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Abstract

A water molecule is the foundation of life and symbolizes the primary compound in every living
system. While many of its properties are understood in bulk solvent, its behavior in a small
hydrophobic nanopore still raises fundamental questions. For instance, a wetting/dewetting transition

in a hydrophobic solid-state or polymer nanopore occurs stochastically and can only be prevented by
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external physical stimuli. Controlling these transitions would be a primary requirement to improve
many applications. Some biological channels, such as gramicidin A (gA) proteins, show a high rate of
water and ion diffusion in their central subnanochannel while their external surface is highly
hydrophobic. The diameter of this channel is significantly smaller than the inner size of the lowest
artificial nanopore in which water drying occurs (i.e. 1.4nm). In this paper, we propose an innovative
idea to generate nanopore wetting as a result of which the application of an external field is no longer
required. In a nanopore, the drying or wetting of the inner walls occurs randomly (in experiments and
in simulations). However, we have shown how the confinement of gA, in a dried hydrophobic
nanopore, rapidly generates a stable wetting of the latter. We believe that this simple idea, based on
biomimetism, could represent a real breakthrough that could help to improve and develop new

nanoscale applications.

KEYWORDS: nanopore; simulations; biomimetism; transition phase; patch-clamp.
INTRODUCTION

Water is the main motor for life . Without water, all organisms would disappear progressively.
Water molecules play an essential role as a solvent for ion diffusion, as an active candidate for
enzymatic and chemical reactions, or as a pressure regulator in cells by filling accessible cavities.
While mainly considered as a motor of life, its behavior is still far from being fully understood and
may show some peculiarities depending on its action. For instance, water can surround ions and thus
create a so-called hydration shell to limit the strong electrical interactions between the ions, which
makes their diffusion possible. Proteins, such as ionic channels, have a particular area, called a filter,
where specific ions and water molecules can diffuse in a single-file chain configuration. The energetic
cost due to the total or partial desolvation of the diffusing ion in this selective filter is then
compensated by the binding of the ion to specific functional groups of the protein. In such cases, water
can spontaneaously adapt to its environment to follow ions and allow selectivity. Furthermore, the
natural selectivity and permeability of these specific proteins, such as KcsA, gA, etc. are so high that

they were never achieved at the same time in artificial nanopores. At present, this represents a
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fundamental scientific challenge, especially for the desalination of seawater’ and dialysis’. While
considerable progress has been made since the beginning of the 21" century® by developing solid-state
nanopores based on single-wall carbon nanotubes’,® (SWCNT), boron nitride nanotubes® (t-BNNT),
PDMS-glass’, Silicon Nitride'® and polymeric track-etched method'', their ionic selectivity still
requires either a significant electric field (high cost) or a very small nanopore size, which strongly
hinders permeability. This technology has not been developed mainly due to the fact that desolvation
and water diffusion phenomena are extremely difficult to control in a nanopore. The internal diameter
of this nanopore (radius up to 1 nm) is at the origin of a water transition state that changes between
vapor and liquid phases over time. This “so-called” wetting/dewetting transition was firstly
emphasized and described in literature by using molecular dynamic (MD) simulations. The dewetting
was also discussed as it was considered as being the cause for the loss of ionic conductivity and was
thus related to the pore gating mechanism in hydrophobic nanopores'>'*. For example, Beckstein et
al."> '% highlighted a distinct two-state regime in hydrophobic nanotubes of varying radii which
involved some major changes in the predicted theoretical ion diffusion. This study showed that the
energy required to wet the internal hydrophobic surface of the nanopore could be so high that this
could explain why, in experiments, pressures could break the fragile nanostructure. Close to
hydrophobic surfaces, the variation of the water density is significant and can yield a lower density
than in normal volume conditions'’. If water is confined in a small hydrophobic nanopore, it can be
released from the pore and can spontaneously evaporate'™ . Hydrophobic nanopore walls could
therefore create a gate system for water, which could involve major consequences such as hindering
the development of the application. Macromolecule or nanoparticle detection processes could be
affected by this gate system™ >'. Macromolecule translocation through the nanopore is detected by
ionic measurement via application of a voltage. The gate phenomenon, combined with the current

fluctuations induced by the macromolecule translocation, could affect the measurement.

