cidgisdeahdadyelectrons. The image is constructed point by
point as the scan coilsaster the electron beam across the specinme An electron detector

records the emitted secondary and/or backscatteredelectrons. Based on thissignd, an

imageis constructed.Theimage isdisplayed on amonitor where brightness and contrast

can beadjusted. The resulting SEM image®ften display a pseudo three-dimensional

appearance, showcasing the sample's topography, shape, size and surface tex(lg#) .

The SEM investigéions performed in the current work were performed with a Field

Emission Scanning Electron Microscop&emini 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 functionalanalysis. It includes the protocols for
isolating these channels from biological systems, along with the assays performed to
assess their properties and behaviors.

Pot aschanmel

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

After astandard 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 lipidsurrounded 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 pL

For acell free expression of the potassium channel Kavs the sequence of the protein is
amplified via PCR and cloned into the pEXPST/TOPQvector, by the use of the TA
Expression Kit (Invitrogen, USA)Details of this procedure are reported in Rauh et al.
2021 (127).

The Kcwrsin vitro expression takes place in the presence of a nanolipoprotein mixina
shaker with 1000 rpm at a temperature of 37% AAOAA 11 OEA | AT O&EAAOD
of MembraneMax (MM) HN Protein Expression kit (Invitrogen).

The nanodiscs used for the experiments contairDimyristtoylphosphatidylcholine
(DMPQ lipids; the scaffold protein containsa multi His-tag in order to allow the
purification of the channel conjugated to the nanodiscby metal chelate affinity
chromatography. It is performed in the presence of a nitrilotriactic acid agarose resin
HisPur NENTA spin column (ThermoFisher 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 time$he nanodiscsHis-tag are eluted
in a 250 mM imidazole solution. The final elutionproduct, Kcwrs NDsHis tagged in
imidazole, is stored at 4C for months and can even be functional after years.
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Li posome preparation

The planar lipid bilayer experiments require the liposome production, made of 15 mgf

1,2-diphytanoyl-sn-glycero-3-phosphocholineDPhPC (Avanti Polar Lipids) solubilized in
a solventlike decane or pentaneand sonicated until the solution appears limpid The
liposome solution is then frozen in 5Qul aligots, ready for use.

Pl anhapid bilayer experiments

The experiments performed for the hybrid sensor development were performed at room
temperature using a conventional lipid bilayer setup (lonoVation, Osnabrick Germany).
The chambers suitable for the ion channel recordings are connected to the head stabgs
Ag/AgCI electrodes. A patckclamp amplifier LIM EPG7 (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 solutionvas formed by the pseudo
painting/lipid bilayer technique (128) . Usinga 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 solutiom which the lipid
monolayer can then spontaneously form a bilayerDepending on the concentration of
lipids and the conditions the bilayer can forms as a single or multiple layersHowever the
lipidic layer can be destroyed andestored multiple times until the desired conformation
is reached(128) . The electrolyte solution adopted for the experiments consigd of 100
mM KCI buffered with 10 mM HEPES at pH After the painting of the lipid bilayer onto
the surface of arack-etchedmembrane, a small amount of proteinis added alternatively
to the trans/cis side by the use of a bent Hamilton syringe.

| on channebndatar damdhtgastiisst i c s

After coupling the potassium channel to the double lipid bilayesupported on the track-
etched foil, theresulting hybrid membrane is clamped i.e. subjectedo a voltage protocol
ranging from +160mV to -160 mV in 20 mV steps for the duratiorof 1 to 5 minutes. This
process allowed us to test the membrane stabilityData 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 membraneThe subsequent
observations of single channel activity were analyzed by a specific softwar&ielPatch
(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 voltageer protocol-step, is
calculated by KielPatch.The data of the ion-recordings are represented as arithmetic
mean, i.e.average value of opemnd closed stats as well ast standard deviations (SD).
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Resul t s

Hy br i d ngyeansem

The building of the hybrid sensor systemfor single bio-channel characterizationis a
multi -step process.Here the tuning of asensor characterized by a duplex nature was
carried out on different supports. Ths was motivatedby the idea to obtain the smallest
dimension possiblefor aproper functional sensinghybrid system.Two different support
systems were tested:a Teflon membrane and a PET tracktched membrane.The
following paragraphs present the characterization and functionalization of both
systems.

Tefl on system

The Teflonbasedsystem with a central hole that hosts a lipid bilayer is a classical
method and dates back to thel960s (131). In the present experiments the system
consists of a 25 pum 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
experimentsthe pore had generallyA AEAI AOAOCa | £ pTIT

The rim of the Teflon pore was subsequently pretreated with a ~1 * ¢of a 1% of
hexadecanesolution 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 he n-hexanewas evaporated, the Teflon foil wasplacedin
an electrochemical celbeparating two chamberdilled with KCI buffer. Thelipid bilayer
which was spanned over the hole with the so calledpseudo-painting technique (Braun
et al.) isexplained in thefollowing chapter (128).

Li pildayber absyskepmb lglai ndii mgbubbl e techni

After the invention of the bilayer technique a variety of methods for bilayer
generation have been developed. The most common techniques are the foldinghef
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 measurementsBoth methods have some disadvantageist
factthey maygenerateinstable,leaky or fragile lipid bilayer . Alsoa lipid accumulation,
which closes the septum can be a problem in particulawhen using the painting
method (129) (130).

Pseudopainting of a planar lipid bilayer combinesthe advantages of the two above
mentioned techniques, the folding and paintingnes(Fig. 25). The technique employs an
air bubble which stabilizes aleaky or unstable bilayers and helps reducing the number of
channel proteins inserted into the bilayer facilitating the achievementof single-channel
recordings (129) (130).
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(1) (2) (3) (4) Hole (for bilayer formation)

Figure 25 Pseudo painting/air bubble technique for planar lipid bilayeia a Teflon foll
The leftpaneldepictsthe different stepf the air bubbletechnique: monolayer formation
and the improvement of double lipid layer by an air bubblne right panelshows the
appearanceof the air bubble linked to a bent Hamilton syringdosethe hole/septum in
Teflon membraneas seen vigtereomicroscopé128).

With the pseudo painting air bubble technique a lipid monolayer imitially created over
the aperture in the septum of theteflon 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 &
formation of a stable bilayer.The underlying principle of this technique & 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 nterface, ultimately
leading to the successful formation of a lipid bilayefFig. 26). The assembly of lipid bilayer
onto the Teflon foil usually requires few minutes. The success of this process can be
monitored via a stereomicroscopg128) . Synthetic lipid bilayers created in this way have
typically a capacitancen the rangeof 90-110 pF(125).

Kcwre har act enrbii 4 aatyiears oftefd osnept um

As reference for the measurements ofhannel activity in the newly developedhybrid

sensing system in PET membrane, | first recorded the model Kcwrs channel in the
aforementioned conventional bilayer system with aTeflon septum.Figure 26 shows a
typical exampleof a single ©iannel recording with this system in symmetricbuffer with

100 mM KCI on both sides of th®PhPilayer.
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Figure 26 Current traces of Kawrsat different voltages recorded ia synthetic bilayerin a
Teflon membraneData were recorded in symmetric KCI (100 mM KCI + 10 mM Hepes pH
7). Each data set shows the current as a function of time with the channel fluctuating
between the closed (cgnd open(o) stateat the givenclampvoltage.

