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‡Institut Charles Gerhardt, UMR 5253 CNRS-UM2-ENSCM-UM1, Place Eugeǹe Bataillon, 34095 Montpellier cedex 5, France
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ABSTRACT: The confinement and the understanding of ion transport
through ionic channels when they are confined inside solid-state
nanopores smaller than 10 nm remains a challenge. Here we report on
the fabrication of biomimetic nanopores with high length (5 μm)/diameter
(smaller than 10 nm) ratio obtained using both a track-etched technique
and atomic layer deposition on flexible membranes. These membranes
present uniform hydrophobic nanopores with a low roughness inside the
pores. Gramicidin A is then confined inside nanopores (diameter 10.6, 5.7,
and ∼2 nm) leading to the NaCl ionic transport mechanism through a
hybrid nanopore similar to the biological ones especially for small diameter
(5.7 and ∼2 nm).

■ INTRODUCTION

Solid-state membrane technologies are commonly used in
many industrial, health, or environmental applications. Thus,
the development of membranes which present both high ion
permeability and high selectivity without energy intake has
been an important research topic for many years.1 Nevertheless,
these features are often considered as antagonist. To mimic
ionic channel properties, owing to unique selectivity and
permeability, one strategy is to design a conical track-etched
pore2 with charge surface modification or polymer grafting.
These membranes exhibit ionic diode properties where the
anionic or cationic selectivity is obtained under an electric field.
Another strategy based on direct confinement of biological
ionic channels inside cylindrical nanopores has been recently
proved.3,4 This way aims to combine robustness, suitability
(material), and selectivity (biology) properties.5,6

Among ionic channels, gramicidin A (gA) is one of the most
widely studied due to its simple structure and to its selectivity
to a monovalent cation.7−9 To make it short, gA is formed by a
linear polypeptide of 15 hydrophobic amino acids which adopt
β-helix structure. Inside the lipid membrane, the selective pore
is formed by a head−head dimer of gA linked by a H-bond

between C-terminal functions. With this conformation, a gA
channel is only permeable to monovalent cations10,11 and
blocks anions.12 Even though gA is one of the simplest ionic
channels, its properties are not easily transferred to solid-state
membranes. Recently, we reported the first studies about the
synthesis of hybrid membranes by confining gA in the pores of
track-etched membranes.3,13 The latter membrane made of
polycarbonate has several advantages related to its uniformity
and density of nanopores, wide diameter pore range, flexibility,
and low cost of fabrication. These first studies have opened
many questions about ionic transport mechanisms and the
influence of the larger nanopore diameter (15 nm) than gA
(close to 1 nm). In the present study, we propose to investigate
the ionic transport mechanisms of confined gA inside the sub-
10 nm hydrophobic nanopore.
Besides, surface modification of porous membranes for

different applications like separation processes,14 nanotube
template elaboration,15 and energy storage16 has attracted
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considerable interest in the last 20 years. A variety of techniques
have been employed to modify the pore size and surface
properties of porous membranes such as chemical vapor
deposition,17 sol gel procedure,18 and atomic layer deposition
(ALD).15 Among them, ALD has attracted particular attention
for the growth of ultrathin homogeneous films based on two
separated self-limiting surface reactions. This self-limiting
surface reaction in ALD provides conformal deposition on
high aspect ratio structures with a high degree of thickness
control in the subnanometer range.19 A large number of metal
oxides are used in ALD for different applications such as
sensors,20−22 solar cells,23−25 fuel cells,26,27 DRAM capacitors,28

and photocatalysis.29,30 In addition, ALD on polymers has been
widely used for gas diffusion barriers,31 encapsulation organic
light-emitting diodes,32,33 organic solar cells,34 dielectric gate in
polymer-based transistors,35 enhancement of the photo-
protection, and finally nanomechanical properties of polycar-
bonate.36