To overcome this problem, recent studies based on MD simulations suggested using a voltage ramp

that causes the nanopore to switch between its drying or wetting state' ****. The modification of the

internal wall of the hydrophobic nanopores was also proved to be efficient'" *°
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dyalisis method. For instance, Vlassiouk et al. showed that it was possible to control water permeation
through the nanopore using light”’ thanks to the functionalization of the nanopore inner wall with
photochromic spiropyran and hydrophobic molecules. Whatever the solution offered to improve the
ability of water to wet the inner wall of a narrow nanopore, no biological based solution was proposed

to solve this fundamental problem.

Gramicidin A (gA), a hydrophobic peptide, forms a transmembrane nanochannel (with a radius
smaller than 0.5nm) inside cell membranes, and hence contributes to the cause of the membrane dipole
potential®*. When embedded in a lipid membrane, gA is highly selective to monovalent cations as it
allows the transport of water and ions and blocks the passage of divalent cations while its inner radius
is very small. Thanks to these properties, the hydrophobicity of the support planar lipid membrane was

considerably increased by the incorporation of gA *°.

Recently, we designed small-diameter nanopores with controlled surface states by combining track-
etched nanopores and atomic layer deposition (ALD). By accurately controlling the thickness of the
deposited film, we were able to produce high aspect ratio hydrophobic nanopores with a length of L =
6 um and controlled diameters ranging from 1 to 10 nm. However, the smallest diameters were
extremely difficult to study due to the sudden apparition of a water vapor phase during experiments
and MD simulations®'. In this paper, we propose to show how hydrophobic polypeptides should
overcome these limitations and allow natural wetting of the hydrophobic nanopores. For this purpose,
we chose to confine, in ideal controlled conditions, gA inside our narrowest nanopore and show that
wetting is restored due to the operation of the gA. This corresponds to a new ultimate biomimetic
system that could contribute to the development of experiments for applications. Our biomimetic
system could thus be an easy solution for preventing the occurrence of the transition phase both in
experimental and theoretical conditions. Our paper is organized as follows. In the first part, the results
focus on the transition phases observed in experimental and theoretical raw nanopores. Secondly, the
role played by gA is demonstrated, which shows that the wetting of the nanopore is restored in theory

and in experiments when the polypeptide is embedded in the nanopore.
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RESULTS AND DISCUSSION

Behavior of a bare nanopore

In order to outline the experimental difficulties encountered to fill a hydrophobic nanopore with a
small diameter, patch-clamp measurements were firstly performed on a conical hydrophobic nanopore
(tip 2 nm, base 590 nm) (Figure 1). The current variations shown in Figure 1 are the consequence of
an imperfect and erratic wetting of the nanopore. This phenomenon is typically observed during the
filling attempt of the hydrophobic nanopore when current fluctuations appear. They are characteristic
of a succession of open and closed states. In order to successfully fill such a narrow hydrophobic
nanopore, a high voltage (i.e. electrowetting process'*) should be applied to the system to force the
water molecules to diffuse inside the nanopore. There exists an unstable state, in which the nanopore
can be deweted after removing the voltage. Then, after stabilization of the ionic transport process,
these current fluctuations are no longer observed when a constant voltage is applied. However, it
should be noted that these techniques, involving high voltage applications, are extremely tricky due to
the fact that the nanopores could be easily damaged under voltage constraints. In addition, the filling
process can require several hours and is attempted before reaching the stable ionic transport state. This
depends on the nanopore size and geometry. Basically, a conical nanopore is easier to fill than a

cylindrical nanopore.
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Figure 1: Erratic opening and closing of a trimethyl silane coated conical nanopore (tip 2 nm, base

590 nm). The current graph was recorded under 1 V for NaCl 0.1 M.

