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ABSTRACT 

In the present work, we propose to investigate the ionic transport mechanisms in a new optimized biomimetic system. Our studies 

performed using classical molecular dynamics simulations show that it was possible to optimize the geometry of a hydrophobic nanopore 

in order to stabilize a small antibiotic by confinement. The analyses of the antibiotic structure gathered with the free energy profiles of 

ion diffusion through the channel of the antibiotic demonstrate the stability and the functional encapsulation of the drug. It opens a new 

way to build biomimetic nanochannel or nanovector for drug delivery. 
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1. INTRODUCTION 

 Biological ion channels are transmembrane proteins which 

have a crucial function in cellular activity [1-4]. Their major role 

is to regulate ionic permeability in cell membranes [5-7]. To 

realize correctly their function, they must be highly permeable to 

ions while selecting only one type of ions [5, 8-10]. If all the 

characteristics are gathered they can offer the unique natural way 

to both permeate and select ion with a very high rate. However, 

dysfunction may be the cause of many diseases [11-13].  

Exceptional filtering properties of this kind of proteins have been 

adapted to the creation of highly competitive nanofilters. Indeed, 

nowadays the necessity to create increasingly competitive 

nanofilters meets an important need. The new nanobiofiltration 

domain, and in particular the separation processes, permits to meet 

many technological and industrial challenges [14-15]. We can 

quote, the sea water desalinization [16] or filtering ions like 

dialysis applications [17]. The main problem is to create high 

permeability nanofilters while keeping their selectivity and 

without an excessive energy intake [18-22]. 

On the other ways, the perfect conditions to encapsulate ionic 

channel need to develop specific hydrophobic nanopore whose 

structural properties can reproduce at most the biological media 

where the ionic channels are stable [23-24]. Recently, it has been 

proved that track-etched membrane can be functionalized 

adequately in order to create inside small nanopores whose radii 

can be modulated as a function of the awaiting properties [23]. 

The atomic layer deposition technique allows obtaining a perfect 

geometry inside the pore while the last trimethylsilanisation 

functionalization allows reproducing a strong hydrophobic media 

aims at stabilizing the transmembrane channel [25-27]. The 

quality and the control of the inner part of the nanopore could thus 

be managed and could yield to the creation of biomimetic 

nanopore when ionic channel will be translocated inside the 

nanopore. We can also imagine that the new biomimetic channel 

developed in this way could be used as a future cargo to transport 

the encapsulated drug until its target in order to repair or to 

ameliorate the current medical treatments [28-31]. 

 
Figure 1. Side (left) and top (right) views of the gramicidin A dimer 

channel. 

 

The development of high performing calculations allows now to 

study in global realistic view any system and to predict in a 

relatively low error the behavior of complex system. To limit the 

energy cost, a promising way is to confine biological channels 

directly inside a synthetic nanopore [32]. Recently, experiments 

have proved the feasibility of this kind of nanomembrane [32-33]. 

The difficulty of this method is that the protein must maintain its 

physiological functions in this new environment. Based on full 

atom molecular dynamics simulations, we study the role of the 

geometry on the encapsulation of a small protein channel with 

antibiotic properties, i.e. gramicidin [25]. In this monomeric form, 

the primary structure of the gramicidine A (gA) is a linear 

polypeptide of 15 hydrophobic amino acids. The conducting 

structure of gA is formed by two monomers of gA which have the 

capacity in lipid bilayers to create a head-head dimer by H-

bonding between carbonyl oxygen and amino nitrogen of amino 
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acids terminals (Fig. 1) [34]. The gA channel so formed (with a 

radius lower than 0.5nm) is only permeable to monovalent cations 

(and water) and completely impermeable to divalent cations [35-

37]. Stabilizing such a molecule inside solid state nanopore could 

lead to promised applications in drug vectorization as soon as the 

protein stabilization has been proved. It could also lead in 

selective permeable biomimetic nanopore with amazing 

properties. 

The pore has been modeled according to the experiments. It was 

then modified geometrically in order to reproduce the known 

physical observables on the protein channel obtained in a 

biological membrane. Finally, the ultimate goal of our work is to 

retrieve the permeability and selectivity properties of the protein in 

an artificial environment. Since structure and function are closely 

linked for a protein, an important part of this work is devoted to 

the study of the stability of secondary and tertiary protein 

structures. 