At positive voltage valuesthe channek show cleally resolved single channel currents,
wich fluctuate between defined closed and open states. The correspling I/V relation in
Figure 28 is linear between OmV and 160 mV providing a unitary conductancef 80 pS
at 100 mM KCI An enlargement of the trace recorded at +160 mV shows better the
fluctuation of the channelbetweenan open and clogd state (Fig. 27).

At negativevoltages of circa80 mV, the traces appeaiprogressively 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 Kewswith the consequence that opening and
closing occur faster than the temporal resolution of the recording syster(ii31) . Hence
the progressive decrease of the current at increasingly negative voltages is an artifact of
the recordings system.
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50.0ms

Figure 27 Enlargment of single channel recording at +160 nikhe enlargement of the
trace at higher temporal resolution shows distinatistinct open and closed states tife
potassium channeKcwrs
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Figure 28 Current/ voltage measurement®f Kcwrs for voltagesbetween £160 mV.Once a
stable bilayer is built by the aibubble techniqueit followsthe addition of a solution
1/100 Kewrs The analysis is conducted using a set of five measurem¥atses 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 bef& 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 voltagange (132) (Fig.28).

The current traceslike in Figure 26 allow the calculation of the open probability (R) of
openchannelstatesfor 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 recordin@3) (132).
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An analysis of the channel activity shows that the open probability over the entire voltage
range varies between 83 and 97 % (see Fig9), 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 samehannel activity should be
expected in any new kind of experimental setting like in bilayers on top ain track-etched
nanopore ina PET membrane

1.00

113

=
w
o
'
[
—E—

—
——

0.90

[ ————

=
=)
on

Open probability

0.80

200 150 400 -50 0 50 100 150 200
Transmembrane voltage (mV)

Figure 29 Open probabilityvoltage (Po/V) relationship from Kcwrs 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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Bar ibulnock

It is well established that recordings of channel activity in planar lipid bilayersre also
prone to artifacts. Channel like fluctuations can in some cases origindt®m lipid pores
or from contaminations like detergents in the solution(135). One way todiscriminate
between artifacts and real channel gating in bilayer experimentss based on a
pharmacological inhibition of the channellt is well establishedthat unspecific lipid pores
or membrane instabilities by detergents arenot sensitive to blockers while channels can
be specifically inhibited by blockers. For Kchannelsin general and for the particular case
of KcwrsBa&2* can serve as such a blocker.

Kecwvrawvi behr i umelflrooank -$§ r d@a s

The effect of theBa2* blocker depends on theside of the proteinat which the blocker is

added (136). Here we examined the effect of Ba£Cbn the trans-side of the channel

Generally the channel inserts into the bilayer in a wathat the extracellular side is facing
the trans side(125) (Fig. 30). In this way the addition o Ba2* to the trans chamber causes
ablock of the inward current at negative voltagesFigure 31 compares the current traces
recorded atnegative potentials (from-40 mV to-160 mV) before and after the addition

of BaCt.

KCl Ly trans
2y o SR
b {8 4 I I‘.':"-"-' ile

trans | - cis cis

Figure 30 Schematic representation of a planar lipid bilayer sap. 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 Ba2*blocking of singleKcwrschannel Current tracesof Kcwrsat negative
voltages(from -40 mV to-160mV) before and after the addition &M Ba2* blockerfrom
the trans-side The addition of the blockeleads to a reductiorin the channelopen
probability .

The current/voltage relation of the Kcwrs channel before and after the Bdlocker is
shown in the Figure 32.
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Figure 32 Baz*on the trans side has little impact on unitary conductan€gurrent/voltage
data for the Kcwrsunder control conditions (blue) and afte the addition of 3mM Batto

the trans-side(green). The comparison reveals that the blocker causes a small redugtion
channel current at negative potentials.

Inspection of current tracesshows that the channel has a high open probability in the
absence of the blockerIn the presence of the blocker the channel is still showing distinct
openings, butthe length of the closed times is prolonged

The visualassumption that B&* has only a smalleimpact on the openchannel current is
supported by thel/V data in Figure 32. It emerges that the open channel currents with
and without Ba** are mostly identical. A difference betweenthe two conditions is
apparent at voltages more negative than ca60 mV. At negative voltages Ba also causes
a small decreasen the open channel current.

Kecewvre hanhebm unblbod okskteadttno t he Tef |l on s

The data in Figires 33-35 were obtained with a Kcwrs channel without the channel
blocker B&* (left) and with the blocker at 3 mM conentrations, first on the trans
(middle) and finally also on the cisside (right). Without the Ba blocker, the channel is
characterized by the typical fluctuations with well resolved open/closed events at
positive voltages and flickertype gating at negative voltages. The addition of 3mM Ba
to the trans chamber results ina 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, B& has little impact on the channel amplitude but causes a strong
reduction of the open probability (Fig. 34,35). Addition of B&*+ alsoto 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 voltageg~ig. 34, 35)
Channel openings become increasingly short at higher positive voltages with the effect
that the full open channel is no longer resolvedFig. 33). This results in an effective
decrease in the unitary channel conductance at positive voltagésig. 35).

BaCl, (Trans) BaCl, (Trans + Cis)

——————- 0
+160 mV 20.0pA

+120 mV 500.ms

L A B OO T

+40 mV

-40 mV

-80 mvV

-120 mV

-160 mV

Figure 33 Baz* blocks Kwrsfrom trans and cis sidelypical channel fluctuations under
control conditionsbefore(left panel) and after adding 3mM B#& first to the trans (central
panel) and then to the cis side (right panel).

The impact of B&* on cis and trans side on unitary channel I/Vamplitude and open
probability as a function of applied voltageare shown in Figires 34 and 35, respectively.
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Figure 34 Effect of Ba2*on conductance of Kewschannek. Current/voltage curvesunder
control condition (blue),and after adding 3mM Ba?* to the trans-side(green) and
subsequently tahe cisside (red).
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Figure 35 Effect of B&* on goen probability of Kewrsin control condition (blue)and after
adding3mM Ba?* to the transside (green) andubsequently tdhe cisside (red).
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Traek cRET supypodtrem

Building of the hybrid sensing system was performeavith the same procedure described
for the Teflon system only the support for the bilayerwas asingle-pore PETmembrane

instead of Teflon.One major difference between the two systemiges in the thicknessand

pore sizeof the support membranes. The Teflon is 25 pum thick with an apertureof about

100 pm in diameter, whereas the PEfembrane is thinner(12 pum) and containsamuch

smaller hole of 150 nm, produced by the ion track etchingtechnology (etching in 6 M

NaOHfor 6 minutes, at 50° Q.

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 assumethat the bilayer is
generated insidethe hole of the Teflon foilwhile it is presumably spreadacrossthe small
hole in thetrack-etched PET foll.

Li pildayber absys epghbelrgladoi nt i ng air bubbl e

In a first step, the electric properties of the PET foil with its singleylindrical nanopore
were characterized before and after painting a lipid bilayer across the pore. Thaiccess
of obtaining a bilayer was monitored byapplying voltage steps between £160mV with 20
mV increments across the PET foithout and with lipid deposition.
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Figure361/V curves beforggrey) and after(red) lipid bilayer painting ofa single cylindrical
pore.The zero current indicates the complete cover of the trastiched channel by the lipid
bilayer.
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The I/V data shownin Figure 36 were measured before (grey symbols) and after bilayer
paiting (red symbols). The dataconfirm 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 mVand -160 mV show a stablezero
current over the entire voltage spectrum (Fig. 37). This implies that thepainting process
accrossthe nanoporehas led to asuccessfulcreation of an electricallyresistant bilayer,
which covers the nanopore.