In order to study the permeation properties of the narrowest hydrophobic pore (2 nm), we performed
molecular dynamic simulations on a nanopore modeled as closely as possible to an experimental
nanopore. Different situations were considered. Firstly, all atoms of the nanopore were frozen in the
presence of water (with or without ions) to understand the behavior of this "simplest" system. Then,
we developed more complicated situations, in which the methyl groups of the nanopore were free to
move in the presence of water alone (or with an electrolyte). These simulations were the closest to

experimental conditions.

The MD simulations show the major dynamics of confined water. The water density in the pores
varies from a value close to the bulk density (filled pore) to a density nearly equal to zero (empty pore)
whatever the simulation conditions. For small ion concentrations and a frozen nanopore (Figure 2a),

we observed a long period of nanopore wetting (40ns) before a progressive and rapid desorption of the
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confined water. Then, a dried state appeared suddenly, which would certainly alternate with a wetting
state as observed in experiments (Fig. 1) and in literature. For example, in a highly hydrophobic MscS
pore (the small mechanosensitive channel of Escherichia coli) or other biological channels®, the water
occupancy of the constriction region showed repeated transitions between an empty state (~83% of
the time) and a filled state®. In a narrow carbon nanotube with a radius below 1 nm, these fluctuations

335 and were

were also obtained in simulations. They appeared as a single-file configuration
confirmed by Hummer et al. >>, who observed that there was a pulse-like transmission of water
through the nanotube resulting from the tight hydrogen-bonding network inside the tube. The role of
the carbon-water interaction was underlined since it led to sharp, two-state transitions between the

empty and filled states in a 25 ns simulation. From an experimental viewpoint, these transitions states

were verified by the splitting of the radial breathing mode (RBM) vibration in Raman spectra °.
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Figure 2: Water density as a function of time for a) a frozen nanopore (the red (black) graph is for an
ionic concentration equal to 0.1 M (0.05 M)) and b) a dynamic nanopore (the red (yellow, black) graph
is for an ionic concentration equal to 1 M (0.5 M, 0.1 M). The density is measured in units of the bulk

water density 0.996 g cm™ at 25°C and the pore diameter is equal to 2 nm.

We can thus see that the dynamics of the nanopore are also of crucial importance in the

wetting/dewetting phases. When the methyl groups of the neopentane molecules were left free to
8
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rotate around their central carbon atoms, we observed, in Figure 2b, and for any simulation (low or
high ion concentration) that the nanopore was drained more rapidly. In order to highlight the relevance
of the NEOP dynamics, we calculated the PMF of a water molecule across the narrow nanopore when
it was filled or empty. This observable parameter, defined as the potential giving the average force, in
all configurations of all molecules influencing this target water molecule, allowed us to determine the
free energy changes according to its coordinate. To calculate the PMF, we progressively pulled the
center of mass of the targeted water molecule from one side of the nanopore to the other. The results,
shown in Figure 3, demonstrate that the free energy barrier required to penetrate the 2-nm diameter
nanotube is much stronger when the nanopore is dynamic (6 kcal mol™). When the NEOP molecules
in the nanopore were kept in a frozen state, the barrier height remained constant during the simulations
(1.3 keal mol™). Furthermore, the same calculations performed for a nanopore with a greater diameter
(3 nm) did not show such significant differences between the dynamic and frozen nanopore walls. The
free energy barrier for the insertion of the water molecules in this larger nanopore was
approximatively equal to 1.3 kcal mol™ for frozen walls while it slightly increased to 2.2 kcal mol™ for
dynamic NEOP molecules. This result corroborates the significance of the flexibility of the
hydrophobic methyl function in our simulations when the diameter of the nanopore is small. It is to be
noted that the graphite, in which the nanopore was inserted, also contributes to the energy barrier but

to a lesser extent.
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PMF (kcal / mol)

Figure 3: Potential of mean force of one water molecule across the nanotube for different simulation
conditions. In blue (black), PMF through a nanopore with a diameter equal to 2 nm (3 nm) and
dynamic walls. In green (red), PMF through a nanopore with a diameter equal to 2 nm (3 nm) and

frozen walls.