In this paper, 100 nanopores have been obtained by track
etching of poly(ethyleneterephthalate) (PET) film. We have
investigated the deposition of a multilayer aluminum oxide/zinc
oxide by ALD37,38 to reduce the pore diameter of the PET
membrane from 36 nm down to diameters smaller than 10 nm.
The method used assures a low roughness inside the
nanopores, preserving the main advantages of the polymeric
membranes: uniformity of the nanopores and flexibility of the
membrane. Then a hexamethyldisilazane chemical treatment39

allows us to coat the nanopore wall with −CH3 to mimic
−CH2−/gA interaction such as a lipid membrane. The
membrane ionic transport and selectivity of NaCl, before and
after gA confinement, has been studied and is discussed based
on the Michaelis−Menten model of ionic cotransport.

■ MATERIALS AND METHODS
Materials. Diethyl zinc (DEZ) (Zn(CH2CH3)2, 95% purity,

CAS: 557-20-0) was purchased from Sterm chemical.
Trimethylaluminum (TMA) (Al(CH3)3, 97% purity, CAS:
75-24-1), gramicidin A (50845), sodium chloride (S9888),
methanol (179337), and hexamethyldisilazane (HMDS)
(reagent grade, ≥99%) were obtained from Sigma Aldrich.
Demineralized water was obtained by Milli-Q system
(Millipore). PET film (thickness 5 μm) was purchased from
Goodfellow.
PET Nanopore Production. Using the track technique on

poly(ethyleneterephthalate) (PET) film with krypton irradi-
ation and chemical etching with NaOH solution, we obtained
around 100 nanopores over an area of 1 mm2 (Table 1). For a
typical preparation, a PET film (thickness 5 μm, length 24 cm,
width 4 cm) is positioned on the trajectory of a diffracted
78Krypton ion (9.5 MeV) beam in GANIL (Caen, France). A
detector is set behind the film to count the number of ions
crossing the film. When the number of counts (number of
pores) is reached, here close to 100, the beam is stopped.
Afterward the film is moved to make another track 2 cm
downward. The PET film is kept in an inert helium atmosphere
to preserve the tracks. The chemical etching is obtained as

follows: the tracked film is exposed on both sides for 24 h to an
ultraviolet light (Fisher bioblock; VL215.MC, 312 nm) then
immersed during 5 min in NaOH solution (3 M) at 50 °C. At
the end the film is rinsed with demineralized water.

Tuning the Nanopore Diameter Using ALD. A custom-
made ALD setup40 was used for synthesizing thin Al2O3/ZnO
films. The Al2O3 ALD films were deposited using alternating
exposures of TMA and deionized water (H2O) with the
following cycle times: 0.1 s pulse (TMA), 20 s exposure, and 40
s purge with 100 sccm dry Argon. A 2 s pulse, 30 s exposure,
and 60 s purge with dry argon were used for H2O. The ZnO
ALD films were deposited using alternating exposures of DEZ
and deionized water (H2O) with the following cycle times: 0.2 s
pulse (DEZ), 20 s exposure, and 40 s purge. Again a 2 s pulse,
30 s exposure, and 60 s purge with dry argon were used for
H2O. ALD was carried out at 60 °C. These pulses, exposure,
and purge times were chosen conservatively to ensure
completion of the ALD surface reactions and to prevent
mixing of the reactive gases. The growth per cycle was about 2
Å/cycle for Al2O3 and 2.1 Å/cycle for ZnO.37,41

