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Introduction

Carbon nanotubes (CNTs) have opened up many amazing opportunities in the field of medicinal research. These hollow structures with a large internal surface allow can accommodate small molecules [1][2][3] arousing the interest of researchers on the confinement and storage of many chemical elements such as water [4][5][6] H 2 , or F 2 for various applications [7][8][9][10][11][12][13][14]. These structures are also very promising drug vectors for purely therapeutic purposes [15][16][17][18][19][20]. CNTs are used as drug carriers during their transfer to the target cells. This strategy aims to significantly reduce the side effects of the treatment and to prevent the drugs from degradation before they reach the organs [21][22][23]. Cisplatin (CDDP) is a well-known platinum complex widely used in the treatment of various types of cancers [24,25]. However, it is very unstable when administered causing damage to safe cells, particularly those close to those targeted [26,27] and leading to many side effects.

To overcome the CDDP cytotoxicity , the solution proposed by many scientists is to confine it in the different structures such as polymers, liposomes, micelles or dendrimers [START_REF] Cho | Clinical cancer research : an official journal of the[END_REF][29][30][31][32], and various types of solid capsules such as boron nitride (BNNTs) [33][34][35][36][37][38][39][40] or carbon nanotubes [41][42][START_REF] Bessrour | AIP Conference Proceedings[END_REF][START_REF] Bianco | [END_REF][45].

Frequently during their synthesis, CNTs are closed and quite difficult to disperse in an aqueous solvent making their filling impossible [46,47]. To overcome this situation, it is necessary to perform an oxidation step to open, cut and functionalize these structures as required. This process can be done either by thermal oxidation of CNTs, by heating in the presence of oxygen in the air and at temperatures ranging from 350 to 500°C [48] or by chemical oxidation using oxidizing agents.

Oxidative cleavage gives oxygen function at the ends of CNTs, such as alcohol or carboxylic acid functions [49][50][51].The latter make it possible to improve both the miscibility and the dispersion of the CNT in various media with very precise pH conditions. The purpose of this molecular dynamics (MD) study is to assess the influence of edge chemical functional groups on the entry/exit capacity and retention time of cisplatin molecules within the carbon structure. In this study, we used a zigzag type SWCNT, denoted as (17,0) since its diameter is optimal to contain the maximum number of drug molecules (for a tube length equal to 20 Å) [41]. The insertion process consisted of a gradual introduction of cisplatin molecules (1 to 4) inside an unfunctionalized carbon nanotube [41]. Here, we will focus on the effect of chemical functional groups added to dangling carbon atoms on the residence times of CDDP molecules inside the carbon cage.

This will be analyzed in terms of time of entry and exit of these molecules and of solvation inside the cargo. The main interactions felt by CDDPs during the different processes will be also investigated.

Our reference system is (17,0) CNT, filled with CDDP molecules, the ends of the tubes are saturated with hydrogen atoms. Then, we will gradually increase the size of the chemical functional groups, changing -H to -OH and then to -COOH groups, respectively. The release of drug molecules near POPC lipid bilayer will be finally studied to understand the different energy contributions that govern this phenomenon.

Calculations details and system model

Cisplatin molecule geometry has been optimized using the density functional theory as part of the Gaussian 09 package [52]. B3LYP functional [53][54][55][56] with a 6-31g (d, p) basis set [57] was used for all atoms except for platinum atom which was represented by the LanL2DZ basis set [58]. The RESP charges and the Hessian matrix were also extracted to perform molecular dynamics simulations. The methodology for constructing force field parameters for CDDP molecules is based on a combination of quantum mechanics and molecular mechanics methods leading to a complete description of the platinum complex. The procedure was detailed by Norrby et al. [59]. The MD simulations were conducted in a statistical mechanical ensemble NPT where the temperature was kept at 300 K using Langevin dynamics and the pressure was set at 1atm using the Langevin pistonPeriodic boundary conditions were used for all the simulations in order to get rid of any boundary effects. The calculations were performed using the NAMD code [59]. In this framework, the integration time was equal to 1 femtosecond to correctly describe the water dynamics that occurs at a subpicosecond scale [60]. The particle mesh Ewald (PME) summation was used to calculate periodic electrostatic interactions of the complete system.

The different systems studied were immersed in a cubic TIP3P [61] water box with 0.15M NaCl salt.

The TIP3P water model exhibits partial atomic charges centered on hydrogen and oxygen atoms. It has a rigid geometry which is consistent with water in the liquid phase. Moreover, TIP3P well predicts the density and enthalpy of vaporization of water under ambient conditions. On the other hand, Charmm36 force field has been well validated for the TIP3P water model, in particular to correctly reproduce the properties of the lipid bilayer which are very sensitive to the water model [62].