These situations represent a better correspondence to the nanofluidic experiments shown in Figure 1
where the inner ALD nanopore is functionalized with TMS and they explain the long duration of the
drying state. It should be noted that the transition state occurs in a shorter time when the ion
concentration is increased and that, in literature, water molecules were predicted to be excluded from a
pore whose radius was equal to 0.7 nm (at most). In this study, the major dynamics of the hydrophobic

pore surface could increase this limit up to 1 nm.

The hydrophobic gating mechanism'® observed in this study is currently observed in several
biological systems and can either be forced or impeded by using external stimuli such as light”’,

pressure or voltage'> **. However, in any case, these stimuli significantly damage the fragile

10
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nanopore. Interesting work performed by Guo et al.”” showed that the modification of the nanopore
surfaces by a “chemical” temperature triggered function allowed to control the transition from a close
conducting state to an open conducting state with the temperature increase. This experimental work
underlined the significant effect that a chemical modification can have on the inner nanopore surface
and that it can be used to control the water transition phases. However, no solution against the
complete drying phenomenon has been proposed so far for narrow nanopores showing frequent drying

states.

The dewetting process observed both experimentally and theoretically within the hydrophobic pore at
an applied voltage equal to zero therefore led us to consider a possible ‘hydrophobic gating’ process

within these narrowest pores.

Biomimetic nanopore behavior

The physical solutions proposed to overcome the water transition phase issue could be extremely
detrimental for a fragile nanopore with very small diameter. Nevertheless, biological-based solutions
may be achieved to make it feasible since bionanochannels known to transport water molecules do
exist. In the case of channel proteins, the wetting of their inner media is frequently indispensable to
ensure that ions can permeate effectively through them. To be functional, these proteins need to be
inserted during their synthesis, into lipid bilayers. For example, membrane proteins, such as toxins®®
and antimicrobial peptides®®, insert themselves into a lipid bilayer without assistance. The insertion
mechanism of such proteins, although still poorly understood, is probably lipid-assisted. This
mechanism helps one part of the protein to cross the hydrophobic core of the membrane, assists the
insertion of the remaining part and then the conduction of the water molecules™. The protein channel
is currently filled with six water molecules aligned in a single file configuration that allows the
monovalent cations to be hydrated. The size of the nanochannel is of about 0.4 nm, which is far from

the limited size used in MD simulations to observe hydrophobic gating.
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Combining a protein wetting nanochannel with a potent dynamic hydrophobic synthetic nanopore
could be an effective solution for preventing water drying. We recently showed that the insertion of a
gA protein was possible both experimentally and theoretically as long as it is extracted from the
biological media and placed near to the nanopore entrance*'. The properties of the nanopore were then
completely changed in terms of permeability and selectivity, which proved that gA was inserted in the
highly hydrophobic nanopore®. A successful insertion is affected by many factors such as the nature
of the solvent in which gA is dissolved and the size of the nanopore. To optimize the insertion,
theoretical investigations were conducted to determine the minimal pore diameter for which the gA
could lose its properties. The accommodation of the polypeptide was thus studied within the range of
accessible diameters. With large diameter nanopores (>3nm), changes affecting the proteins in terms
of size and shape were observed until reaching a minimal gA concentration for which the nanopore
wall could no longer roughly influence the gA structure. For smaller diameters, the gA structure was
extremely modified depending on the diameter. Several diameters were then tested and, based on a
data analysis, a range of diameters between 1.7 to 2.3 nm was determined, in which gA could maintain
a stable beta helix structure. gA could thus be inserted into the narrowest drying nanopore (2 nm) in

order to study its influence on the behavior of water.

