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Abstract

:

Carbon nanotubes (CNTs) are extensively adopted in the applications of biotechnology and biomedicine. Their interactions with cell membranes are of great importance for understanding the toxicity of CNTs and the application of drug delivery. In this paper, we use atomic molecular dynamics simulations to study the permeation and orientation of pristine and functionalized CNTs in a lipid bilayer. Pristine CNT (PCNT) can readily permeate into the membrane and reside in the hydrophobic region without specific orientation. The insertion of PCNTs into the lipid bilayer is robust and independent on the lengths of PCNTs. Due to the presence of hydroxyl groups on both ends of the functionalized CNT (FCNT), FCNT prefers to stand upright in the lipid bilayer center. Compared with PCNT, FCNT is more suitable to be a bridge connecting the inner and outer lipid membrane. The inserted CNTs have no distinct effects on membrane structure. However, they may block the ion channels. In addition, preliminary explorations on the transport properties of CNTs show that the small hydrophobic molecule carbon dioxide can enter both PCNT and FCNT hollow channels. However, hydrophilic molecule urea is prone to penetrate the PCNT but finds it difficult to enter the FCNT. These results may provide new insights into the internalization of CNT in the lipid membrane and the transport properties of CNTs when embedded therein.
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1. Introduction


The introduction of carbon nanoparticles into the biotechnological and biomedical fields has opened a large number of applications, such as biosensors and drug carriers [1,2,3,4,5,6,7,8]. One such kind of nanomaterial is the carbon nanotube (CNT), which can deliver peptides [6,8], proteins [4], and nucleic acids [5] to different cells. Ahead of these applications, understanding the interactions between CNTs and phospholipid membranes is fundamentally essential for avoiding its adverse effects, since CNTs may be toxic. Therefore, present studies are mainly focused on cytotoxicity and its interactions with cell membranes [9,10,11,12]. For example, experiments have demonstrated that CNTs induce oxidative damage to lipids in lung membranes [13] and the formation of reactive oxygen species in vivo and in vitro [14,15]. CNTs have also been found to enter both animal and plant cells [16,17], but the internalization mechanism is still not clear. Two very recent works show that short CNTs can transport water, protons, and small ions after the spontaneous insertion into the live cell membranes [18]. Meanwhile, the embedded CNTs possess ion selectivity that can be tuned by pH values and ion concentrations [19]. These reports demonstrate that CNTs in the membrane can transport small molecules through their hollow channels [20].



In recent years, molecular dynamics (MD) simulation has been employed to explore the interactions between carbon nanoparticles and lipid membranes [21,22,23,24,25]. Particularly, how CNTs land on, bind to, and translocate through cell membrane are systematically studied by MD simulations [26,27,28]. For example, Wallace and Sansom performed steered MD with a coarse-grained model to simulate the penetration of the dipalmitoylphosphatidylcholine (DPPC) bilayer by CNTs, and they observed that lipids were extracted from the bilayer and blocked the tube [23]. However, the penetration was not spontaneous but exerted by an external force to pull the nanotube through the bilayer. Pathasarathi et al. reported the presence of CNTs in the bilayer reduced the mobility of lipids and perturbed the structure of interfacial water, using all-atom MD simulations [24]. It should be noted that the CNTs are initially embedded in the lipid bilayer. Kraszewski et al. performed MD simulations to explore the internalization of functionalized CNTs (FCNTs) into a model lipid bilayer as a function of their length [26,27]. They found the hydrophobicity was one of the key factors responsible for the insertion process. However, experiments conducted by Lacerda et al. showed that electrostatic interactions between the hydrophilic and charged functional moieties of FCNTs and the polar headgroups of the lipid membranes were the major contributors to the insertion process [28]. Obviously, they are contradictory.



In this work, we first repeated the simulations on the interactions between CNTs and lipid membranes. Then, we studied the effects of CNTs on membrane structure and membrane protein. Finally, we performed MD simulations to investigate the transport properties of CNTs when embedded in the bilayer center. We observed that pristine CNT (PCNT) could readily enter the membrane and stay therein without specific orientation. When functionalized CNT (FCNT) was embedded in the membrane, FCNT preferred to locate vertically. CNTs in the lipid bilayer may block membrane proteins. However, CNTs can act as artificial channels to transport water, ions, and small molecules. Taking carbon dioxide (CO2) and urea as model small molecules, we found CO2 could enter both PCNT and FCNT hollow channels because of their hydrophobic interior, while urea molecules were found it much difficult to fill the FCNT.