A sequence of five cycles of Al2O3 preceding five cycles of
ZnO was used to reduce the pore diameter. Three films of
Al2O3/ZnO with different sequence numbers (5, 6, and 7) were
deposited on the PET membrane. After ALD deposition, a 24 h
HMDS vapor exposure treatment was performed at room
temperature to create a hydrophobic pore surface with a
−Si(CH3)3 bond. The bilayer chemical composition was
analyzed by EDX (Hitachi 4500 coupled with a Thermofisher
EDX detector). The bilayer thickness was measured by SAXS
(Xenocs GenX equipped with a molybdenum anode and a
MAR2300 2D imaging plate detector). The HMDS nanopores
modification was approved by XPS measurement (ESCALAB
250 Thermo Electron) and the determination of a contact
angle. Contact angle measurement (GBX - Digidrop, Romans,
France) was performed by applying a water droplet of 2.3 μL to
the surface. The contact angle was calculated using
computerized image analysis. AFM measurements (AFM
NANOMAN 5 from Veeco instrument controlled with a
Nanoscope V software) were performed to obtain the
roughness of the surface.

Gramicidin Confinement. gA confinement throughout the
PET nanopore reduced by ALD and coated by HMDS has
been performed as follows: The gA solution was prepared by
mixing 10 mL of pure water (pH ∼8) and 10 μL of methanolic
gA solution (10−4 M). The membrane was impregnated with
the solution during 72 h at 6 °C.

Membrane Conductivity Measurement. The recording
of intensity/voltage (I/V) curves has been performed on a
potentiostat EG&Gprinceton applied research model 236 A.
These measurements used two Ag/AgCl electrodes (Tacussel),
which have been prepared to have an asymmetry potential less
than 1 mV. The two compartments of the measurement cell
have been separated by the PET film containing ∼100
nanopores (Table 1). Nanopore conductance (G) is directly
given by the slope of the I/V curve. Both compartments were
filled with 12 mL of saline solution at the same concentration

Table 1. Nanopore Membranes Used in This Study

nanopore initial pore diameter ALD layer mean pore diameter after HMDS grafting (nm) pore length (μm) pore number κexp (pm) κth (pm)

nP11 36 12.4 10.6 5 104 11.95 19.8
nP6 36 14.9 5.7 5 114 8.781 6.2
nP2 36 17 ∼2 5 106 7.120 0.26
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from 0.9 to 300 mM (pH ∼8). The current was recorded for a
voltage ramp between −250 and 250 mV with a step of 5
mV·s−1. The conductance G in the manuscript corresponds to
one pore for sake of comparison between the different
membranes (nS·pore−1). All experiments have been performed
three times; the temperature was 24 ± 1 °C.
Ion Selectivity Measurement. The ion selectivity was

obtained by the measurement of the voltage (E0) collected at I
= 0 A. These acquisitions were performed with the same cell;
the compartments were filled with asymmetric NaCl solutions
(compartment “in” 250 mM and compartment “out” 0.9 mM).
Measurements were recorded with a EPC800 patch clamp
amplifier (HEKA). The reversal potential Erev was calculated
according to eq 1.

= + ΔE E E0 rev p (1)

where E0 is the measured voltage and ΔEp is the junction
potential induced by the difference of salt concentration
between both compartments of the measurement cell,
calculated according to eq 2. In the present case the junction
potential can be obtained by calculation because the zero of
patch-clamp experiment is adjusted using a PET film without
nanopore.42

μ μ
μ μ
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−
+

+ −

+ −
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[NaCl]p
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where μ− and μ+ are the relative mobility of the anion and
cation, respectively. R represents the gas constant; T is the
temperature; and F is the Faraday constant.
The relative contribution of ions to the conductance is given

by the ratio of their permeability coefficient Pion. To obtain
these relative permeations, data analyses have been performed
using the Goldman−Hodgin−Katz (eq 3).43
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where PX is the permeation of ion X, and [X]i/o represents X
ion concentration inside the “in” and the “out” compartments,
respectively (X = Na+ or Cl−). Here, the measurement of
relative permeation between sodium and chloride is determined
from Erev when the membrane is placed between two
compartments filled with a given electrolyte of ion concen-
tration in the “in” compartment [ion]i (250 mM) and of the
salt concentration in the “out” compartment [salt]o (0.9 mM).
Molecular Dynamics Simulations. The full atomistic