Following the insertion of gA, we examined the stability of the beta helix in terms of energy and
structural resolution and established that the polypeptide structure was stabilized when it was
maintained inside the hydrophobic nanopore. The upper limit value of the RMSD reached 2.3 A. This
was assigned to the mobility of the gA extremities, which, in principle, are in contact with the lipid
head*> **. To demonstrate this point, the RMSD of the two extreme tryptophan groups was plotted in
Figure 4. The large displacements of the tryptophan groups (each of them being reflected on the
RMSD of the total protein) were due to a strong interaction with the pore wall and with the water
molecules to attract them towards the inner nanochannel. It is to be noted that, inside the membrane
cell, the structure of the gA was only changed by 1.2 A with respect to its crystallographic structure®.
However, the energy of the gA did not vary significantly when the gA was inserted inside the pore due

to the fact that its interaction with the dynamic pore wall seems to mimic at best the biological media.
12
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However, the gA structure was modified as it lost its natural folding with 62% of the remaining beta
helix, compared to 82% in a lipid environment*. This outcome can be considered as satisfactory since

the pore wall structure is fairly rigid compared to lipid bilayers.
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Figure 4: Root Mean Square Deviation of the confined gA during the molecular dynamic simulations
in the nanopore. In green (red), RMSD of a full gA structure (only extreme tryptophan Trp-15 groups

of gA).

Simulations were thus carried out in the worst-case conditions, in which the drying phase occurred
the most frequently, i.e. dynamic pore wall and ionic concentration equal to 1 M. In these conditions
(and also other conditions), the water was observed to progressively fill the hydrophilic gA

nanochannel, in the continuity of the hydrophobic drying nanopore. Figure 5 shows the progressive
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amount of water that fills the biomimetic nanopore as from the start of the simulation. When the gA
was inside the hydrophobic nanopore, the electric field generated by the polypeptides counterbalanced
the high hydrophobicity of the nanopore and very rapidly attracted the water molecules inside the

nanopore.
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Figure 5: Water density (inside the pore (black curve) and inside gA (red curve)) as a function of the
simulation time for the entire duration of the simulation (top). Zoom after a short simulation time and
snapshots of the water behavior inside the system (bottom). The water density inside gA was

calculated assuming a perfect cylindrical volume (length 2.5 nm and radius 0.2 nm).
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The gA folding can only be maintained if a few water molecules fill the nanochannel and form a
molecular chain that reduces the electrostatic interactions. Without water, the protein will quickly
unfold. We have therefore obtained an effective water pumping device due to the biomimetic
transformation of the narrowest nanopore. To confirm this pump effect, we plotted, in Figure 6, the
PMF of a water molecule inserted inside the nanopore at the opposite side of the gA. As clearly
shown, the free energy barrier, which was equal to 6 kcal mol” before the gA insertion (Fig. 3),
decreased significantly down to 1.2 kcal mol™". This barrier could be separated into two parts. One part
came from the insertion of the water molecule inside the graphite wall and the second part
corresponded to the confinement of the molecule inside the nanopore. Simulations were continued up
to 300 ns and no wetting/dewetting transition was observed. The variation of the water density inside
the nanopore and the nanochannel clearly showed that the two cavities filled progressively during the

simulation. This is an efficient way of preventing the drying of a nanopore.

PMF (kcal / mol)

Figure 6: Potential of mean force of one water molecule across the biomimetic nanopore which is
depicted behind (only for the PMF limits, i.e. -50<z<0 A). In black, the PMF shows two barriers. The
first one is for the insertion inside the graphite (-40<z<-33 A) and the second for the insertion inside