2. Computational Methods


The simulation system consisted of a fully hydrated lipid bilayer, one PCNT or one FCNT, and 2 mol% carbon dioxide (CO2) or urea molecules. Here, mole percent is defined as the number of CO2/urea molecules divided by the sum of CO2/urea and water molecules. CO2 and urea are two common metabolites, on behalf of small hydrophobic and hydrophilic molecules, and suitable for transport through CNT hollow channels. The hydrated bilayer developed by Tieleman and Berendsen was composed of 128 dipalmitoylphosphatidylcholine (DPPC) lipids and about 5000 water molecules. We constructed the pristine and functionalized armchair type (6,6) and (7,7) CNTs, which were about 3.6 nm in length, close to the thickness of the membrane. The FCNT was modeled by attaching 12 hydroxyl groups and 12 hydrogen atoms to the terminal carbon atoms on the pristine one.



The force field parameters for DPPC lipids and CNTs were taken from Berger et al. and Hummer et al., respectively [29,30]. The topologies of CO2 and urea were created by the PRODRG server, based on the GROMOS53a6 force field. However, the partial charges assigned by PRODRG were found to result in an incorrect water solubility and unrealistic partitioning between water and membrane [31]. We, therefore, resorted to Mulliken partial charges obtained after density functional theory (DFT) calculations at the B3LYP/6-31G (d,p) level. The vdW parameters for CO2 and urea were included with GROMACS itself. Water was represented by the SPC model [32]. The carbon atoms in PCNT were treated as uncharged Lennard–Jones (LJ) spheres with a cross-section of σcc = 0.34 nm and a depth of the potential well of εcc = 0.36 kJ/mol. The carbon, oxygen, and hydrogen atoms in C—O—H were assigned partial charges of +0.5e, −0.8e, and +0.3e, the same as [23]. The bonded and non-bonded parameters of C—O—H were adopted from the GROMOS 53a6 force field [33].



All simulations were performed under the isothermal-isobaric (NPT) ensemble by using the Gromacs package 4.5.6 [34,35]. Periodic boundary conditions were employed in all directions. The vdW interactions were treated with a smooth cutoff at a distance of 1 nm, whereas the particle-mesh Ewald method was used to calculate the long-range electrostatic interactions [36,37]. The temperature was kept stable at 323 K using the V-rescale thermostat, and the pressure was controlled semi-isotropically by a Berendsen barostat [38,39]. Bond lengths within CNT/DPPC and water molecules were constrained by the LINCS and the SETTLE algorithms, which allowed a time step of 2 fs [40,41].



The free energy of CO2 and urea molecules across the bilayer and CNT was obtained from the potential of mean force (PMF) using umbrella sampling [42]. First, we performed steered MD simulations to pull the molecule from the aqueous phase to the center of mass of the membrane or CNT [43]. Then, 35 windows were generated along the reaction coordinate (z-direction). The z coordinates of the center of mass (COM) distance between the molecule and membrane or CNT in each window differed by about 0.1 nm to ensure sufficient sampling. Each window was run for 10 ns, and the last 5 ns data were collected for sampling. In such cases, a simulation was biased by a harmonic potential with a spring of 1000 kJ mol−1 nm−2. Finally, the PMF profile was depicted by the weighted histogram analysis method (WHAM) [44].




3. Results and Discussion


3.1. Simulations Results of PCNT


Figure 1 shows the entering of PCNT from the aqueous phase into the lipid bilayer. Generally, the process was composed of two stages: (1) fast adsorption of PCNT at the lipid-water interface in an orientation parallel to the membrane plane, followed by (2) spontaneous tilting of the tube to insert the membrane. In detail, we employed the center of mass (COM) distance in the z-direction (denoted as dz) between PCNT and the membrane to depict this entry (Figure 1B). The orientation of PCNT out and in the membrane is monitored by the tilt angle (α), which is defined as the included angle between the central axis of PCNT and the membrane plane (xy-plane). It is observed that PCNT initially diffuses quickly toward the bilayer. Correspondingly, dz drops fast from 4 nm to 2.5 nm in the first 3 ns. Then PCNT lies flat (α is close to 90°) at the hydrophilic interface until t = 24 ns. However, at t = 25 ns, one end of the PCNT begins to slant and insert the membrane (see snapshots at t = 25 ns), and then the whole PCNT is quickly pulled into the membrane in the following 2 ns in a tilted position (see snapshots at t = 26 and 27 ns). Accordingly, dz plummets from 2.5 to 0.5 nm, and α drops from 90° to 45°. After entering the membrane, the CNT just floats therein with a tilted orientation (snapshot at t = 100 ns). And the membrane is kept intact without any rupture.



Similar to the permeation of fullerene and graphene in the lipid membrane, the fast insertion of PCNT is driven by the strong dispersion interactions between PCNT and lipid tails. We, therefore, calculated the interaction energy of PCNT with the bilayer (Figure 1C). Here, the energy is defined as the vdW interaction between the CNT and membrane. The energy curve exhibited the same trend as that of dz (see Figure 1b,c), implying that the translocation of PCNT from the water to the membrane is driven by this interaction. The energy difference of CNT in and out of the bilayer reached about 1200 kJ/mol. It is clear that the huge fall in the energy makes PCNT adsorb fast into the lipid bilayer.