A zigzag single-walled CNT (17,0) was selected with a diameter of 0.13 nm and the tube length was set at 20 Å. The simulated water box dimensions for the CNT-H, CNT-OH and CNT-COOH systems are respectively (54,55,71) A 3 , (55,55,75) A 3 and (56,56,78) A 3 . The Lennard Jones potential parameters describing C-C, C-O and C-H forces were also taken into account in the simulation parameters. They were chosen as coming from the Charmm36 force field. All these parameters are detailed in the supplementary materials section (S1) and (S2). Note here that the dynamics of the CNT should be taken into account using current existing model (such as the Brenner-Tersoff potential) [63].

This last model can model the mechanical deformations of the CNT body according to the environment appearing in the simulation or model the CNT growth. Here, we are not interested in the elasticity or in the viscosity of the CNT. In our previous work, the CNT was described as a fixed structure [36]. Here CNT can move through the volume of the box as a quasi-rigid entity since bond and angle parameters remain very large.

To estimate the free energy barrier that the CDDP must cross to exit from the inner volume of the CNT, we used the adaptive biasing force (ABF) method [64,65] in NAMD formulation and implementation [66]. This method was developed by Darve et al. [67] and has been largely used in the exploration of reaction path coordinates and free energy calculations [68]. This method is based on the application of an external biasing force at each step of the simulation allowing the molecule to overcome significant energy barriers and escape the minima of the free energy landscape along the reaction coordinate ξ [69]. The reaction coordinate is representative of the observable phenomenon: in our study it is the distance traveled by the molecule (initially placed near the tube) to cross the entire carbon cage and exit. The total distance of 32 Å was sampled in 8 consecutive 4 Å windows with bins of 0.1 Å.

The energy profiles in fig. 6 were obtained from ABF equilibrium simulations totaling 18 ns of sampling for each window, via an integration of the force applied to the cisplatin along the tube axis.

The lipid bilayer was simulated under the same solvent conditions. It consisted of 176 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC) lipids, used to mimic the inner lipid leaflet of membranes. POPC is often modeled in Molecular Dynamics calculations to simulate the biological environment particularly in the context of an interaction with a drug molecule. There is many theoretical works in this field [18,40,70,71]. The POPC force field is taken from the Charmm36 lipids database.

Moreover, the membrane is relaxed beforehand for 40 ns in a water box size of (250,206,203) Å 3 . The system contained around 6000 water molecules. This preliminary simulation aims to stabilize the hydrophilic parts of the lipid bilayer because it is a complex assembly from a composition point of view. It presents heterogeneous regions with varying thicknesses and channel lengths. Suitable relaxation time would avoid structural tensions due to cohesions between amino acid channels.

Results and discussion

The work presented in this paper is divided into two complementary parts. The first deals with the effects of the CNT functionalized edge on the entry or exit of CDDP molecules. The second focuses on the interaction between a released molecule and the membrane.

Edge saturation

Saturation by hydrogen atoms

Four CDDP molecules were encapsulated in the CNT prior to system solvation. Then, minimization and thermalization were conducted for 5ns before launching the production runs. During these, many energy contributions are felt by the CDDP drug molecules, they have been divided into three terms: the lateral molecule-molecule (CDDP-CDDP), the solvation (CDDP-water), and the confinement (CDDP-CNT) pair interactions. All these interactions have been described by pair energies (such as van der Waals and electrostatic terms) averaged by the total number of frames kept for production runs.

Fig. 1 shows these different terms for CDDP molecules during the simulation. The lateral energy between CDDP molecules varies between -14.0 and 0.0 kcal/mol. The four molecules adopt certain positions which can result in a more stable cluster formation than isolated molecules. This cluster formation is observed in other similar studies (Tripisciano et al.) where CDDP clusters formed inside the internal hollow area of MWCNTs [72]. These clusters were also characterized using electron-dispersion spectroscopy (EDS) inside an ultrashort single-walled carbon nanotube by Guven et al. The interaction between CDDP molecules and water remains stable and fluctuates slightly around -144.0 kcal/mol. These two close outputs significantly influence the energy curve of the water interaction with cisplatin by a stronger stabilization of this interaction at -240.0 kcal/mol. This is due to the high solvation of CDDP molecules inside and outside the cage.

Fig. 3 shows the number of water molecules when four molecules are confined in CNT and when two of them leave the cargo ship. This number increases from 7 to 8 molecules, reflecting an improvement of the molecule solvation in the cage.

Furthermore, the CDDPs were arranged in a plane parallel to the inner wall of the tube, which generates a large space filled with water. This strongly stabilizes the drug molecules. At the same time, CDDPs try to stabilize by returning to the center of the tube, in a clustered preferential position grouped in the center of the tube (Fig 3c-d). In our previous study, the same number of cisplatin molecules were introduced inside a tube with unsaturated and non-functionalized terminations of identical diameter and length. The CDDP-water interaction fluctuated around -200 kcal/ mol [41],

which was slightly lower than here.