In contrast to the Teflon system, the bilayer painting ontathe PET track etched pore
allows no optical control of the final membrane because he nanogore is well below the
resolution limit of optical microscopy. Without a visual inspectionit is difficult to judge
whether the lipid deposition formed a real bilayer or just a blob of lipid on the nanopore.
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Figure 37 Current traces okingletrack etchednanoporein PETcovered with a synthetic
lipid bilayer bythe pseudo painting techniqu&hebilayer creates a barrierthat blocksthe
ionic fluxresulting in zero currentsacrossthe entire voltage rangehus indicating
successful poreoverage

60



Ca p a c imeaanscuer eoniehnet ss ylnitphied ikci | ayer

A diagnostic parameter foridentifying a real bilayerin contrast to a lipid blockis the
membrane capacitance. As already mentionethe capacitance of the membrane results
from its insulating property sandwhiched between twoconducting solution. As a result, a
biological membrane can in this way be repreented by a pardlel arrangement of a
resistor and a capacitor (RGike 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 rannate
with a slope dV/dt of 10 mV/10 ms. Thefast 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
capacitancewhile the slow rise in currentis a measure for the membrane restance. The
Figure 38 shows atypical responseto avoltage ramp, with the onset of a current step of

50 pA, which corresponds to thecapacitive current |Ic that charges the membrane
capacitor. The following ramp is proportional to the conductance 1/R (5) (6). The
resistanceof a biological membranecan be deducedrom Equation 10 and calculates as

in Equation 18.
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Figure 38 Voltage ramp method focapacitance measurementé voltage rampgenerates
a currentsteplc which defines the capacitance value of the synthetic membrane.
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The membrane capacitance can be obtained from the following wsiderations: the
current /c is the product of the capacitance times the change in voltaggdV) over time

(@) :

. Qo o
0 {0 — =q.n° 17
Qo

By solving Equation 17 for the parameter ¢, the capacitance can be estimated from the
measured current/c and the known parameters of the voltage ramgat/dV) .

. Q0 °
o —250 Eq.n° 18
Qw

Inserting the measured values provides a capacitance of 250 pF

& —— wmbd cumo Eg.n° D

The capacitance of aellular membrane is with 0.8 F/cn? 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 thperture 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 valueshowever, shows that this is not the case. Bilayers
such as that used inFigure 26 have a capacitance of about 3% 1 pF (138). Unlike
predicted this value isnot larger than the value from the PET system but even 6 tirse
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 diminishesith an increase inthe distance
between the conducting platesa thicker insulator such as the lipid bilayer on the PET
membrane can be expected to resuih a decrease in conductance.

Taken together, however, thesalata are not able to answer the question whether the
deposition of lipid on the nanopore in PETorms a membrane bilayer or unspecificaly
occludesthe pore.
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Without knowing whether the PET nanopore is covered by a redipid bilayer, | tried to
reconstitute a functional Kcv channel in this systemit is expected that this will only be
possiblewhen the pore is covered by a real membrane bilayer;saaiccessful reconstitution
of channel activity would be an ultimate pr@f of a membrane over the nanopore. A
solution of 1/100 diluted Kcwnts protein in imidazole was therefore spread into the
electrolyte solution on top of the presumed DPhPC meméne. Insertion of theprotein
into a DPhPC membrangenerally occursspontaneously. The data in Figre 39 illustrates
a representative example forsuch a successful incoporation of a single Kavscopy in a
DPhPC bilayer over a PET nanopore. A functional recsirtution of channel activity was
rare and only detetedin circa 25% of theattempts.

In a symmetric electrolyte solution made of 100 mM KCI + 10 mM Hepes at pH vdltage
steps between +160 mV to-160 mV elicit defined current fluctuations with the functional
hallmarks of the Kcwrs channel. Like in the recordingsof the Teflon system the channel
shows clear cut fluctuations between a closed and an open state at positive voltages. At
negative voltages the channel exhib&the characteristic voltage dependent flicker type
gating in which the full open state is no longer resolved. The stiitkg 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
Kcwrschannel in the PET system it can be concluded that the lipid deposition over the
nanopore in the PET septum forms indeed a bilayer
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Figure 39 Current traces of Kawrsat different voltages recorded in synthetic bilayer onto a
PET tracketchedmembrane in symmetric KCI (100 mM KCI + 10 mM Hepes pHath
trace shows a different current magnitude in the range of picoampere 0@ indicates the
open stateC the closd state
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Figure 40 Current/voltage curve of Kcvrsin the voltage window between + 160 m@nce
establisheda stable bilayemwas establishedising the air bubble technique, all00 diluted
solution of Kcwrsis addedThe analysis is conducted using a set of five measurements.
Values presented are expressed as the mean * standard deviation (SD).
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Figure 41 Open probability of single channels a function of voltageThe 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 comparedthe functional parameters of the Keurschannel such as
single channel conductance and open probability for both recording systems were
compared (Fig. 42 and 43) The single channel 1/V relation (Fig40) 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.ga standardexperimental setupis 80 pS it measures only ca. 65 pS in
the PET system. At negative voltagagp to about-80 to -100 mV the I/V relation in the
reference system is linear up to about80/-100 mV. In the PET system the the curve
shows already at lower voltages a negative curvature.
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Figure 42 Current-voltage curves of Kautsfor voltages between+ 160 mVfor the two
hybrid systems Teflon (orange) and PET (greehhe analysis is conducted using a set of
five measurements. Values presented are expressed as the mean + standard deviation (SD).

Similarities and differencesof the two systemsare also apparentwhen comparing the
open probability of the channels The reference data in Figre 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 quantitate 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 (greélif)e analysis is conducted using a

set of five measurements. Values presented are expressed as the mean * standard deviation
(SD).

Bari umi bl @&l o msyrsd em

The Kcwrschannel in the referenceleflon systemexhibitsa B&* block, which is distinctly
different depending on whether theblocker is applied from the trans or cisside.To test if
this delicate feature of channel function is mantained in the PET systeBe?* block
experiments were repeated with a Kcwrs channel placed across the tracletched
nanopore ina PET membrane (Fig44). Currents at positive and negative voiiges were
measured before and afteBmM Ba2+ was added first to the trans chamber and then also
to the cis chamber.

A comparison of the current fluctuations shows that B& 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. B&* has no negative impact on the amplitude of the unitary current
and the open probability decreases at negative but not at positive voltagésig. 44). This
behaviour of the channel is in agreement with the expected voltagkependent block of K
inward current by extracellular Ba&*+ in which the blocker increases the frequency of
closed events.
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Figure 44 The threedifferent phaseof the experimentithout and with Ba blocker

(Left) Qurrent/time traces recordedwithout Ba2+(100 mM KCI + 10 mM Hepes pH 7
(Middle) Barium blocker(100 mM KC# 10 mM Hepes 3 mM BaCl) addedfrom the trans
side (Rght) Barium blockeraddedat 3 mMfrom both sidestrans as well as cis de.