the nanopore (-33<z<-25 A).
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To experimentally demonstrate these exciting theoretical findings, a gA (100 nM) solution
impregnated the nanopore during 72h at 6°C and was confined inside the hydrophobic nanopore.
Unfortunately, experimental evidence of our simulation predictions were not achieved in the narrowest
nanopore. The insertion of gA inside a conical nanopore (tip diameter 14 nm) was only controlled and
demonstrated in a stable current phase. In other words, to fill the nanopore with gA, it should firstly be
filled with water. In addition, the differences in the electrical behavior between an unfunctionalized
nanopore and a gA-impregnated nanopore were not sufficiently significant to claim that gA has any
effect. The ability of the gA insertion inside the smallest hydrophobic nanopore was demonstrated in
cylindrical nanopores, in which the conductance differences were at least five times higher than for
small nanopores (diameter 2 nm). *° As long as the gA was inserted inside the narrowest nanopore, no
current fluctuations were observed in our experiment (Figure 7). This certainly does not prove the

concept but it does not contradict our theoretical investigations.
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Figure 7: Illustration of the influence of gA on the current for a hydrophobic nanopore (tip 14 nm,
base 340 nm) (a) I-V response (KCl 0.1 M) of a nanopore before (red square) and after the gA
insertion (black circle) (b) Stable current (record under 1V for KCI 0.1 M) obtained through a

nanopore after gA confinement.

CONCLUSION
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The smallest hydrophobic nanopore, studied both in experiments and in simulations in this paper,
showed a rapid wetting/dewetting transition. This phenomenon was explained in the simulations by
the dynamics of the elementary constituents of the nanopore and the role of the ionic concentration in
the cavities, which only delayed the occurrence of the transition phase. As already underlined, these
transition phases could play a dramatic role due to the fact that the external force required to wet the
nanopore could cause its rapid destruction. In this paper, we proposed a simple biological solution
which involves inserting a gA nanochannel inside this narrow hydrophobic nanopore. When this
insertion is performed, the nanopore remains, even in the worst experimental conditions, fully
hydrated and does not undergo any drying phase. Our work, which was fully demonstrated by
molecular dynamic simulations and partially achieved experimentally due to technical limitations,
shows that by using the properties of biological molecules, a biomimetic functionalization could
prevent nanotechnological instruments from dewetting without any external physical stimuli. This
study is a successful attempt, which shows that the combination of biological and physical techniques

can provide very interesting results.

Materials and methods

Molecular simulations

We performed complete atomistic molecular dynamic (MD) simulations using NAMD 2.9b2
software ** while respecting a constant temperature of 300 K (Langevin dynamics) and a constant
pressure of 1 atm. The Langevin piston Nosé-Hoover method*® was used to create these experimental
conditions. The short- and long-range forces were calculated every 1 and 2 time-steps, respectively,
i.e. 1.0 fs, while the long-range electrostatic forces were estimated with the standard particle mesh
Ewald (PME) approach?’. Chemical bonds between the hydrogen and heavy atoms were constrained to
their equilibrium value.

17
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All systems (ions, water, membrane, gA) were modeled using the CHARMM?27** force field. The
water molecules were simulated in the TIP3P model. The experimental nanopore was simulated by
agglomerating neopentane molecules (NEOP) in a tubular geometry. The central carbon atoms of
NEOP were maintained in a bound configuration while the methyl groups forming each molecule were
frozen or free to move, depending on the simulations. The mean distance between the fixed centers of
mass of the neopentane molecules is chosen according to the work of Makowski et al.** This
nanopore was then incorporated into a graphite bulk where a hole was created initially. The narrowest
diameter (nearly equal to 2 nm and noted NT2 with a length equal to 5 nm) was studied in this case as
it corresponds to the most problematic system. The entire system (containing the nanopore) was
finally placed between two cavities of 3-nm long, filled with electrolytes with different ionic
concentrations in order to study the role of the ions on the nanopore wetting process. For the
biomimetic system construction, we chose the monomeric gA conformation® (PDB code: 1JNO),
which is the equilibrium geometry adopted in bulk water >'. The gA monomers were firstly pre-

equilibrated for at least 5 ns and then inserted into the unfilled nanopore.

Different simulations were performed using high or low ion concentrations. A total cumulated
simulation time of 300 ns was used to achieve the best operating conditions for our biomimetic system

so as to prevent the occurrence of the wetting/dewetting transition phase.

