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Antifungal polyenes such as nystatin (or amphotericin B) molecules play an important role in regulating ions permeability through
membrane cell. The creation of self-assembled nanopores into the fungal lipid membranes permits the leakage and the selectivity
of ions (i.e., blockage of divalent cations) that cause the cell death. These abilities are thus of first interest to promote new
biomimeticmembraneswith improved ionic properties. In the presentwork, wewill usemolecular dynamic simulations to interpret
recent experimental data that showed the transfer of the nystatin action inside artificial nanopore in terms of ion permeability
and selectivity. We will demonstrate that nystatin polyenes can be stabilized in a hydrophobic carbon nanotube, even at high
concentration.The high potential interaction between the polyenes and the hydrophobic pore wall ensures the apparition of a hole
inside the biomimetic nanopore that changes its intrinsic properties. The probability ratios of cation versus anion show interesting
reproducibility of experimental measurements and, to a certain extent, opened the way for transferring biological properties in
synthetic membranes.

1. Introduction

Nystatin (NYS) is a membrane-active polyene produced by
Streptomyces noursei strains [1]. These antifungal molecules
are amphiphilic [2, 3]. They are composed of a polar head, a
hydrophilic chain, and a hydrophobic chain.This amphiphilic
character leads to their self-assembly in biological mem-
branes. Indeed, polyenes can incorporate inside the lipid
membrane and form a barrel [4] where all hydrophobic
chains are turned on the external part of the barrel and face
the lipids, while the hydrophilic chains form the inner part of
the channel [3, 5]. This configuration allows the barrel inter-
calation inside the lipid membrane (depending on the sterol
molecules [6]) and plays an important role in the ion perme-
ability and selectivity (especially to monovalent ions [2, 5]).
The mechanism responsible for the barrel formation is still

under discussion but may follow the diagram illustrated in
Figure 1. However, its ionic properties are involved in the
antifungal action of the polyenes [7, 8].

Solid state nanopores appear now as excellent tools to
mimic biological channel properties because of their com-
bined well defined geometries (shape and dimensions) and
mechanical robustness. But controlling the inner nanopore
diameter is still very challenging since it necessitates con-
trolling diameter range from subnanometers’ to hundreds of
nanometers’ scale, depending on the applications. As already
mentioned, solid state nanopores do not exhibit selectivity or
activity without functionalization. Both the stability and the
property of the solid state nanopores are highly dependent on
the experimental conditions of formation (e.g., track etched
nanopore) as well as used material. For several years, some
applications were developed using solid state nanopores such
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Figure 1: Schematic formation of the nystatin pore inside lipid membrane.

as DNA sensing [9], control of the molecular transport, or
fabrication of performing nanofluidic devices [10–13]. Some
precise chemical treatments allow now controlling the diam-
eter range of nanopores [14, 15] and the properties [16]. How-
ever, if we want to combine the high selectivity of biological
channel and the robustness of solid state nanopore, one route
is the development of hybrid biological/solid state nanopores.
This proof of concept was done with 𝛼-hemolysin for DNA
sensing application [14, 17] and with gramicidin A for higher
ionic permeability and selectivity devices.

The transfer of the biological properties of polyene to
artificial membranes which could thus exhibit the same
behavior as in the cell could be envisaged but still remains
an important challenge. This transfer could find applications
in water desalination [18] or dialysis [19, 20] with low energy
cost. Recently, Balme et al. demonstrated experimentally that
insertion of NYS polyenes inside solid state nanopore leads to
very interesting ionic selective properties. We will try here to
understand using molecular dynamic simulations the forma-
tion and the properties of such experimental systems [20, 21].
After a short description of the simulation method, we will
present the progressive filling of the nanopore and the conse-
quence to the properties of the polyenes in terms of geometry
and energy. Then, we will analyze conductance of the hybrid
nanopore and the role of the dipole moment, created after the
polyenes incorporation in the ionic selectivity.