2. MATERIALS AND METHODS 

a) Molecular dynamics simulations. 

MD simulations were performed in the all-atom representation 

using NAMD_2.9b2 software [38] and the CHARMM 27 force 

field [39]. Equations of motion were integrated with a time step of 

2 fs. Three-dimensional periodic boundary conditions were 

applied. Chemical bonds between hydrogen and heavy atoms were 

constrained to their equilibrium value with the SHAKE algorithm. 

NPT conditions were used in all simulations. To keep the 

temperature (300K) and the pressure (1 atm) constant, Langevin 

dynamics and Langevin piston method [40] were applied, 

respectively. For solvent, TIP3P model was used to describe water 

molecules. Concerning ions, parameters from Beglov and Roux 

[41-42] were taken into account for monovalent ions and from 

Marchand and Roux [43] for divalent ions. All simulations started 

from the same protein structure (RCSB Protein Data Bank ID 

code: 1JNO) [25]. The modeling of the biological system 

contained one gA channel and 72 DMPC lipids. The protein was 

solvated into a cubic box of about 40x40x150 Å3 containing 1820 

water molecules and Na+ and Cl- ions at concentration 0.15M 

(Figs 2a,b). The artificial complete system was constituted by one 

gA channel, 96 neopentane molecules assembled in a cylindrical 

like nanopore, Na+ and Cl- ions at concentration 0.15M and 3688 

water molecules for a total of 21010 atoms and a periodic box of 

35x35x140 Å3(Figs 2c,d).  The nanopore was then incorporated 

into a graphite bulk which was first open to let the pore inserting. 

b) Free energy profiles calculations. 

The free energy profiles were computed using the adaptive biasing 

force method [44], as implemented in NAMD [39]. In all ABF 

simulations, the reaction coordinate was the distance between the 

center of mass of the protein and the target ion, projected on the 

Cartesian z-axis (along the channel axis). The channel permeation 

pathway (−12Å ≤ z ≤ 0Å) was subdivided into four non-

overlapping windows. Note that the second permeation pathway 

(0Å ≤ z ≤ 12Å) corresponds to the replica of the first one due to 

channel symmetry. The length of each window was 3.0 Å, in 

which MD was performed for 30 ns, resulting in a total simulation 

time of 120 ns. A 100 Kcal/mol/Å² boundary force constant was 

applied to restrain the motion of the ion of interest inside the 

window. Each window was sampled with a step size of 0.1 Å. The 

free energy profile was constructed by integrating the average 

force over all windows. The initial configurations for each 

window were taken from intermediate structures of MD 

simulations which have the target ion positioned near the next 

window. The biasing force was applied only after the 

accumulation of 1000 samples in a bin prior. During all ABF 

simulations, the motion of the target ion was limited to a cylinder 

of 8 Å on XY directions perpendicular to the axis of the protein. 

 
Figure 2. Complete system of simulation for the biological system (a) 

front and b) top views) and for the artificial system (c) front and d) top 

views). The gA was represented in two superimposed ribbon monomers 

of red and blue colors, DMPC lipids (blue), neopentane molecules (cyan) 

are represented in CPK mode. The NEOP nanopore is embedded in a 

graphite like solid in order to avoid any solvent departure away from the 

nanopore. 

3. RESULTS  

a) GA insertion. Recently [25] we demonstrated the possible 

encapsulation of gA inside hydrophobic solid state nanopore. 

Depending on the nanopore radius, the protein encapsulation can 

yield different behaviors leading to different stable states. At high 

nanopore radii, and low gA concentration, the hydrophobic inner 

wall of the nanopore is covered by the unfolded protein. Then, 

when the inner wall is completely covered (high gA 

concentrations), the proteins stabilized in the nanopore center. Due 

to the new confined environment made of unfolded protein, they 

kept their helical structure stable. In this case, the nanopore 
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properties were completely changed since it showed higher ionic 

permeability and selectivity proving the proper proteins insertion. 