When B&* was also added to the cis compartment the channel exhibits also at positive
voltages a drastic decrase 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 openind§&ig. 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 Kcwrs channel
functions in the PET systen(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 Kcwrschannelin PET membran@nder normal
condition without (blue), and with Ba-blocker from the transside (green) and from the cis

side(red).
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Figure 46 Open probability of Kavrschannelin PET membraneinder normal condition
(blue), and with Ba-blocker from the transside (green) and from the ciside (red).
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Mul ti ple channel Il nsertion

The reconstitution of Kcwrsin the Teflon system results frequently in an insertion of
multiple copies of the same channglFig. 47) (135) . This is na surprising, asthe 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 smallee asked
the question whether this system is also able to host multiple channels. The data in dig
47 shows an example wtere multiple copies of theKcwrschannel, insteadof a single unit,
were insertedinto a bilayer over a PET nanoporelhe current traces recorded at positive
voltages demonstate 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 channel€Considering that a functional Kcv
channel in its functional forms as a téramer with a diameter of 5 nm, the bilayer must
have a diameer larger than 15 nm.
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Figure 47 Current time traces ofmultiple insertion ofKcwrsin a synthetic lipid bilayer
acrossa track-etched nanopore in PET
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Figure 48 presents the 1/V relationship of the system under conditions where one, two,
and three channels are simultaneouslynserted in the synthetic lipid bilayer. The blue
curve represents the current responseof a single open channel, while the turquoise and
pink curves correspond to the cumulative effects of two and thre@pen channels,
respectively. This additivecurrent behavior highlights the linear relationship between the
number of open channels and the resulting current.
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Figure 48 Current/voltage curves of three channgsimultaneously inserted into the
synthetic lipid bilayeracross the nanopore in PEThe unitary current was measured for
one (blue) two(turquoise) and all three pink) channelsbeingsimultaneously open.

DeBcussi on

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

For both hybrid systems, the pseudeainting air-bubble technique is successfully
yielding an electrically tight lipid bilayer in which the model Kcwrs channel can be
functionally reconstituted. The impressive outcome of thae experiments is the finding
that the Kcwrs exhibits in both systems its typical functionalfeatures 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 recordingystems we find
that the unitary conductance of the channel i48.75 %reduced in the PET system relative
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to the Teflon system.

Taken together the prove of concept data dematrate that the nanometer sized pores in
PET can in principle serve as a platform for buildingn alternative device for single
channel recording. A lower capacitive noisexhich was expected from a reduced size of

the bilayer, is not observed. The question on why the capaemce in the PET system is so
high remains for the moment unanswered.
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At omic Force Microscopy

For a better characterization ¢ the track-etched nanopores, PET membranes were
inspected by atomic force microscopyAFM). Due to the difficulty of finding a single pore,
most of the AFM investigations were performed on tracketched samples with 10
channels/cmz.

Figure 49 shows a representative AFM imagine of a 12 um thick PET membrane irradiated
with 108 ions/cm2 before and after track etching for 6 minutes irfNaOH (6M; 50°C).

.

2.0 um

75.0 nm

-75.0 nm

Figure 49 AFMimages(10 um x 10 um) ofaPETmembrane(left) pristine and (right) after
track etchinga multi-channel PET membran&ith 10° channels/cn?. The height scale is
shownon the right side of the picture

The AFMimage of the untreated PET sampléig. 49, left)illustrates the smooth surface
of the foil. In contrast, the irradiated and tracketched 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 processAFM images ofdifferent scan sizes
were recorded after applying the pseudepainting technique onto PET membranesvith
108 channels/cm? (Fig. 50). Two techniques have been employed to investigate the
sample The Rak Force Tapping (PFTand the PeakForce Quantitative Nanomechanical
(PFQNM)AFM Mode Considering that the measurements conditions obviously play an
important role for the surface morphology of the lipid covered sample, botkechniques
have been employed in air and watefThe 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 wavdge pattern.
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Figure 50 AFM imagesof synthethic lipid blayer onPET membraneglnN): (left) sample
in air (40 ¢ PFT) and (right) under watef20‘ &, PFQNM)

One of thePET membrane with 108 channels/cm? was AFM analyzed under the same
condition (applied force 1 nN)in water on the same spotcomparing its etched/uncoated
state with the coatedstate 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 5N and damaged oevenremoved 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 25983

14.9 nm. After the lipid layer coating, depicted in the bottom graph, the depth profike

shows shallower and more gradual di. The mean pore diameter in this state is 226.67
+ 30.3 nm, indicating smaller pore sizes compared to thencoatedstate.
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Figure51 (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 30N 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 taincoatedstate.

Di scussi on

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 tracketched states of the PET membrane, with the etched
samplesexhibiting 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 ageneralreduction 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 coating layer on the surface
characteristics of tracketched PET membranes
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| oni ¢ t rtamaeplcrhta dionppor es

| nf |l ueorcgee oonietpry on pore conductance

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

PET membrans exposed to single ions were etched with different geometries
respectively cylindrical pores (6M NaOH 50° Q and bullet-like pores (6M NaOHwith and
without surfactant, 60° G. Figure 52 illustrates the current-voltage (I/ V) characteristics
of these samples. Thecylindrical pore shows alinear I/V curve consistent with ohmic
behavior, where the current increasedinearly with the applied voltage.

On the contrary, the bullet-shapedpore hasa nonlinear response. The cuent gradually
increases at negative voltages, but remains very limited at positive voltagesindicating a
rectifying behavior. Thisasymmetry is likely influenced by the unique shape of the pore,
which influences theion distribution and interactions with the electrical double layer,
thus affecting ionic transport dynamics.Overall, the comparison of these/NV curves
highlights how different pore geometries impact the ionic transport kehavior within
nanopores iNPET membranes.
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Figure 52 Representative arrent-voltage curves of PEGontaining asingle tracketched
nanochannel with different geometry(a) cylindrical pore (6 min of etching time ir6M
NaOHat 50° C)with ohmic behaviourand (b) bullet-shapedpore (6.5 min of etching time
in 6M NaOH with and without surfactanat 60° C)with current rectification.

| nf |l uenaocer i axdgn tpdomeee nsi on and conduct a

lonic transport investigations on track etched poredn polycarbonate membraneswere
performed with the aim to understand the relationbetween the pore conductance and the
pore dimension controlled by the etching time and electrolyte concentrationin this
section PC membranes have been employed ov&®ET onesbecause of their enhanced
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resistance to chemical etchingand a more precise control over the dimensions and
morphology of the channels.

30 ‘ athick PC membranes irradiated with a single gold ion were etched symmetrically
to obtain a cylindrical-shaped channel.Current/voltage mesurements of five different
singleion track membranes etched for increasing times (75580 s, 90 s, 150 s and 180 s
were performed in an electrochemical cell(1 M KCI at pH % (Fig. 53). The electrolyte
solution was chosen based on the isoelectric point of theC surfacein order to avoid
electrostatic effectdue to the presence of the electrical double layer

1.5

180 s
150 s

80s
75s

Current (nA)

-1 -0.5 0 0.5 1

Transmembrane voltage (V)

Figure 53 Current/voltage curvesof single tracketchednanoporesin polycarbonate with
different diameter in presence of 1 M KCl at pH 5.

Theionic current flowing through the nanochannelsfor 5 different etching timesrecorded

in the voltagerange between-1 V and 1 V are shown in Fige 53. All I/V curves are linear
indicating ohmic behavior. From the slope of the current/voltage curves the pore
conductance can be calculated frorequation 10. As expected, the conductance increases
with etching time due to the increasing pore siz€Fig. 54).
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Figure 54 Correlation betweerpore conductance (nS) and etching time)(§he samples
were etched in symmetric condition in 6 M NaOH at’SDLine is a guidgo-the-eye.