2. Computational Method and Model

The model for nystatin (NYS) was carried out using the 3D
structure of the DB00681 model in the DrugBank database
(Figure 2). To obtain the missing potential parameters, we
have followed the protocol described by Norrby and Brandt
[22] by constructing the Hessian matrix for further use in the
force field parametrization. This matrix was obtained via ab
initio quantum calculations using Gaussian 09 package soft-
ware [23]. In order to check the stability of polyene, nystatin
was equilibrated for 2 nS in a water box of 40 × 30 × 30 Å3

(Figure 2). Then, NYS was transferred into a solid nanopore
modeled by a carbon nanotube and denoted by CNT. Its
diameter was chosen to be sufficient to be compared with
experiments [20, 21], that is, 7 nm, while its length was equal
to 5 nm.Thenanoporewas filled progressively by 50 polyenes,
water, and K+ and Cl− ions at 0.1M concentration. The final
system contained 43702 atoms in a periodic box of 80 × 75 ×
80 Å3 with 10914 water molecules and 28KCl ions in order to
conserve the neutrality of the system.

Molecular Dynamic (MD) simulations andminimization
were performed using NAMD 2.7b2 package [24]. A tem-
perature of 300K (Langevin dynamics) and a pressure of
1 atm (Langevin piston) of the system were kept constant
during simulation. The long range electrostatic forces were
evaluated by using the classical particle mesh Ewald (PME)
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Figure 2: Structure of nystatin polyene.

method with a grid spacing of 1.2 and a fourth-order spline
interpolation. The integration time step was equal to 1 fs.

To calculate the conductance in the hybrid membrane,
electric field was imposed to the equilibrated system. The
constant increase of the electric field value assures a voltage
ramp which allows deducting the resulting ionic current. To
do this, 25 nS of MD simulations was performed for each
electric field. The analyses of the ionic displacements inside
the hybrid nanopore were carefully done in order to calculate
the ionic current [25] using

𝐼 (𝑡) =

1

𝐿
𝑦
Δ𝑡

𝑁

∑

𝑖=1

𝑞
𝑖
(𝑦
𝑖 (
𝑡 + Δ𝑡) − 𝑦𝑖 (

𝑡)) , (1)

where Δ𝑡 represents the time between each frame, 𝐿
𝑦
is the

pore length (5 nm), and 𝑦
𝑖
is the absolute position of the ion

with charge 𝑞
𝑖
along the pore axis.

3. Results and Discussion

In order to create the hybrid nanopore, CNT was pro-
gressively filled with the nystatin molecules. To do this,
ten NYS molecules were incorporated in the center of the
nanopore and stabilized by MD simulations. Then, once
completely relaxed, ten other polyenes were added and so
on, until 50 NYS molecules. For all systems, we observed a
total aggregation of the molecules around the inner surface
of the nanotube. This behavior was already reported for
gramicidin [26] and amphotericin [20]molecules.The strong
interaction of the hydrophobic chain of the polyenes with
the hydrophobic CNT wall is at the origin of this behavior.
It allows the polyenes recovering at best similar biological
conditions. The control of the stability of each progressive
filling was checked by the Root Mean Square Deviation
(RMSD) of the NYS structure. Ten other NYSmolecules were
added once the RMSD value becomes roughly constant.

Figure 3 presents the different RMSD superimposed as
a function of the time simulation. The results show that
after 120 nS of simulation time the whole system is perfectly
stabilized.The deformation of theNYS skeleton is limited due
to its confinement in the solid nanopore.