In smaller nanopore radius, the accessible diameters should allow 

the protein keeping its stable structure. No further experimental 

work was performed on the perfect nanopore geometry in which 

gA could confine in stable position.   

Indeed, using MD simulations, the pore diameter and structure can 

be modulated and optimized in order to avoid the unfolding of the 

protein. In this way, several diameters and two different nanopore 

forms were tested. First, we use carbon nanotubes where diameters 

ranged experimentally from several hundreds of nanometers up to 

1.7 nanometers. However, whatever the tube radius tested in 

simulation we never obtained any stable protein backbone inside 

during the simulations. For each test, the protein progressively 

unfolded due to the small hydrophobic character of the inner pore 

wall as shown in Fig.3. 

 
Figure 3. snapshot of the last stage of molecular dynamic simulation for 

gA encapsulation (ribbon representation in red and blue for the two gA 

monomers) in carbon (blue atom in CPK representation) nanotube of 

diameter 2.1 nm. 

 

On the contrary, when studying nanopore made of neopentane 

molecular assembly, we observed for small diameters the ability 

of the protein to be stable inside. From the analysis of all the data, 

the diameter in which gA could leave its helix fold ranged 

between 1.7 to 2.3 nm. Hence, gA could be thus inserted in this 

narrowest drying nanopore. In this very high hydrophobic 

confined media, the role of the protein on the water behavior 

should be thus studied carefully in order to analyze further the 

ionic properties of the biomimetic nanopore. With liquid reservoir 

junctions, we observed that the water progressively filled the inner 

pore of the protein (hydrophilic nanochannel) [45], and also the 

hydrophobic nanopore. When the gA is inside the hydrophobic 

nanopore, its helical structure counterbalances the high 

hydrophobicity of the nanopore and forces the water molecules to 

be inside the nanopore as shown in [46]. 

b) Structural stability of ga 

After the gA insertion and the good wetting of the nanopore, we 

have compared the structural stability of the protein in its 

biological environment and in the artificial one (Figures 4 a,b). A 

quick observation of the secondary structure along simulation time 

showed that globally the protein structure does not change 

anymore when it was held inside the synthetic nanopore. To 

quantify this, the root means square deviations (RMSD) were 

calculated for the protein backbone inside the biological 

membrane (Fig. 4a) or confined inside the nanopore (Fig. 4b). 

 

a)                                               b) 

 
Figure 4. Root mean square deviation (RMSD) of the protein backbone 

with respect to the NMR structure 1JNO. The MD simulations were 

performed for gA both in this biological (a)) and solid-state (b)) 

environment. 

 

The RMSD (Figures 4) were stabilized at the end of the simulation 

trajectory for the two systems. In the membrane cell, the structure 

of the protein was changed by only 1.2 Å from the reference 

structure. Very quickly in the trajectory of the protein in the 

artificial nanopore, the value of the RMSD converged to about 2.3 

Å e. These 2 values can be considered as very close. The small 

difference was attributed to the mobility of the tryptophan residues 

located at the extremities of the protein. Their movements are 

more important in solid-state nanopore than in biological one due 

to their blockage by the lipid head in DMPC. These movements 

were also responsible for the evolution of the protein secondary 

structure. Indeed, the -helix fraction evaluated through the 

STRIDE algorithm [47] implemented in VMD program [48] was 

stabilized at 82% in the biological media and only 62 % in the 

artificial nanopore. This small decrease is due to lack of 

confinement strength in solid state nanopore which allows the 

extremities of the protein to move in order to capture during the 

simulation monovalent ionic cations. Altogether, the dynamic pore 

wall seems to mimic at best the biological media and tend to 

stabilize the protein backbone. 