According to Equation 12, theionic conductance can serve as parametéo calcuate the
pore diameter considering the conduwtivity K of the electrolyte and the lengthL of the
channel.The pore diameter as a function of etchingitne is presented in Figre 55, yielding
a diametergrowth rate of approximately 19.4+ 3.6 nm/min .
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Figure 55 Correlation betweerpore diameter (hm) andetching time (s).The samples were
etched in symmetric condition in 6 M NaOH at 50° C.

| nfl uence of el ecwBiyammette i comOan tarsg tmima

To study the dependence oftie ionic transport on the electrolyte concentration, asingle
cylindrical pore in a polycarbonate membrane etched for 6 minutes (6
MNaOH, 50 °C)was exposedto solutions with different KCI| concentrations
at pH 5. Asthe concentration of KCl increasesnore ions in the electrolyte solution flow,
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enhanang the amplitude of the current recorded through the single pore etched
mambrane. The pore conductanceis in linear correlation with the concentration of the
electrolyte solution (Fig. 56).
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Figure 56 Current/voltage relation of a singleylindrical pore 6 min etching timg in PCin
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 pum thickPET membranes.

Ofparticular interest are bullet-shapedpores,because thecurvature at the tip of the small
pore opening leads to a higldegree of current rectification. The investigated nanopore
had a tip diameter of 50 nm and a basa&iameter of ~300 nm. Cyclic voltammetry

measurements i.e.l/V curves recorded several timeswere conducted with KCI as
electrolyte of concentration1M, 0.1 M and 0.01 MFig. 57).

The I'V curves are norlinear 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 degreeis stronger at smaller salt concentration than &higher
one, which is ascribedto the involvement of surface charges the electrical double layer
of the pore wall (Fig. 58). At lower concentrations, theelectrical double layerextends
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 Ateduced
concentrations, the electrical double layer expands in sizghus the asymmetry in ion
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distribution, resulting from the thicker EDL, i.e.increased charge densityand the
geometry of the pore enhanesthe rectification ratio.
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Figure 57 Current-voltage curveofa bullet-shapedoore in PET usinglifferent KCI
concentrationsas electrolyte The nonlinear behavior indicates curent rectification.
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Figure 58 Rectification degree in bulleshapedporesas a function of KCl concentration.

80



|l nfl uence of elecpoomeédyte pH asymmetr.

The current rectification in single asymmetric bullet-shaped pores, depends on thepH of
the electrolyte solution. Figure 59 and 60 showsthe I/V curves and corresponding
rectification effect for a givenPETpore in presenceof 0.1 M KClelectrolyte at pH 2,
5 and 9.

pH 2

pH9

o

Current (nA)

-1 -0.5 0 0.5 1

Transmembrane voltage (V)

Figure 59 Current/ voltage curves of a bulleshaped PEPporein 0.1 M KCeklectrolyteat
different pHvalues

Rectification degree
N

pH

Figure 60 Rectification degree in bulleshapedpore 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 @ig. 60). This phenomenon is

81



attributed to the balance of positive and negative charges, as well as their interactions
with the surface charges associated with the electrical double layer.

Di scussi on

In conclusion, theexperimentsdemonstrate thatthe geometryof nanoporessignificantly
influences pore conductance and ionic transport behavior in PET and PC membranes. The
comparison of cylindrical and bulletshaped pore geometries reveas distinct
current/ voltage characteristics, with cylindrical pores exhibiting ohmic behavior while
bullet-shaped pores displayed rectifying behavior due to their uniquepore mouth and
surface charge Additionally, the etching timeis found to correlate directly with pore
conductance,confirming that longer etching times result inlarger pore diameters and
enhanced ionic transport.

Furthermore, variations in electrolyte concentration and pHare shown to affect ionic
transport and rectification. Higher electrolyte concentrations l@d to increased current
flow through the pores,as expectedwhile the degree of rectification in bulletlike pores
is found to be influenced by pHThe 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 imic transport
dynamics within nanoporous membranes.
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Char act eorfi zPaNIfiPbpAnM t idd m aabcdklzeed meensb r a n

PET membraneswith cylindrical single pores were ALD-coated with SiQ (5 nm) and

characterized before and after PNIPAM functionalization. Theoom temperature

conductancemeasurementswere performed with 4 electrodes setup using1lM KCI at pH
3.8 as electrolyte Applying a voltage in the range between £ 1 V th&nic 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 of350 nm and100

nm.
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Figure 61 Room temperaturd/V measurementsf single Si@ coatedD I OA E thicku ¢
PETbefore (black) and after (red) ATRP reaction of PNIPAMctionalizationin 1 M KCI
Thereduced slopdor the functionalizedporeis a clear indication thatPNIPAM

significantly reducesthe cross section of the per

The size of the single track etched pore before and after functionalization deduced
from the respective conductance datin Figure 61 were confirmed by scanning electron
microscopy imagesof a membrane with multipores (108 cm2) which was etched by
exactly the sameprocedure (Fig. 62).
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Mor pholPoglyPAM di mMeedrsanBegEM, top Vview

Some of the tracketched PET membranes were inspected by scanning electron
microscopy. Figure & shows the membrane surface before (a) and after (b) PNIPAM
modification. The pores in the PNIPAMnodified membrane are partially filled resulting

in a significantly reduced inner opening. The outer edges of the pores appear to have a
bulging rim.
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Figure 62 SEMimagesof track-etched PET membranes befofleft) and after (right)
PNIPAMfunctionalization.

The inner and outer diameters of the functionalized poreswere 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 PNIPAMayer is 85.8 nm. This layer
thickness isconsistent with observations made in other sampleshighlighting a common
structural characteristics across the analyzed materials
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Figure 63 SEM images of membrane after PNIPAlctionalization showingcoatedpores
with the respective dimension of theuter and inner meandiameter of Do mean=338.9
nm; Di mearF 120.9 nm.
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Mor phol ogy mdmbhrednbdyi &E&&EM, under ti

SEM investigationswere performed under a tilted angle of 45° trying to investigate the
inner part of the nanochannels as well as the inner wall (Fi$4). PNIPAMfunctionalized
membranes were investigatedbefore (a-b) as well as after I/V measurements ().

a) b)
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Figure 64 SEM images d?NIPAM conjugated®ET membranes in top viefleft) and under

atilt edangleof 45° (right). Membranebefore (g b) and after temperature controlled I/V
measurementgc, d).
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Ther mal gating of RbBREHmndipfoired Si C

PNIPAM being a thermoresponsive polymerchanges its spatial conformation at a critical
temperature of 32° C. Tests of temperature dependent gating were performed on
PNIPAMSIQ coatedmulti-pore membranes (1@ pores/cm?) at different KCl electrolyte
concentrations (1M, 0.6 M and 0.2M) and temperatures (RT ca. 2Q; 25°C, 30°C, 35°C
and 40° C). Above 32° C,the PNIPAM polymer brushes are expected tocollapse
resulting in a reduction of the effective PNIPAM layer thickness anmbnsequently an
increase of the effective channel diametg(Fig. 65) (82) (75) (140).
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Figure 65 Schemeof spatial rearrangement othe polymer brushesn the PNIPAM layer
below and abovehe lower critical solutiontemperature (LCST) offc =32°C

The I/'V curves recorded for different electrolyte molarities and temperatures arshown
in Figure 66. All measurementsvere performed on the samesample rinsed in water after
every single measurement.
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and (c) 0.2 M.
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The conductance of the channel depends atated in Eq.11 of both channel geometry and
electrolyte conductivity:

Q o«
10

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

Table2# 1T 1T AOAOEOEOU | AAOGOOAT AT OO 1T £ +#120001 1 OOEI
(room temperature RT) to 40°C.