molecular dynamics (MD) simulations were performed using

NAMD 2.7b2 software.44 To encapsulate the proteins in the
pore of different diameters, constant temperature of 300 K
(Langevin dynamics) and constant pressure of 1 atm (using the
Langevin piston Nose−́Hoover method45) were used to
recover experimental conditions. We calculated the short- and
the long-range forces every 1 and 2 time steps, respectively,
with a time step of 2.0 fs. To evaluate the long-range
electrostatic forces, the classical particle mesh Ewald (PME)
method46 was used, while chemical bonds between hydrogen
and heavy atoms were constrained to their equilibrium value.
All systems (ions, water, membrane, gA) were modeled using

the CHARMM2747 force field. For water molecules, we applied
the commonly used TIP3P model. No charge was attributed to
the nanopore carbon atoms. For nanopore carbons (C−C) or
nanopore carbon vs water oxygen (C−O) interactions, we used
the Bedrov et al.48,49 Lennard-Jones potential parameters
(CHARMM27 functional: σCC = 3.895 Å, εCC = 0.066 kcal
mol−1 and σCO = 3.58 Å, εCO = 0.0936 kcal mol−1). For the
proteins, only the monomeric gA conformation (PDB code:
1JNO) was used, corresponding to the equilibrium geometry
adopted in the water solvent.50 The gA monomers were first
pre-equilibrated for at least 5 ns and then were extracted and
inserted into the suitable simulation box containing the
nanopore and the solvent, as described below.
To accelerate the calculations and prove the influence of the

pore diameter on the protein structural arrangement, we
choose arbitrarily to mimic the experimental nanopore by
neither (i) a (16, 16) (pore diameter 2.1 nm) nor (ii) a (55,
55) (pore diameter 7.5 nm), carbon nanotubes that present a
very well-known geometry, contrarily to an experimental
polycarbonate nanopore membrane and a hydrophobic
character close to experimental conditions. All the simulated
nanotubes presented a length of 5 nm, and the solvent was
precisely composed of (i) 8017 water molecules, 15 Na+, and
15 Cl− ions. The complete system (a total of 28 361 atoms,
periodic box of 38 × 38 × 194 Å3) was progressively filled by 6
gA monomers placed randomly in front of the nanopore (only
one is shown for clarity in Figure 6a). The total simulation time
is 294 ns. (ii) 30 564 water molecules, 18 Na+, and 18 Cl− ions.
The complete system (a total of 106 948 atoms, periodic box of
85 × 85 × 142 Å3) was progressively filled by 36 gA monomers
placed randomly in front of the nanopore (Figure 6b). The
total simulation time is 368 ns.

■ RESULTS AND DISCUSSION

Solid-State Membrane Fabrication. The schematic
process for the synthesis of the hybrid membrane is
summarized in Figure 1.

Figure 1. Schematic process for hybrid membrane synthesis.
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The control of the shape and the surface state is the most
important point for membrane protein confinement. The
cylindrical pores on PET film have been obtained by chemical
etching (NaOH, 5 min, 50 °C) after UV exposition which
induces a well cylindrical pore shape.51

The average diameter pore size (36 nm) has been estimated
by conductivity measurements (S1) at different NaCl
concentrations (from 0.9 to 300 mM). The chemical etching
of PET induces the formation of carboxyl groups on the surface
of the membrane and on the surface of the pores walls52,53

Figure 2. SEM images of nanolaminate cross sections with bilayer thicknesses of (a) 24.8 nm and (b) 124 nm. (c) EDX measurement of ZnO/Al2O3
nanolaminates deposited on the PET membrane and (d) SAXS profiles obtained on the PC track-etched membrane (Whatman-Nucleopore,
diameter 200 nm, density 7 × 108 pore cm−2) after 35 sequences of 5 cycles Al2O3/5 cycles ZnO, before and after HMDS coating (curves were
arbitrarily shifted for clarity).