To go further, we have analyzed for both systems the pair 

interaction energies between the gA and its environment. Two 

situations were particularly viewed since gA is mainly in contact 

with water in the two situations and with the lipid (or NEOP) 

molecules depending on the confined environment. The passage of 

ions through the inner part of the gA was not observed during 

enough time to be taken into account in this analysis. Figure 5a 

shows the pair interaction between gA and the lipid (or NEOP) 

molecules while Figure 5b depicts the pair interaction between the 

protein and the water molecules in both confined situations 

a)                                               b) 

 
Figure 5. Pair interaction between protein and a) lipid or NEOP 

molecules and b) water. In black, pair interaction is showed for biological 

lipid environment and in gray, it concerns pair interaction in solid state 

NEOP nanopore. 
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From Fig. 5a we can observe that the pair interaction of the protein 

with the lipids is more favorable (-326 kcal/mol) than with the 

solid state molecules (-111 kcal/mol). Indeed, the labile 

environment of the biological membrane allows a complete 

optimization of the lipid positions around the protein while in the 

case of solid state molecules, the fixed central carbon atoms block 

any redistribution of the molecular position. This blockage is also 

directly observed in the fluctuations size of the pair interaction 

with the NEOP molecules which is negligible in solid state 

confinement while higher in lipid environment (around 25 

kcal/mol). On the contrary, when analyzing the interaction with 

water, the tendency is inverted. In the NEOP nanopore, 

interactions between protein and water are lower (-290 kcal/mol) 

than in the lipid environment (-138 kcal/mol). Indeed, in lipid, no 

water molecule is present in this high hydrophobic media unlike 

the molecule in the protein channel while in the nanopore, we can 

add the contribution of the water molecules confined inside the 

NEOP nanopore that contribute to the interaction. Taking into 

account all the environmental contributions to the pair energies, 

gA felt a mean energy of -464 kcal/mol in lipid media while it 

reached -401 kcal/mol in the solid state nanopore. The difference 

is quite important but it allows, however, keeping the structure of 

the protein stable in the nanopore. Since the protein kept its 

structural stability, we can stand for good functioning with respect 

to the simulation time. To verify it, we have to check if the 

permeation properties of the artificial pore filled with the gA are 

of the same importance than in the biological media. The high 

permeability and selectivity upon monovalent cation diffusion 

should be retrieved in the functionalized nanopore. For this crucial 

point, we used free energy profiles calculations to have a better 

comprehension of the permeation mechanism.  

c) Biomimetic system functioning. 

We have investigated the permeation of ions for the biological and 

for the artificial system by calculating the Gibbs free energy 

profiles with respect to the distance along the Z-axis (Figure 6). 

We have limited the permeation pathway to one monomer only 

due to the symmetry of the system. The free energy profiles were 

calculated by the adaptive biasing force method for T=300 K 

starting from protein structures corresponding to their equilibrated 

structures. In a first time, we have chosen to evaluate the required 

energy for sodium and chlorine ions to cross the biological media. 

 
Figure 5. PMF curves obtained in DMPC membrane for Cl- (black) and 

Na+ (red) ions in one gA monomer. 

The curves shown in Figure 5 are in agreement with the available 

data, particularly for Na+ ions [49-50] which is the main species 

that should translocate through the channel. It presents local 

minima located periodically along the channel as obtained in [49-

50] and increases until an energy barrier equal to 12.5kcal/mol, 

while it reached around 11kcal/mol in the literature [50]. The 

minimum is obtained for us for the first energy well whereas in 

literature it is observed for the second one located at about -8.5 Å. 

These small differences could be due to a lack of sampling in our 

simulations or to different simulation parameters used in each 

study. Note that the same calculations were done on potassium ion 

in Ref. [51]. It shows an energy minimum at the entry of the 

channel and a progressive energy increase until its center. The 

barrier height was on the same order than the barrier observed here 

for sodium ion. When calculating the PMF for chloride ion, we 

can observe a continuous increase of the energy barrier along the 

pore axis which stabilized near the center of the dimer structure at 

around 40kcal/mol. Due to the high energy barrier, we can 

conclude with no doubt that the protein is completely selective for 

anion diffusion while letting the monovalent cation diffuse quite 

easily from one stable site to another one. 

 
Figure 6. PMF curves obtained in NEOP membrane for Cl- (black) and 

Na+ (red) ions in one gA monomer. 