Conductivity KCl
(mS/cm)
0,
Molarity 2(:1_(;' 25°C 30°C 35°C 40°C
KCl
™ 113 120 132 142 153
0.6 M 75 81 88 95 104
0.2M 36 38 42 46 50

Table illustrate s a comparison between the measured¢hannel conductance alongside
the nominal channel conductanceand their difference at various temperatures andfor
different electrolyte molarities 1 M, 0.6 M and 0.2 MThe measured conductance values
were calculated based on the slope of the curves (I/V)The nominal conductanceis
obtained by calculating the conductance5 introduced in the equation 11, with L being
the channel length (12um) and diys being the pore diameter value obtained after the
PNIPAM coupling (i.eafter the ATRP reactior), determined by SEM.The discrepancy
between these two values of conductanc€rab. 3), measured conductancevith respect
to the nominal one, should indicate indicate the contribution of conformational changes
of the PNIPAMbrushes. The temperature dependentonformation and solvationchanges
of PNIPAM chains affect theffective pore diameter. It was expected that at temperaturs
abovethe lower critical solution temperature of PNIPAM 32° Cfor PNIPAM in bulk), the
pore effective diameter increasesin turn enhancing the ionic flow and promoting a higher
pore conductance.
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Table3 Conductanceof PNIPAM functionalized pore@neasurednominal and their
difference)at 1 M, 0.6 M and 0.2 M KCI fra2d°C(room temperature RT) to 40°C.

G(mS)1M G(mS)0.6 M G(mS)0.2M
Temperature |measured| nominal | difference | measured | nominal |difference| measured | nominal | difference

20°C

RT) 44 44 0 40 40 0 22 22 0
25°C 60 46 14 48 43 5 24 23 1
30°C 64 51 13 50 47 3 26 25 1
35°C 72 55 17 56 51 5 30 28 2
40°C 96 60 36 70 55 15 32 30 2

Di scussi on

Nanoporescreated through ion track nanotechnology werecoated bySiQ& ALD and
subsequentlyfunctionalized with PNIPAM by ATRP.

I/V curves of single pore membraneat room temperature (Fig. 61) showed that the
polymer functionalization leads to a reduction of channel diameterasevidenced by the
decreased current amplitude The effective diameter of the pore after PNIPAM
functionalization depends on the length of the anchored PNIPAM brush@?) (85) (74)
(75).

Top view SEM investigationof the polymer membranesafter PNIPAM couplingrevealed
the presence ofthe PNIPAM coating and enabled the identification and determinatioof
two diameters values (Fig. 63) (141) (142). The outer diameter corresponds to the
original track-etchedchannel, while the inner diameteris attributed to the smaller cross
sectionlimited by the conformal PNIPAM brushes at the channel wall$his size reduction
is due to the lengthof PNIPAM polymer chains Wwich block part of the channel section
leading toa partial occlusion of the inner pore volumg143).

The temperature-dependentgating of PNIPAM functionalizednembranes isinvestigated
on multi-pores membranesat different KClconcentrations (0.2 M, 0.6 M and 1¥between
20° C(room temperature, RT)and 40° C(Fig. 66). The measurementsreveal an increase
of current amplitude with increasing temperature (84) (75). PNIPAM polymer has a
nominal transition point of 32°Cwhen isnot in confinement(143) . The I/V curvesdid not
show any clearincrease in thecurrent amplitude at this temperature; instead the current
increase seems morgradual. This isin agreement with Alem at al(85) and is dueto the
contribution of the increased specific conductivity of the electrolyte solutions with
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temperature. To account for the contribution ofthe electrolyte conductivity, the channel
conductancewas analyzed.Table 3 shows the channel conductancevalues, 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 onlya slight difference up to 35° C
The conductance values at 40° €veal a slight increase in channetonductance(74),
which is more evident at higherKClconcentration and less evident for low concentrated
salt solutions. The effect of the temperaturedependent spatial conformation of PNIPAM
brushes should considerthe 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 chaingxposed coil, seHaggregate 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 hydrophilityydrophobic effect due
to the contemporary presence of hydrphobic group and the hydrophilic one which
decrease the effective cross section of the porg4) (144). Experiments involving
PNIPAMfunctionalized 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 tenable smaller
temperature steps.
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Concl usi on

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

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

AFM provides valuable insights into the characterization of tracketched nanopores in
PET membranesilt clearly distinguishes between pristine and tracketched states, with
the etched samples exhibiting identifiable pores. The investigation of synthetic lipid
bilayers on the PET membranes demonstratghe presenceof alipid 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 beesasily disrupted, exposing the
underlying PET structure. Overall, these findings emphasize thieagile nature of the lipid
coating.

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

Moreover track etched membraneswvere functionalized using SiQcoating along with the
ATRPreaction for the coupling of PNIPAM The 1/V characteristics of single nanopore
membranes at room temperature indicate thatthe PNIPAMfunctionalization leads to a
reduction in channel diameter, evidenced by the decreased current amplitude. SEM
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investigations enabled the determiration of two distinct diameters in PNIPAMmodified
nanochannel:the outer diameter, corresponding to the original etched-channelsize, and
the smaller inner diameter, which results from the PNIPAM coatingextending into the
inner pore volume. The conductanceof the PNIPAMfunctionalized membraneshasbeen
investigated at varying salt concentrations (0.2 M, 0.6 M, and 1 M KCI) fra20° C(room
temperature, RT) to 40° C. The measurementsrevealed a slight increase of channel
conductancewith temperature, specially above 35° C and at highdfCl concentrations,
which was tentatively attributed to the involvement of PNIPAM chainsin pore
conductance Further systematic investigations are required for PNIPAMunctionalized
pores.

Our initial objectives included assessing the feasibility of using diverse membrane
platforms for hybrid sensor applications and understanding the behavior of Kawss
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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Outl ook

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 pseudaainting air-bubble technique is
adaptable to different membrane types, enhancing the potential for future applications in
biosensing and related fields. The consistent behavior of Kexschannels across platforms
suggests a broader applicability of this channel in diverse environnmés. 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 tracletched pore complicates
achieving largescale reproducibility tests, which is a critical aspect for practical
applications. Future research should focus otuning the fabrication processes for the
hybrid system in order to getthe necessaryreproducibility 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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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)..6.

Figure 2 Schematic representation of classe&bothannelsEach monomer contains at
least one poreforming core containing two transmembrane TMD helices with a pore helix
(blue) and a selectivity filter (orange) and their respective amino group-{&fminus) and
carboxyl group (&erminus). A functionaK* channel consists of a tetramer of 2 or 6 TMDs
subunits or a dimer of 4 0r 8TMDS (20).......uuiiiieeieie ettt 10..