Figure 3. XPS spectrum performed on a HMDS modified PET membrane: (a) Si 2p scan, (b) C 1s scan, and (c) contact angle of a water droplet on
the HMDS modified PET membrane.

The Journal of Physical Chemistry C Article
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which provide numerous sites for the conformal coating by the
atomic layer deposition method (ALD).54 A homogeneous film
in the inner part of the pore was prepared using ALD to reduce
the pore diameter to a range lower than 10 nm.55,56 A
nanolaminate layer of Al2O3/ZnO (Figure 2) has been used to
conserve the flexibility37 of the membrane and to reduce the
roughness57 of the deposit film inside the nanopores. Al2O3 and
ZnO were deposited at 60 °C by alternating five cycles of TMA
and H2O and five cycles of DEZ and H2O. In this study five, six,
and seven bilayers have been deposited, respectively, to reduce
the 36 nm diameter to 10.6 nm (nP11), 5.7 (nP6), and ∼2 nm
(nP2), respectively (Figure 1). The growth rate per cycle for
both materials was determined using SEM (Figure 2a, 2b) on
monolayers and multilayers of ZnO and Al2O3. The growth per
cycle was about 2.1 Å/cycle for ZnO and 2 Å/cycle for Al2O3 at
60 °C.51

A bilayer thickness of 2.48 nm determined by SAXS
measurement has been obtained inside the nanopores for
Al2O3/ZnO nanolaminates. Figure 2d shows the SAXS
measurement performed on 35 sequences of 5 cycles Al2O3/5
cycles ZnO on the PC track-etched membrane with a pore
diameter of 200 nm. The SAXS profile presents two main
features: A structure peak appears at q = 2.53 nm−1 (i.e., 2.48
nm in the real space) which corresponds to the width of a
double layer deposited by ALD. A q−4 slope is observed in the
low q region, characteristic of a sharp interface between the air
in pores and the layers deposited by ALD.58,59 This proves the
quality of the deposition in terms of width control and
homogeneity. The roughness of the films was examined using
AFM measurement. The measurement performed on thin film
deposited on the Si substrate shows that the roughness of the
nanolaminates (Rq = 0.25, SI) decreases significantly compared
to a single layer of ZnO (Rq = 0.34, SI) and Al2O3 (Rq = 0.32,
SI). This could be related to the amorphous nature of the
ZnO/Al2O3 nanolaminates.37,57

Chemical composition was investigated using EDX. As
observed in a typical spectrum, shown in Figure 2c, Zn, Al, and
O have been detected. Rutherford backscattering spectrometry
(RBS) analysis shows that ZnO and Al2O3 are stoichiomet-
ric.37,38,57 Elastic recoil detection analysis (ERDA) and mass
spectrometry measurements show the presence of a partially
hydroxylated phase on the surface of the nanolaminate
samples.37,38,57

After the ALD deposition, the hydrophilic surface due to the
−OH terminal on ZnO was converted to a hydrophobic
((CH3)3Si−) surface terminal by a hexamethyldisilazane
(HMDS) treatment. After HMDS grafting of the sample, the
SAXS profile (Figure 2d) appears unchanged in the q vector
range accessible by our experimental setup. This is the proof
that this grafting did not alter the quality of the ALD coating.
The success of the grafting has been attested by XPS
measurement (Figures 3a,b and Tables S3a and S3b in
Supporting Information). Silicon in low content was detected
(Si 2p binding energies 100.38 eV) that corresponds to the Si−
CH3 bond (Figure 3a).60 The last attribution is confirmed by
the binding energy (283.20 eV) measured for the carbon
element (C 1s) (Figure 3b).60 The hydrophobicity was
confirmed by the determination of a contact angle of 92 °C
on the treated HMDS surface (Figure 3c). In addition, HMDS
plays the role of a passivation layer preventing the corrosion of
ZnO61 in NaCl medium.
Hydrophobic Nanopore Conductance. NaCl conductiv-

ities through the nanopores obtained by ALD have been

measured for concentrations from 0.9 to 300 mM before gA
confinement. The experiments performed on different pore
sizes exhibit the linear current dependence on voltage of Ohms
law (examples in Figure SI 1b, Supporting Information). In
addition, the one pore conductance G = σκ, where σ is the
conductivity and κ = S/L (S = pore section area; L = pore
length), increases linearly with NaCl concentration (Figure 4).