The different systems, modeled with 10, 20, 30, 40, and 50
nystatinmolecules, are reported in Figure 4. As clearly shown
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Figure 3: RMSD per added polyene for the progressive filling of the
nanopore by the 50 nystatin molecules. For each concentration, the
total RMSD was divided by 10 in order to calculate it as a function
of the added NYS.

in these simulations snapshots, the polyenes tend to rapidly
reach the pore wall and adsorb on it in order to optimize
their interactions. After reaching a minimal concentration
(40 NYS molecules were necessary to fully recover the pore
wall), nystatin molecules were completely organized around
the inner surface of the tube and a channel was formed in
the tube center (see Figures 4(d) and 4(e) after insertion of
40 and 50 NYS molecules). It should be noted that the first
30 polyenes were more structurally perturbed (higher RMSD
per NYS) than the following 20 ones, due to their adsorption
on the CNT wall. Beyond 40 NYS molecules, the RMSD
shows a slower increase since the latter NYS molecules are
surrounded by other polyenes instead of CNT rigid wall. The
snapshots showing the successive molecular arrangements
during the simulation demonstrate the formation of a channel
in the nanopore that could allow the ion diffusion. The
approximate size of the different channels could be estimated
using geometric arguments. To do this, we have divided the
length of the pore in small portion of length 0.1 nm. The
minimal distance between each atom of faced NYS was then
calculated to determine the diameter of the pore for the last
two systems. The minimum value obtained, when 40 or 50
NYS molecules were confined, oscillated between 1.43 nm
and 0.79 nm.These values are significantly smaller than those
of the CNT nanopore one (7 nm). The important decrease of
the pore size, due to the presence of NYS molecules, could
naturally affect the ions behavior through the application
of an electric field. However, while confined in conditions
far from biologic ones, the NYS molecules self-organize in
the CNT to create a big channel. This behavior is similar in
the fungal cell and allows the leakage of ions. The analysis
of the different energy contributions is necessary to really
understand the role of each type of molecules in the NYS
behavior.

Figure 5 shows the van der Waals and electrostatic
interactions per NYSmolecule as a function of the simulation
time. As shown on this figure, the total energy of the system
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Figure 4: Snapshots of the simulation at (a) 30 nS (10 nystatinmolecules), (b) 81 nS (20 nystatinmolecules), (c) 129 nS (30 nystatinmolecules),
(d) 310 nS (40 nystatin molecules), and (e) 420 nS (50 nystatin molecules). Carbon nanotube and nystatin polyenes are presented by cyan and
different colors, respectively.

decreases until 20 encapsulated NYS molecules (from −273
to −276 kcal/mol). Then, the total energy per molecule
increases slowly when the 20 following polyenes fill the CNT
(−270 kcal/mol). At the final stage of the simulations (50
NYS molecules), the value of the energy is clearly higher
(−242 kcal/mol), indicating a strong energy loss per molecule
due to the 50 NYS molecules intense confinement. In order
to explain this, we have separated in Figure 6 the different
energy contributions responsible for the stability of the NYS
molecules inside the nanopore. From the results, two main
reasons can be given to explain the energy loss. First, the
progressive insertion of polyenes inside the pore expels
the water molecules in the reservoirs. This leads to the
increase of the water/polyene energy contribution. Second,
the completion of CNT inner surface was reached for 30
inserted molecules. The following ones can only interact
with NYS wall which leads also to the slow increase of the
CNT-NYS energy contribution.Nevertheless, the biomimetic
system can be considered as stable since the lateral interaction
between each NYS molecule should compensate the energy
variation observed in the last system.

In order to confirm this, we have evaluated the average
number of hydrogen bonds (Figure 7) formed between all
polyenes during the last stage of the simulations (from 𝑡 =
340 nS to 𝑡 = 420 nS). A hydrogen bond was taken into
account when the donor/acceptor distance was lower than
0.33 nm and the donor/hydrogen/acceptor angle was below
90∘. The H-bond average was computed as the total number
of H-bonds created in the system between NYS molecules
during the simulation and divided by the frame number.
An average of 14 H-bonds was found when NYS molecules
were enclosed into the nanopore. This leads to an important
cohesion of the molecules where they are confined and
can be compared to value obtained for amphotericin when
embedded inside membrane cell [6] (almost 10 H-bonds
with sterol molecules). Of course, the number of H-bonds
evolves during the simulation, starting from some unities
at the beginning of the filling to 14 near the completion of
the nanopore (50 confined NYS polyenes). However, we can
conclude that, progressively, the formation of this hydrogen
bond lattice stabilizes the polyenes inside the hydrophobic
nanopore and compensates the energy loss of the polyene
with the other external components of the system.
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Figure 5: Total interaction energy of the polyenes with their
neighbors (per nystatin polyene) as a function of time simulation
(black curve for electrostatic interaction, red curve for van derWaals
interaction).