The free energy profiles were computed using the adaptive biasing force (ABF) method ** **

, as
implemented in NAMD. For all the ABF simulations, the chosen reaction coordinate was the distance
between the center of mass of the nanopore (or gA) and the target water molecule, projected on the Z-

axis (relative to the nanopore main axis). The channel permeation pathway (—40 A <Z <0 A) was

subdivided into four non-overlapping windows. The length of each window was 10.0 A, in which MD
were performed for 50 ns, thus resulting in a total simulation time of 200 ns. A 100 kcal mol'A™
boundary force constant was applied to restrain the motion of the water molecule of interest inside the
window. Each window was sampled with a step size of 0.1 A and the free energy profile was

determined by integrating the average force over all windows. The initial configurations for each

18
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window were taken from intermediate structures of MD simulations, in which the target water
molecule was positioned near to the next window. The biasing force was applied only after the
accumulation of 1000 samples in a bin beforehand. During all ABF simulations, the motion of the
water molecule being considered was limited to a cylinder of 8 A on the XY directions relative to the

main axis of the nanopore.
Nanopore preparation and characterization

Track-etching nanopore

Single conical nanopores were tailored by using a track-etched method ** and modified by using
atomic layer deposition®. Basically, the single tracks were produced by Xe irradiation (8,98 MeV u™)
of PET film (13 pm) (GANIL, SME line, Caen, France). Then the track was activated under a 24 h
UV exposition per side, (Fisher bioblock; VL215.MC, A = 312 nm). The chemical etching was
performed in assymmetric conditions: the NaOH solution (9 M) was placed on one side of the cell and
the stopping solution (1 M KCl) and 1M of acetic acid on the other side of the cell. After the echting
process, the diameter of the tip, d;, of the conical nanopore of length L was estimated from the

conductance measurement using equation 1:
G = kdpd; /4L (D

Where d, was calculated according to the total etching time t providing that d,, = 2.5t. The factor
2.5 was determined in the lab by using a mutlipore track membrane. Then the tip diameter of the
nanopore was adjusted to 2 nm by deposition of successive Al,O; and ZnO layers according to the so-
called atomic layer deposition process using a custom-made setup.’’ Finally, the nanopore was
exposed to hexamethyldisilazane (HMDS) to obtain hydrophobic Tri(Methyl-Silane) (TMS) function
((CH;);Si-) surface terminal group. To characterize the nanopore, an I-V plot was recorded under
NaCl 100mM (Figure 8a). After chemical etching, the I-V graph showed a current rectification due to

the carboxyl groups induced by chemical etching. After modification by ALD and HMDS
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functionalization, we observed a current decrease and the disappearance of the current rectification,

which confirms that the surface is not charged.

To check the hydrophobicity induced by HDMS functionalization, the contact angle was measured on
the PET surface functionalized following the same procedure as for the nanopore (Figure 8b). In this

case, we measured an angle equal to 92 degrees, which is higher than 90 degrees, the lowest value for

hydrophobicity.

200 T

100 al i

-100 [ g

-200 L] 4

Current (pA)
-

3004 = -

-400 - T
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Figure 8: Experimental characterization of the nanopore (tip 2 nm, base 590 nm) (a) I-V response
obtained under KCI 100mM before (black square) and after (black circle) ALD and HMDS coating.

(b) Contact angle of the PET surface after ALD and HMDS coating.

Current measurement
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The current was recorded by using a patch-clamp amplifier (EPC10 HEKA electronics, Germany)
as a function of time under applied voltages from 1V. The single nanopore is placed between two
Teflon chambers containing the NaCl 0.1 M solution. The current is measured by Ag/AgCl, 1M KCl
electrodes connected to the cell chamber by agar-agar bridges. Data was recorded at 200 kHz by using
Patchmaster software (Heka Elektronik, Germany). Recorded currents were then analyzed by

Fitmaster (Heka Elektronik, Germany).
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