Taking σ as the bulk conductivity, the length κexp, deduced from
conductance measurement, was found for the larger pores nP11
and nP6 to be of the expected order of magnitude of the pore
dimensions. However, it deviates significantly for the pore nP2
where the measured conductance was much higher than the
expected one. In this range of pore radius, confinement of
electrolytes could induce a large deviation of the conductivity
from the bulk value. Moreover, roughness of the walls could
also be an important parameter. The roughness of surface due
to ALD deposition is 0.25 nm (Supporting Information) which
is not negligible in regard to the mean radius ∼2 nm.
Understanding of the mechanisms which induce these
conductivities requires a more thorough study and is not in
the scope of the present work. Such a work is in progress in our
laboratory using measurements on single nanopores. In the
present case, these experiments have been performed for
comparison with the same 100 nanopore membranes having
confined gA.

Gramicidin Insertion. gA insertion inside a hydrophobic
nanopore reduced by ALD and modified by HMDS has been
performed under water solvent. gA characterization inside
∼100 pore membranes cannot be performed by usual
techniques such as circular dichroism and FTIR due to the
too small amounts of confined gA. The proof of gA
confinement was obtained by electrical measurement.

Influence of gA Insertion on Ionic Transport. Presently,
all attempts to confine biological ionic channels inside a
nanopore have shown a loss or a modification of their ionic
selectivity.3,4 Indeed, in biological membranes gA selectivity in
the presence of monovalent ions is induced by head to head
dimer structure as the junction between the monomers blocks
the anions and allows the transport of cations. It has been
shown that this dimer structure is lost in aqueous solution.50

Thus, according to experimental conditions, it can be assumed
that head to head structure is lost before the gA confinement.

Figure 4. Evolution of conductance as a function of NaCl
concentration for nanopore diameter 10.6 nm (black square), 5.7
nm (red circle), and ∼2 nm (blue triangle).
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Two kinds of experiments were carried out with gA-loaded
PET membranes separating two compartments: first, the
analysis of transfer of sodium chloride through the membrane
by diffusion under a concentration gradient was performed to
determine the selectivity of confined gA via the inversion
potential; second, the analysis of current intensity as a function
of voltage (I/V) with the same salt concentration in the two
compartments was carried out as a function of concentration to
check the possible saturation as observed in biological channels.
In the first series of experiments, the average transport of

electrolyte through the membrane is unidirectional, and the
different interactions of sodium cation and chloride anion with
the inner pores lead to different mobilities of the ions.
According to the Goldman−Hodgkin−Katz equation (eq 3),
the permeability ratio PNa+/PCl‑ (Table 2) is deduced from the
inversion potential Erev. For all experiments, we have obtained a
ratio PNa+/PCl‑ < 1. It means that confined gA exhibits a better
permeability to chlorine than to sodium ions. The smaller is the
pore diameter, and the higher is the ratio, which suggests that
increasing confinement favors the cation mobility. However,
the higher value corresponds yet to a higher permeability of the
anion, contrary to the selectivity of the channel in biological
membranes. In such membranes, the ionic transport properties
through gA are strongly dependent on its structure. First, the

cationic permeation is affected by different helical structures
that gA can adopt depending on the phospholipid composition
of the membranes.62 Second, the impermeability to Cl− is due
to changes in the hydration state near head−head connection
of two gAs and in the β-helix structure.11,63 It is very likely that,
when gA is confined inside the nanopore, the dimer assembly
broken in solution is not recovered which induced therefore the
permeability of Cl−. This result is in accordance with our
previous work where gA has been confined inside the
commercial polycarbonate track-etched membrane (diameter
15 nm).3