In biological membrane NYS channel is well known to be
permeable only to both monovalent cation and anion. This
property should be studied in CNT in order to elucidate the
role of the NYS confinement and self-assembly in the solid
state nanopore on the permeation properties. To this end,
membrane conductance 𝐺mem was determined through the
current/voltage curve as a function of theNYS concentration.
Figure 8 shows the different currents as a function of voltage
obtained with the two last biomimetic systems (with 40 and
50 NYS molecules) at 0.1M of KCl.

As shown in Figure 8, 𝐼 = 𝑓(𝑉) points are almost aligned.
The linear regression of the curves can thus be used to
determine the conductance for these two systems.WhenNYS
occupied the inner part of the nanopore, the conductancewas
equal to 6.56 nS. In the second case, where 50 NYSmolecules
filled the CNT, the conductance decreased to 3.44 nS. It
should be noticed that the conductance calculated for the
bare nanopore leads to a value of 168 nS. This conductance
decrease can be directly assigned to the NYS confinement
inside the membrane pore. Indeed, the inner diameter of the
nanopore is first changed due to the polyene presence as well
as the nature of the molecules that conducted ions (CNT ver-
sus NYS). When bare nanopore is considered, hydrophobic
carbon wall limits the ions diffusion through the pore. On
the other cases, ions face NYS polyenes when they diffuse.
The consequent change of the membrane conductance is
the combination of these two factors. Besides, by calculating
the ratio between the conductance for 40 and that for 50
confined NYS polyenes, we retrieve almost the ratio of the
channel radii. Note that we did not perform conductance
calculations for different salts or different salt concentrations.
However, the strong decrease of the membrane conductance
in presence of confined polyenes is a sufficient proof of the
functional behavior of our biomimetic nanopore. In addition,
the recent experiments conducted on functional nanopore for
the same concentration of NaCl or KCl did not show strong
conductance differences between the two salts [20, 21]. While

the morphology of the organized polyenes inside the solid
state nanopore was completely different to that observed in
biologic lipid membrane, the resulting conductance behaves
similarly with no difference between monovalent salts. This
corroborates the partial biologic behavior of our func-
tional nanopores. For divalent cations, conduction was also
observed to a less extent while it was currently admitted that
polyenes blocked the passage of divalent cations through a
fungal cell. This can be due to the geometry adopted by the
polyenes in CNT, which is far from its geometry in lipid cell.

In order to estimate the selectivity of the biomimetic
nanopore demonstrated in [20, 21], we analyzed the dielectric
dipole of the confined molecules as a function of time,
omitting ions that could be present inside the nanopore
during the calculations. This should help us to determine the
probability of ion passage through the nanopore and, then,
compare it to the permeation ratio measured in experiments.

The evolution of the dipole moment for two biomimetic
systems (40 and 50 NYS molecules) shows important vari-
ations in the radial plane of the CNT. However, contrary
to confined amphotericin B in similar CNT [20, 21], one of
these components does not vanish during the simulation as
shown in Figure 9. This can be interpreted as coming from
the specific NYS organization inside the nanopore. While
amphotericin B molecules were mainly organized homo-
geneously around the nanopore, nystatin polyenes create a
channel which is quite twisted. This geometry can thus not
compensate every component of the radial dipolar moment.
The (𝑥, 𝑧) radial dipolar moment components vary around
−6 ± 30D, −60 ± 30D (40 NYS molecules), and −4 ± 24D,
−50±20D (50 NYSmolecules), respectively.The component
parallel to the nanopore axis fluctuates around a positive
value of 60±30D and 40±30D, respectively (see red arrow in
Figure 9). This imposes an important orientation of the total
dipolar moment along the nanopore axis (similar to a spin)
which should impose an ionic selectivity along the pore.