Figure 3 Recorded traces 8C\rssingle 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 cefiee 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 pattamp in plasma

membrane HEK 293 CElIS (23).......uuuuuiiiiiiiiiieiiieiieiiee e 12
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)..............vvvveeeeee. 13

Figure 5 Representation of KcsA channel andoiading 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) Stidescription of
the filter with the four binding SiteS (SB4) (35) . ccciiiiiiiieiiee e 15

Figure 6 KcsA selectivity filter. The selectivity filter can adopt two different conformations,
the collapsed (left) and the conductive (right) state in dependence of theoK
(ool plot=T a1 g=Ui o] 4 1N (1) TR PSP PP PPPPPPPPPPP 16

Figure 70ccupancy of Bdainto the KcsA selectivity filterThe 2FeFc electron density map
shows theBa?* (in magenta) and theH2O (in red) into the selectivity filterBa2* ions bind

at site 4 and 2 of the filte35).......cooriiiii e 17..
Figure 8 Electrical Double Layer organization versus the distance (z) from the pore wall
based on the Goughapmana3 OAOT 1T AAT xEOE OEA OAl AOEOA

negatively charged surface is characterized by a negative surface poteatalconsistsof
three different layers:the inner Helmholtzplanel A U A.YOthe oiter Helmholtz plane
| AUAQATIAC OEA Ol ER..BILLALA..;.3.Q . X% 0.8 ... 19

Figure 9 Scheme of EDL thickness for high and low ionic concentration aéldetrolyte. A
thick Debye layer can significantly reduce the inner channel volume and block ionic flow
through the NANOCNANNEL (37 )u.evviieiiiie e e e e 21.

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 liN€) (37)...cccvvveveiiviiiiiiiiieeeeeeeeeeeeeeaas 22....

Figure 11 Typical current/voltage (1/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 dependm
the polarity of the applied VOItAgE...........cooeeiiieeeeeece e 25
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Figure 12 Rectification current for differently charged conical nanopores. Anion selective
conical pore (red) anccation 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 conductancetate 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).......ueiiiii et r e e e e e e e e s e e e e e e e e e e e eenenes 27....

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)..........cceevveieeieeeeeeeeeeeiiiiennn 29
Figure 14 Chemical structure of the PNIPAM Polyidpropylacrylamide)
thermoreSPONSIVE MONOMEL..... ...t i e e e e e e eeeeeeeetai e e e e e e e e e e e e eeeeeeessa e eaeeeaaaaaeaeeeennens 32...

Figure 15 UNILAQUNIversal Linear ACcelerator) facility of GSI has a length of 120 m
where ions after being extracted from an ion source can be accelerated 5% of light
speed, which is equivalent to 11.4 MeV/n. Different types of ions, from protons to uranium

(o= 10 I o= o] £ )Y/ To [T o FE PP 35.
Figure 16 Chemical structure of polycarbonate monomer (PC).........cccooeeeeeeevviiinnnnnns 36.
Figure 17 Chemical structure of polyethylene terephthalate monomer (PET)............ 36..

Figure 18 Schematic representation of the track etching process. The resulting channel
geometry is affected by the ratio of the two etching ratesalong the track and wthe etch

rate of the undamaged material.............cccooiiiiiii e 31.
Figure 19 Scheme of electrochemical cell for symmetric etching of cylindrical pores in
POIYMENIC MEMBIANES.... ...t e e e e e e e e e e e s 38

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 tharfactant reduces the hydrolytic process of the etchant at the
membrane surface. This leads to a very small pore opening (tip)on the surfacaaplied
membrane surface and to a large pore opening on the other membrane side (base) (110).
39..

Figure 21. The fowelectrode configuration minimizes polarization effects at the electrede
membrane interface, ensuring stable recording of the current related to ionic flux. This
setup includes four electrodes: working, working sense, reference, andteoalectrodes,
along with counter sense electrodes. Visual representation in a) and realipah b)......41

Figure 22Scheme oALDcycle.Thecoating processy ALDtakesplaceby separatingeach
cycleinto two phases, each of them followed by purging in order to remove residual
material for the NEeXt CYCIE (118).......ciiiiiiiiiie e ee e 42

Figure 23 Currentvoltage relation of single cylindrical channel (100 nm diameter) in a
polycarbonate membrane (30/m) in 1M KCI electrolyte at pH 5 before (yellow) and after
(blue) ALD coating with 10 NM Of SEO......cooiiiiiiiiiiie e 43

Figure 24 Experimental setip 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 @Nd 40°C .. oot a e e e e e e e e e e e e e e e e e e nnanned 45
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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 pashows the
appearance of the air bubble linked to a bent Hamilton syringe close the hole/septum in
Teflon membrane as seen via stereomicroscope (L28)..........ccvvvvvuvuiiiieiiieeeeieieeiiennnns 50

Figure 26 Current traces of Kavsat different voltages recorded in a synthetic bilayer in a
Teflon membrane. Data were recorded in symmetric KCI (100 mM KCI + 10 mM Hepes pH
7). Each data set shows the current as a function of time with the channel fluctuating
between the closed (c ) armpen(o) stateat the givenclampvoltage.............c.ccccvvvvnenenn. 51

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
POLASSIUM CRANNE] KBMES ... uvvvviiiiiiiiiiiiiieiee et a e e e e e e as 52....

Figure 28 Current/voltage measurements of Kaw 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 Kewrs The analysis is conducted using a set of five measurements. Values presented
are expressed as the mean + standard deviation (SD)........cccceeeiiiiieiiieeiiceeiiin, 52

Figure 29 Opemprobability/voltage (Po/V) relationship from Kcwrsrecordings. The
analysis is conducted using a set of five measurements. Values presented are expressed as
the mean £ standard deviation (SD)...........ccoiiiiieeieeeeeeeeeeer e e e 53

Figure 30 Schematic representation of a planar lipid bilayer «gi. 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 correspoadke
extracellular side, while the cis compartment represents the intracellular side of a living
(07| PP PPPPPI 54

Figure 31 Ba*blocking of single Kawrschannel. Current traces of Kgvsat negative
voltages (from-40 mV to-160mV) before and after thaddition of 3mM B&* blocker from
the trans-side. The addition of the blocker leads to a reduction in the channel open

o1 o= o 1111 Y/ RSP 55....

Figure 32 B&*on the trans side has little impact on unitary conductance. Current/voltage
data for the Kcwrsunder control conditions (blue) and after the addition of 3mM Bao

the trans-side (green). The comparison reveals that the blocker causes a small reduction in
channel current at negative potentialS.............ooviviiiiiiiiiiii e 56

Figure 33 B&* blocks Kcwrsfrom trans and cis side. Typical channel fluctuations under
control conditions before (left panel) and after adding 3mM Bdirst to the trans (central
panel) and then to the cis side (right panel)............ccooo i, 57...

Figure 34 Effect of B&ton conductance of Kewschannels. Current/voltage curves under
control condition (blue), and after adding 3 mM Bato the transside (green) and

subsequently to the GiSide (Fed)..........ouuuiiiiiii e 58
Figure 35 Effect of B& on open probability of Kawrsin control condition (blue) and after
adding 3mM B&* to the transside (green) and subsequently to the -gsle (red).......... 58

Figure 36 I/V curvedefore (grey) and after (red) lipid bilayer painting of a single
cylindrical pore. The zero current indicates the complete cover of the tratéhed channel
By the lipid DIlAYEr.......... e 59

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
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ionic flux resulting in zero currents across the entire voltage range thus indicating
SUCCESSTUl POrE COVEIAQE. ......eiieiiiiiiiicie e e e e e e e e e e e e e e e e e e e e e e e e eeeees 60...