The second experiment series aimed to obtain information
on transport kinetics of both Na+ and Cl−. In this case, the ionic
transport through the membrane is bidirectional. The measured
I/V curves show the linear current dependence on voltage of
the Ohm’s law (examples on Figure SI 1b, Supporting
Information). The membrane conductance with gA as a
function of salt concentration exhibits two regimes (Figure
5): a steep increase at low concentration and a much smaller
one at high concentration. Even in the range of high
concentrations, the variation is still one order of magnitude
larger than without gA (Figure 5). The conductance in the low
concentration domain is several orders of magnitude larger.
This suggests the gA specific function of enhancing the

Table 2. Permeation Ratio and Conductivity Experiments of Nanopore Confined gA

pore size gMax(Na
+
) (nS) KM(Na

+
) (M) gMax(Cl

−
) (nS) KM(Cl

−
) (M) λout (nS·M

−1) r2 PNa/PCl

nP11-gA 0.02 0.018 0.03 0.978 × 10−4 0.21 0.99 0.027
nP6-gA 0.77 0.360 1.23 1.58 × 10−4 0.00 0.99 0.382
nP2-gA 0.75 0.370 0.74 4.40 × 10−4 0.00 0.98 0.785

Figure 5. Evolution of nanopore conductance with and without confined gA under NaCl symmetrical concentration. Experimental measurements
are fitted by curves obtained through the resolution of eq 3: (a) nP11-gA (black square) and nP11 (gray round), (b) nP6-gA (black square) and nP6
(gray round), and (c) nP2-gA (black square) and nP2 (gray round).
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transport of ions with respect to bulk. The nonlinear increase
with the concentration is similar to the behavior observed for
biological ionic channels including gramicidin.64,65 Concen-
tration-dependent ion permeation kinetics in single-ion
occupancy is commonly described by kinetic models involving
the Michaelis−Menten (eq 4).

=
+

G C g
C

K C
( ) max

M (4)

where G(C) is the nanopore conductance at ion concentration
(bulk) C; gMax is the maximum (saturation) conductivity; and
KM is the Michaelis constant which is referred to the
dissociation constant in the equilibrium theory. This model
assumes that the ionic channel is selective to only one
electrolyte and that the conductance reaches an asymptotic
value GMax where all ionic channel sites are occupied. The
present system is not as simple as such because the transport of
the two ions exists and two types of populations for each ion
are likely as ion pathways outside the gramicidin channels
cannot be excluded. Considering this, we extended the model
to Na+ and Cl− cotransport, where ionic pore conductance can
be described as the sum of both cation and anion conductances
through confined gA (GgA) and a conductance outside gA
(Gout) (eq 5).

= + ++ −G G G G( )gAT Na Cl out (5)

Assuming that, at the entrance, each electrolyte should be
assimilated to single-ion occupancy inside gA, it is possible to
combine eqs 4 and 5.
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+
+

+
+
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−

+

+

−

−
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K

[Na ]

[Na ]

[Cl ]

[Cl ]
[NaCl]T

max(Na )

M(Na )

max(Cl )

M(Cl )
out

(6)

Experimental data have been fitted by this model and
parameters reported in Table 2. Regarding the anionic behavior
demonstrated without electric field PNa+/PCl‑ < 1, and the same
dependency between Gion and Pion,