 

 

The same calculations were then performed for gA encapsulated in 

the high hydrophobic solid state nanopore (Fig. 6). In this case, the 

anion still presented a continuous increasing energy barrier until 

33 kcal/mol, while the monovalent cation showed a valley of 

potential energy which oscillated around -3.8 kcal/mol and 3.7 

kcal/mol. We can thus deduce from these results that the protein 

kept its ability to block the anion while let diffusing quite easily 

the monovalent cation. To go further, we analyze and compare the 

different situations obtained in both DMPC or NEOP nanopore. 

Figure 7 depicts the comparison of both energy valleys for 

monovalent cation and anion respectively. It is clearly shown on 

this graph that the behavior of the protein towards the anion still 

not change anyway for the biologic or the hydrophobic media. 

Forcing the permeation of a chloride ion toward gA nanochannel 

in both DMPC or NEOP media would lead to similar behavior 

with energetic barriers of about 35-40kcal/mol. In the case of the 

hybrid membrane, the gA structure was deformed by the chloride 

ion permeation which resulted by conformational changes 

quantifiable by the RMSD. We could thus assume here that gA 

continues blocking anions and the biomimetic nanopore would 

result in anion selective properties. 
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On the other ways, the energy pathways for the sodium ion appear 

quite different. The energy barriers to overcome in the two cases 

are different. In the biological system, it reached about 12.5 

kcal/mol while it was only 7.5 kcal/mol for the hybrid system. 

However, depending on the position of the cation, we retrieved for 

both media the positions of the minimums and of the maximums 

in the pathway. The energy differences can be explained by the 

small relaxation of the backbone structure at equilibrium which 

allows the sodium to diffuse more freely inside the nanochannel. 

Indeed, the RMSD of the backbone converged to 1.2Å in DMPC 

while it increased to 2.5Å in NEOP. Although very little higher, 

this modification of the structure would certainly lead to the 

decrease of the energy barrier for the monovalent ion that reached 

the nanochannel (cations and anions since these 2 species showed 

a decrease of the PMF values compared to the DMPC one). The 

Na+ ions permeation through the synthetic membrane is fully 

possible. We can assume, like in biological environment that this 

behavior is generalizable to any monovalent cations. This 

indicates that the functioning of the gA is correct and that it kept 

its permeability. 

 
Figure 7. Gibbs free energy profile with respect to the distance along Z-

axis for a sodium in left graph (chloride in right graph) ion calculated for 

the biological (black) and artificial (green) media. 

We finally estimate the free energy profile for a divalent cation. 

We chose the magnesium cation and let him diffuse inside the 

encapsulated gramicidin channel. Results shown in Figure 8 are 

not in agreement with a perfect selectivity toward this kind of 

cation. As demonstrated before for calcium cation [51], the high 

selectivity of gA for these ions is depicted very rapidly by a strong 

increase of the potential of mean force valley at the entry of the 

protein channel (as for chloride ion). We definitively lost this 

selectivity regarding the obtained results here. The biomimetic 

nanopore functionalized by gA protein reproduces mainly the 

biological properties of the protein but fails in blocking divalent 

cations selectivity.  

 
Figure 8. Gibbs free energy profile with respect to the distance along Z-

axis for a magnesium ion calculated for the biological (black) and 

artificial (green) media. 

 

4. CONCLUSIONS 

 In the present work, we proposed a new biomimetic system 

based on a solid-state hydrophobic nanoporous membrane and a 

confined gA in its biological form. After the successful insertion 

of gA in the synthetic nanopore, RMSD and global helicity of the 

protein confirmed the structural stability of the protein in this new 

medium. Permeability and selectivity properties have been 

verified by Gibbs free energy profiles calculations. Direct 

comparison of these profiles with those performed under 

biological conditions shows that gA keeps its filtration properties 

inside the nanopore. In particular, the passive diffusion of Na+ 

cations through the nanochannel is favored inside solid state 

nanopore as in biologic media. The energy barriers that cation 

should pass are lowered by about 40% due to the small 

modifications of the protein backbone structure. The complete 

anion selectively is however retrieved with a high entrance energy 

barriers ranging from 30 to 40 kcal/mol, even with the modified 

protein. This opens the possible development of ionic selective 

nanopump and proves the possibility for strong hydrophobic 

nanopore to stabilize drug protein in its inner volume in view of 

future biomimetic applications or drug vectorization. 
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