The interaction between the dipolar moment along the
pore axis and ion (cation or anion) inside the CNT nanopore
can be calculated supposing that this ion, schematized by its
own van der Waals radius, is in front of the CNT center.
Following a Boltzmann distribution the probability ratio of
finding K+ and Ca2+ versus Cl− ions and finally K+ versus
Na+ ions can be plotted as a function of time (Figures 10(a)
and 10(b) for 40 and 50 confined NYS polyenes, resp.). From
these results, it appears clearly that the probability of finding
chlorine ions inside the channel is always higher compared to
cations. This is due to a more favorable interaction with the
dipolar moment imposed by the confined NYS polyenes.The
divalent cations are poorly encouraged to diffuse through the
NYS channel due to their higher positive charges (Figure 10,
red lines).The value of 𝑃K/𝑃Na ratio (green curves) cannot be
explained by the charge of the cations but only by the van der
Waals radius between the two cations which involves a higher
affinity to the membrane for potassium ions.

The change of the dipolar moment value between the
two CNT fillings (40 and 50 NYS molecules) leads to low
variation in the probability ratio. 𝑃K/𝑃Na ratio was modified
from 1.14 to 1.08 while 𝑃Ca/𝑃Cl ratio changed from 0.005
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Figure 6: Energy contribution per nystatin polyene as a function of time simulation for (a) water molecules-NYS and (b) carbon atoms of
the nanopore-NYS and (c) ions-NYS interactions.
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Figure 7: Average intermolecular hydrogen bonds number between
all confined nystatin polyenes (solid line). The dashed line is an
approximated Gaussian fitted curve of the simulation one.

to 0.01. The most important variation was observed for
𝑃K/𝑃Cl which increased from 0.12 to 0.3. The biomimetic
channels are thus extremely sensitive to monovalent ions
and tend to promote anion diffusion compared to cation
one. Nevertheless, the biologic properties observed in lipid
membrane were not fully retrieved. Indeed, 𝑃Ca/𝑃Cl ratio
can reach 0.01 which means that almost 1% of divalent
cation could pass through the functional nanopore while 0%
are awaited. The polyene disorder observed along the solid
nanopore (fully different from the self-assembled channel
observed in lipid membrane) and the lack of sterol molecules
could explain the small differences observed between our
biomimetic systems and the living cells.

However, our simulations agreewell with the experiments
recently published [20, 21]. In these papers, Balme et al.
demonstrated that it was possible to incorporate polyenes
(amphotericin and nystatin) inside polycarbonate nanopore
membrane with interesting ionic selective properties. While
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Figure 9: Dipolar moment of nystatin inside the nanopore for (a) 40 confined NYS polyenes and (b) 50 confined NYS polyenes. The red
arrow presented the total dipolar moment. Carbon nanotube and nystatin polyenes are presented by cyan and different colors, respectively.

complete divalent cation selectivity was not retrieved (as
in our simulations), these experiments showed that anions
could cross the biomimetic membrane compared to cations.
At salt concentration 0.1M, the probability ratios 𝑃cat/𝑃Cl
obtained are 0.3 and 0.5 for Na+ and K+, respectively, and
0.03 for divalent Ca2+. 𝑃K/𝑃Na ratio was found to be equal
to 1.25. Compared to our simulated systems, it appears
that the experimental biomimetic channel is closer to the
system simulated with 40 confined NYS polyenes, which
corresponds to a channel of diameter 1.43 nm. Indeed, in this
case, the radius of the channel is larger and more symmetric
than in the case where 50 NYS molecules were confined.
This induced amore important directive dipolarmoment that
could help to increase selectivity.