66 the values of fitted
parameters (gMax and KM) can be assigned in such a way that
GCl‑ > GNa+.
The results reported in Table 2 show that parameter λout is

equal to zero excepted for nP11-gA. In addition, the nP11-gA
conductances are lower than the nP6-gA and nP2-gA ones. This
result suggests the increasing relative contribution of the ion
transport through gramicidin when the pore size becomes very
small. The value λout (0.21 nS M−1) obtained for nP11-gA is of
the same order of magnitude as in the absence of gramicidin
(0.15 nS M−1), suggesting a bulk-like ionic environment,
gramicidin excluded. The lack of Gout for both nP6-gA and nP2-
gA shows that electrolyte transport occurs mainly through
gramicidin and that conductance outside gA can be considered
as negligible. It means that ions are docked inside gA sites, and
thus it suggests an organization in β-helix gA structure, at least
partially, such as in biological conditions.67

From the theoretical point of view, to have an insight on the
structural arrangement of the confined proteins, we have
performed, using the same protocol and parameters as
previously,3 dynamic molecular simulations of gA inside
hydrophobic nanopores (diameters 2.1−7.5 nm) modeled
here by an assembly of carbon atoms that mimics the
experimental pore (Figure 6). For 7.5 nm diameter pore size,
the simulations show a gA confinement in two steps: (1) The
first gAs are adsorbed on the nanopore surface and lose their
helix structure, and (2) the following gAs are located in the
pore center and keep the helix structure but lose the head to
head dimer structures. Here, the small gA concentration used
experimentally leads to only partial filling of the pore center for
high nanopore diameter (Figure 6b), in accordance with the

Figure 6. Snapshots of gA confinement inside a hydrophobic nanopore (blue circles) of diameter 2.1 nm (a) and 7.5 nm (b) obtained by dynamic
molecular simulation (gA are shown in ribbon representation with its surface modeling when they are folded): (a) 2 gAs have been incorporated
inside the nanopore and stabilized during 20 ns (the second protein is not shown for clarity), and (b) 36 gAs have been inserted progressively inside
the pore during 270 ns. Some are unfolded principally on the pore wall, while others keep their helix structure partially.
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significant contribution of bulk-like domains in the total
conductance (Table 2). For 2 nm diameter pore size, the
simulation shows that only one gA can occupy the pore with its
saved helix structure in these high confining conditions (Figure
6a), in accordance with the negligible contribution of bulk-like
domains in the total conductance deduced for the smaller pores
(Table 2).
According to eq 3, for a given NaCl concentration the ratio

GNa+/GCl‑ is higher for nP2-gA than for nP6-gA, typically for
NaCl bulk concentration 250 mM (0.257 for nP6-gA and 0.409
for nP2-gA, respectively). These values differ slightly from those
obtained with the ratio PNa+/PCl‑ under dissymmetrical
concentration, probably because of the difference in the
experimental conditions. However, the increases of both ratios
induced by the pore size reduction are similar (factor 1.6 under
symmetrical conditions and factor 2.0 under dissymmetrical
condition). If we focus on electrolyte transport inside gA, it can
be noted that KM(Cl‑) < KM(Na+). This Michaelis constant can be
associated to dissociation constants. We have attributed the
lowest value to the chloride ion based on the preceding
experiment on diffusion under a concentration gradient, which
revealed the affinity of gramicidin for the chloride anion.
However, gA affinity with Cl− decreases with nanopore
diameter, and thus it can be imagined to recover partially its
selectivity properties for a hydrophobic pore diameter of 0.8
nm.

■ CONCLUSION

In summary, we report on the tuning of track-etched PET
membranes using atomic layer deposition of Al2O3/ZnO
nanolaminate. The obtained biomimetic membranes keep
their flexibility and have homogeneous nanopores with low
roughness inside the pores. Then gA confinement inside the
nanopores (10.6, 5.7, ∼2 nm) has been performed. The
resulting nanopore exhibits an anionic behavior explained by
the loss of gA head−head dimer structure. The conductance
measurements reveal for the first time an enhanced ionic
transport mechanism through gA inside a polymeric solid-state
nanopore as in biological membranes. However, the trend
observed when decreasing the pore size might leave hopefully
possibilities to transpose biological mechanisms of ionic
transport when an ionic channel is directly confined inside a
synthetic nanopore
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