Figure 38 Voltage ramp method for capacitance measurements. A voltage ramp generates
a current step ¢ which defines the capacitance value of the synthetic membrane......61

Figure 39 Current traces of Kavsat different voltages recorded in synthetic bilayer onto a
PET tracketched membrane in symmetric KCI (100 mM KCI + 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 CIOSEHALE.................oiiiii e 64...

Figure 40 Current/voltage curve of Kewsin the voltage window between £ 160 mV. Once
established a stable bilayer was established using the air bubble technique, a 1:100 diluted
solution of Kcwrsis added. The analysis is conducted using a set of five measurements.
Values presented are expressed as the mean + standard deviation.(SD).................. 65..

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)......ccoccciiiieeieerrer e e e e ———————— 65..

Figure 42 Currentvoltage curves of Kawsfor 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).

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
(5] ) TR PRSP 67

Figure 44 The three different phases of the experiment without and with Ba blocker.
(Left) Current/time traces recorded without B& (100 mM KCI + 10 mM Hepes pH 7).
(Middle) Barium blocker (100 mM KCI + 10 mM Hepes + 3 mM Badded from the trans
side. (Right) Barium blocker added at 3 mM from both sides trans as well as cis.sidé8

Figure 45 Current/voltage data of Kawrschannel in PET membrane under normal
condition without (blue), and with Bablocker from the trans side (green) and from the cis
£ 10 L (=T ) T USSR 69...

Figure 46 Open probability of Kewvschannel in PET membrane under normal condition
(blue), and with Bablocker from the trans side (green) and from the cis side (red)....69

Figure 47 Current time traces of multiple insertion of Kkagin a synthetic lipid bilayer
across a tracketched nanopore in PET..........cccoooiiiiiiiiiiieeiieeeieeeeeeviies e e O,

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 (blue) channels being simultaneously open.71

Figure 49 AFMmages(10 umx 10 um) ofaPETmembrane(left) prisfine and (right) after
track etching amulti-channel PET membrane with Hochannels/cnf. The height scale is

shown on the right side of the picture..............ooiii e 3
Figure 50 AFM images of synthethic lipid bilayer on PET membranes (1nN): (left) sample
inair (40° & PFT) and (right) under water (20 &, PFQNM).............cccooiiiiiiiiiiiin, 74.
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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)........ 75

Figure 52 Representative currentoltage curves of PET containing a single traekched
nanochannel with different geometry: (a) cylindrical pore (6 min efching time in 6M
NaOH at 50° C) with ohmic behaviour and (b) bulghaped pore (6.5 min of etching time

in 6M NaOH with and without surfactant at 60° C) with current rectification.............. 16..
Figure 53 Current/voltage curves of single traektched nanopores in polycarbonate with
different diameter in presence of 1 M KCl at pH.b5..........ooorimiiiiiiiii e, 11

Figure 54 Correlation between pore conductance (nS) and etching time (s). The samples
were etched in symmetricondition in 6 M NaOH at 50° C. Line is a gutdehe-eye....... 78

Figure 55 Correlation between pore diameter (nm) and etching time (s). The samples were
etched in symmetric condition in 6 M NaOH at 502.C............cccceiiiiieieieeeieeeee, 78

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.
.................................................................................................................................... 79..

Figure 57 Currentvoltagecurveofabullet-shapedpore in PET usingifferent KCI
concentrations as electrolyte. The ndmear behaviorindicates current rectification.....80

Figure 58 Rectification degree in bullethaped pores as a function of KCI concentrati8f.

Figure 59 Current/voltage curves of a bullethaped PET pore i6.1 M KCI electrolyte at
different PH VaAlUBS........coi i e e e e e e 81

Figure 60 Rectification degree in bullethaped pore as a function of pH..................... 81....

Figure 61 Room temperature I/V measurements of single Si®2 AOAA BT OA ET v«
PET before (black) and after (red) ATRP reaction of PNIPAM functionalization in 1 M KCI.
The reduced slope for the functionalized pore is a clear indication that PNIPAM

significantly reduces the cross section of the pore..........cccceeeieeviiieeeeieeeen 83
Figure 62 SEM images of traeiched PET membranes before (left) and after (right)
PNIPAM fUNCHONAIZALION........cciiiiiiiiiiiiieeee e 84....

Figure 63 SEM images of membrane after PNIPAM functionalizatbawingcoated pores
with the respective dimension of the outer and inner mean diameter of Do mean = 338.9
NM; DimMean = 120,90 NI e e e e e e e e e e e e e e e e e s e e e e e e anaaas 85..

Figure 64 SEM images of PNIPAM conjugated PET membranes in top view (left) and under
a tilted angle of 45° (right). Membrane before (a, b) and after temperature controlled 1/V

MEASUIEMENTS (C) () n . iiiiiiii i e et e e e et e e e e e e e e e e e e e aa e e e e eeeaanas 86
Figure 65 Scheme of spatial rearrangement of the polymer brushes in the PNIPAM layer
below and above the lower critical solution temperature (LCST) eE132° C................ 81..

Figure 66 I/V curves of PNIPAM functionalized pores at different temperatures, from room
temperature, RT (20° C) to 40° énd molarities of theKCl electrolytga) 1 M, (b) 0.6 M
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Li st of abbreviati ons

AFMAtomic Force Microscope

ALD Atomic Layer Deposition

ATRPAtom Transfer Radical Polymerization
Au Gold

Ba Barium

Cclosed state

CE counteelectrode

Cyt C Cytochrome C

ConA Concanavalin A

DMPC Dimyristtoylphosphatidylcholine
DNAdeoxyribonucleic acid
DPhPQ,2-diphytanoytsnglycero-3-phosphocholine
EBL Electron Beam Litography

E. coliEscherichia coli

EDLElectrical Doube Layer

FIB Focused lon Beam
HEPES!I-(2-hydroxyethyl)}1-piperazineethanesulfonic acid
| macroscopic current

IEP isoelectric point

I/V Current/Voltage curve

K potassium

[K*] potassium concentration
KcvK*channelchlorella virus

Kir inwardly rectifying K+ channel
KirBacbacterial inwardly rectifying K+ channel
Kvvoltage-gated K channel

LCSTLow Critical Solution Temperature

N number of experiments or number of events
Na Sodium

ND Nanodisc

NLPnanolipoprotein

Oopen state

P probability of occupancy
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PANI Polyaniline

PBCVL1 Paramecium bursaria chlorella virus 1
PC Polycarbonate

PCRpolymerase chain reaction
PETpolyethylene terephthalate

PFT Peak Force Tapping

Pl polyimide

PZCpoint of zero charge

pH potential of hydrogen
PNIPAMPoly(N-isopropylacrylamide)
QAquaternary ammonium

RC ResisteCapacitor

RE reference electrode
RNARiboNucleic Acid

rpm rounds per minute

SEM Scanning Electrode Microscope
SPSpiropiran

ss DN#Asingle strand deoxyribonucleic acid
T absolute temperature

t time

TAATetraalkylammonium cations
TBATetrabuthylammonium
TEATetraethylammonium
TMtransmembrane
TMATetramethylammonium

UV ultraviolet

Vvoltage

vb bulk etching

vitrack etching

WE working electrode

WSworking sense

Z time constant
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