4. Conclusion

Thanks to molecular dynamics simulations, we have con-
ducted a theoretical study of the confinement of nystatin
inside a carbon nanotube of 7 nm diameter. 50 NYS polyenes
can fill the inner part of tube forming a hole in the center.The
number of confined polyenes strongly influences the conduc-
tance of the biomimetic nanopore due to the modification of
the ionic diffusing path. The resulting dipolar moment influ-
ences also the selectivity of the biomimetic membrane, with
a strong preference for the anionic permeation compared to
cationic one while divalent cations are almost blocked at the
entry of the pore. Moreover, we have demonstrated here that
the creation of the biomimetic channel reproduced selectivity
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Figure 10: Ratio of the thermal equilibrium probability of K+ (black line) and Ca2+ (red line) over Cl− and of K+ over Na+ (green line), as a
function of time for (a) 40 confined NYS polyenes and (b) 50 confined NYS polyenes.

ratios close to those demonstrated experimentally [20, 21].
The functional nanopore exhibits interesting ionic properties
that mimic partially the biologic behavior of NYS polyenes
inside biologicalmembrane.The organization of the polyenes

inside the solid state nanopore is found to be completely
different from that in lipid membrane. However, we succeed
inmodifying the solid state nanopore properties according to
the confined molecules one.
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giant ionic currents in carbon nanotube channels,” ACS Nano,
vol. 5, no. 9, pp. 7277–7283, 2011.

[12] A. Plecis, R. B. Schoch, and P. Renaud, “Ionic transport pheno-
mena in nanofluidics: experimental and theoretical study of the
exclusion-enrichment effect on a chip,” Nano Letters, vol. 5, no.
6, pp. 1147–1155, 2005.

[13] R. B. Schoch, J. Han, and P. Renaud, “Transport phenomena in
nanofluidics,” Reviews of Modern Physics, vol. 80, no. 3, pp. 839–
883, 2008.

[14] S. Cabello-Aguilar, S. Balme, A. A. Chaaya et al., “Slow trans-
location of polynucleotides and their discrimination by 𝛼-
hemolysin inside a single track-etched nanopore designed by
atomic layer deposition,” Nanoscale, vol. 5, no. 20, pp. 9582–
9586, 2013.

[15] C. Marichy, M. Bechelany, and N. Pinna, “Atomic layer deposi-
tion of nanostructured materials for energy and environmental
applications,” Advanced Materials, vol. 24, no. 8, pp. 1017–1032,
2012.

[16] M. Lepoitevin, G. Nguyen, M. Bechelany, E. Balanzat, J.-M.
Janot, and S. Balme, “Combining a sensor and a pH-gated nano-
pore based on an avidin-biotin system,” Chemical Communica-
tions, vol. 51, no. 27, pp. 5994–5997, 2015.

[17] A. R. Hall, A. Scott, D. Rotem, K. K. Mehta, H. Bayley, and
C. Dekker, “Hybrid pore formation by directed insertion of 𝛼-
haemolysin into solid-state nanopores,”NatureNanotechnology,
vol. 5, no. 12, pp. 874–877, 2010.

[18] M. T. Myint, A. Ghassem, and N. Nirmalakhandan, “Low
energy/cost desalination: Low dose and low mean ion resident
time in concentrate stream of electro-dialysis reversal,” Water
Science and Technology, vol. 63, no. 9, pp. 1855–1863, 2011.

[19] J. Agar, “Solar-assisted haemodialysis,” Clinical Journal of the
American Society of Nephrology, vol. 7, no. 2, pp. 310–314, 2012.

[20] D. Thiele, S. Kraszewski, S. Balme, F. Picaud, J.-M. Janot, and P.
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