The CDDP molecules do not pass outside the tube in the first part of simulation (from 0 to 8.32 ns).

Indeed, the lateral and confinement interaction stabilize them. From Fig. 3c we can observe that the NH 2 functional groups of CDDP molecules are inside the tube. Indeed, we believe that a cluster of drug molecules can be created, helping to stabilize each other inside the cage [72,75,76]. The exit phenomena can occur when the water molecules enter the tube. As the number of water molecules increases inside the cage due to the CDDP organization, the CDDP molecules move away from each other and jostle, promoting a first exit to re-stabilize. The establishment of hydrogen bonds therefore play a key role in this situation. As soon as these hydrogen bonds will be broken by the water entering the tube, the drug release will be progressively observed. It was also interesting to look at the arrangement of water molecules around the different CDDP molecules during their confinement. For this we have extracted from the production runs of the MD simulations, the radial distribution functions g (r) and its integral number N(r) for the first and the second solvation peaks of Table 1. The g(r) functions were calculated as the average of particles pairs distances between CDDP and water molecules. N( r) is the integral number dr for all pairs of atoms with a resolution of 0.1 Å and a maximum r of 10 Å. As can be viewed in Table 1, the modification of the edge function of the carbon nanotube by -H atoms, did not radically change the different physical observables that we determined in this study.

Table 1 also summarizes the different retention times noted for the three systems investigated in the this study. The retention time given here is defined as the time for which the four cisplatin molecules are confined together inside the carbon cage.

Table 1:

Integral number for the first and second peaks of the radial density functions between CDDP and water inside the nanotube (as shown in Fig. 11).

Tube termination -C--H -OH

N(first g( r ) peak) 5.8 7.7 5

Retention time (ns) 7.50 8.32 >14.00

CNT edges functionalized by -OH and -COOH groups

When the tube ends are oxidized by -COOH groups, only three molecules of CDDP can enter the tube. The fourth could not access it. We suspect, on one hand, that this molecule is repelled by -COOH groups, which prevent it from accessing the tube, and on the other hand, that the solvent effect is very pronounced in this situation, favoring a difficult drug entrance in the cage. Whatever the reason, this functionalized CNT does not seem to be the most suitable for vectorizing the anticancer drug since certain molecules will have to be left free outside the nanovector.

In the case of tube edges oxidized by -OH, fig. 4 shows the different energies felt by the CDDP molecules during a simulation lasting 14 ns. All these energy variations show an overall stabilization of the system during the simulation. This is because the CDDP drug molecules themselves aggregated (see Fig. 5 showing a simulation snapshot during the simulation (at t= 7.7 ns)) and lower their respective energies, as shown in Fig. During this simulation time, none of the four molecules of cisplatin leaves the carbon cage and we can consider that the retention time is in this case greater than 14.00 ns. To confirm this, we have performed ABF simulations of a CDDP molecule to leave the CNT, depending on its edge functionalization. Fig. 6 presents the different FEP obtained along the carbon nanotube axis for the three simulated configurations (dangling bonds, bonds functionalized with -H atoms, or -OH atoms).

Due to the symmetry of the molecule, the graph shows two separate energy barriers for the cisplatin entry for each case. The smaller ones are equal to about 1.1 kcal/mol for the unsaturated carbon nanotube, 2.3 and 3.3 kcal/mol for the CNT-H and CNT-OH tubes, respectively. These amounts represent the smallest energies that a drug molecule must provide, at least, to get out of the carbon cage. Note that this result is comparable to an earlier study undertaken by Wolski et al. wherein doxorubicin is highly conserved in a tipfunctionalized carbon nanotube with polyethylene glycol and folic acid. Indeed, the exit free energy barrier is practically multiplied by 10 when the ends of the tube are functionalized [77,78].

These results deal with the residence times obtained previously, in particular for the tube with the -OH terminations for which there are no phenomena of cisplatin exits during the entire simulation. On the other hand, we calculated the probability that the drug leaves its carbonaceous cage in the three situations. Based on the transition state theory [79], we can determine the hopping rate of the molecule out of the nanotube as proportional to the exponential of the free energy barrier on thermal energy at 300K. Assuming the same prefactor, the ratio of the departure probability for that drug molecule becomes a simple Arrhenius law that depends on the barrier energy difference for each situation. As a consequence, a 40 times greater hopping rate is obtained for dangling bonds of the carbon nanotube compared to the hydroxylated tube.

Likewise, the hopping rate of the drug leaving the tube at the hydrogen saturated ends is 5.3 that of its hydroxylated counterpart. This also corroborates the observation made in the simulations.

The long residence time of the CDDP molecules inside the tube ended with -OH functional groups, makes this system the most appropriate for studying it under biological conditions.

This system has thus been approached from a biological membrane in order to evaluate the time of release of molecules near the membrane.

CDDP-CNT-OH system interaction with POPC-type biological membrane

The system consisting of four CDDP molecules confined in the -OH functionalized CNT was placed at a distance of 25 Ǻ from the biological membrane. The membrane was previously relaxed for 40 ns to optimize its lateral dimensions and to avoid the apparition of unexpected dynamic effects. The entire system was then solvated in a water box of (250,206,203) Ǻ 3 for a 144 ns MD simulation. Fig. 7 indicates the most important pair interaction energies felt by the drug molecules during the simulation. The simulation was launched until the exit of all the confined molecules from the tube was effective. The different phases of the simulation can be separated as follows. First, all CDDP are held inside the CNT until the drug nanovector reaches the POPC membrane. From this situation, the CNT lied to the membrane and strongly interacted with it. For a perfect CNT alone, the next step is to try to insert inside the membrane. However, the presence of both -OH groups and the CDDP molecules appears to delay this phenomenon. Therefore, we never observed CNT insertion throughout the simulation. Instead of that, the CDDP molecules were progressively released from the CNT into the water where they can diffuse near the membrane. However, as shown in fig. 7, the interaction of CDDP molecules with the POPC membrane has never been too important.

To analyze the approach of the CNT to the membrane during the simulation, we plot in fig. 8 the interaction energy between the CNT and the POPC. It can be observed that the CNT adopts different positions ranging from parallel and perpendicular orientation compared to the membrane. These fluctuations come from the attraction of the CNT with the POPC. Indeed, we have observed that each CDDP release step is preceded by a vertical conformation of the tube to prepare the release of the drug molecule (as depicted in fig. 9). Note that the CDDP-POPC interaction stabilized at -6.5 kcal/mol at the end of the simulation indicating the release of all the drug molecules close to the membrane cell. 

Conclusion

We propose in these MD simulations to investigate the behavior of an optimal CNT nanovector filled with anticancer drug molecules. Using different functionalizations of the CNT edges, we have shown that the most suitable cargo for these molecules is obtained by functionalization of CNT dangling bonds with -OH groups . In fact, this system allows an easy access to CDDP molecules and significantly increases their retention times. Moreover, no release phenomenon was observed during transport of the cargo to the cell membrane. This is because the gradual release of the active drug molecules is only possible when the CNT tries to enter the lipid membrane. This work opens a very interesting way in using the CNT as a good potential drug nanovector for stable therapeutic nanovectorization and transport.

  [73] DeSouza et al. also experimentally observed the cluster form of CDDP drugs confined within a SWCNT of radius 10-20 Å[74]. In addition, the tube wall exerts a strong stabilizing interaction for CDDP with value ranging from -35.0 to -15.0 kcal/mol, depending on the confined molecule number. However, according to fig.1, the most stabilizing interaction for the confined cisplatin molecule throughout the simulation is due to the solvation of the molecule. The corresponding energy fluctuates around -144 kcal/mol up to 8 nanoseconds before decreasing to -240kcal/mol when the first molecule leaves the CNT. We can therefore relate the stability of the drug molecules inside the cage to their solvation by water. Limiting it would probably decrease their residence time.
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 12 Fig. 1. Energy contributions felt by CDDP in the hydrogenated end (17,0) tube. a) CDDP-CDDP, b) CNT-CDDP, c) CDDP-water and d) Total energy. Dotted lines represent the exit times of the 1 st and 2 nd CDDP molecules, respectively.
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 3 Fig. 3. a) 7 water molecules around each CDDP b) 8 to 9 water molecules around each CDDP c) and d) cluster conformation of drug molecules.
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  . The energy felt by CDDPs oscillates between -46.0 and -21.0 kcal/mol. The graph also reveals that the affinity of CDDP with the inner wall of CNT remains constant throughout the simulation and equal to about -80.0 kcal/mol.
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 4 Fig. 4. Total energy contributions felt by cisplatin in the hydroxyl-terminated tube (17,0). In green is shown the lateral interaction between CDDP molecules, in pink is plotted the confinement interaction between CDDP molecules and CNT, in blue the solvation interactions between CDDP and water. The total energy of the system is shown in gray.
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 5 Fig. 5. Four cisplatin molecules interacting with the inner wall of the tube.
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 6 Fig. 6. Free energy profiles for cisplatin molecule transporting through the danglind bonds
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 7 Fig. 7. Total energies contributions felt by cisplatin during simulation. Dotted lines indicates the exit of CDDP molecules from the cage. In green lateral CDDP-CDDP interaction, in pink confinement CDDP-CNT interaction, in blue solvation CDDP-water interaction.
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 89101112 Fig. 8. Variation of CNT-POPC membrane interaction. Dotted lines indicate the exit of CDDP.
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