The location and orientation of PCNT in the membrane can be characterized by the horizontal COM distance between PCNT and membrane (marked as dxy) and the tilt angle α. As shown in Figure 2A, the curves of dxy fluctuate dramatically in both systems, indicating that PCNT can move freely in the membrane. Interestingly, it is found that PCNT exhibits different orientations at the end of each simulation, namely, vertical (Figure 1, snapshot at t=100ns), horizontal (Figure S1A, snapshot at t = 100 ns) and tilted (Figure S1B, snapshot at t = 100 ns). We, therefore, compared the interaction energy between CNT and bilayer at different tilt angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°), as shown in Figure 2C. The energy at each tilt angle shows little difference, which is less than 3% between the strongest interaction (-1573 kJ/mol at α = 0°) and the weakest one (-1529 kJ/mol at α = 45°), implying that PCNT resided in the bilayer with no specific orientations. We repeated the simulations with PCNT embedded in the bilayer center horizontally and vertically and obtained similar results, though PCNT may be confined at local minima (see Supplementary Material, Figure S1).



To explore the effects of CNT length on its insertion into the lipid membrane, we performed three additional independent simulations, with different lengths of PCNTs, namely, 2.4 nm, 3.6 nm, and 4.8 nm, which are shorter or close to or longer than the bilayer thickness. As shown in Figure 3, the spontaneous insertion of PCNTs in the lipid bilayer was robust, independent of the lengths of PCNTs (see snapshots at t = 100 ns). Shorter PCNTs with lengths less than the thickness of the bilayer underwent significant rotation during the insertion and preferred to reside in the bilayer center vertically (Figure 3B, D). The tilt angles fluctuated slightly at 10°. It should be pointed out that the final orientations of PCNTs were related to their initial structures. With the increasing lengths of PCNTs, the rotation became more and more difficult, as longer PCNTs were prone to be confined at local minima, similar to the simulation results of PCNT initially embedded in the bilayer center horizontally (Supplementary Material, Figure S1). That is, the PCNT always lay flat in the membrane (Figure 3F). Correspondingly, the tilt angle was kept stable at 68°.




3.2. Simulation Results of FCNT


The potential applications of CNT are as nanocarriers, and CNT acts as an artificial channel connecting the inner and outer cell membranes to deliver drug molecules. However, PCNT preferred to stay in the hydrophobic region of the membrane with arbitrary orientations. We, therefore, resorted to FCNT. Initially, we embedded the FCNT vertically and horizontally in the membrane center and then released it. As shown in Figure 4A, the FCNT was kept almost perpendicular during the whole simulation, as the tilt angle was always more than 75° (Figure 4C). Interestingly, it was found that the FCNT rotated from horizontal to vertical in Figure 4B, as the tilt angle increased gradually from 0° to 70°. This rotation was driven by electrostatic interactions. Therefore, we counted the number of hydrogen bonds formed between hydroxyl groups on the ends of FCNT and lipid headgroups (see Figure 4D). In both systems, there was an average of about 5 hydrogen bonds formed between FCNT and lipid bilayer, which made them interlocked with each other, and FCNT was prone to vertical orientation. Compared with PCNT, FCNT is more suited to serve as an artificial channel to transport drug molecules.




3.3. Effects of CNTs on Membrane Structure and Membrane protein


To evaluate the effects of inserted CNTs on membrane structure, we compared the area per lipid, bilayer thickness, and lipid tail order of the membrane with or without CNTs. As shown in Figure 5A,B, the area per lipid without CNT averaged over the last 50 ns was 0.651 nm2, while they were 0.654 nm2 and 0.653 nm2 with embedded PCNT and FCNT, respectively. Because of the undulation of the membrane, the difference among them (about 0.002 nm2) can be neglected. The corresponding thicknesses of the bilayer were 3.657 ± 0.048 nm, 3.612 ± 0.064 nm, and 3.644 ± 0.056 nm, also close to each other. The main effect of CNTs on membrane structure was that the lipid tails became more ordered with the inserted CNTs, as the deuterium order parameters with CNTs were a little bigger than those of pure membrane (Figure 5C). This is because the local lipid tails around the CNTs aligned more orderly and closely.



Then, we performed particular simulations to explore how inserted CNTs interact with existing membrane proteins. A potassium channel (K+ conduction and selectivity architecture, KcsA) was selected as a model membrane protein (PDB ID: 2A9H). Initially, the protein was embedded in the phosphoethanolamine (POPE) lipid bilayer, and CNTs were positioned at the aqueous phase, as shown in Figure 6A,C, and then the CNTs were released. Interestingly, it was found that the channel of KcsA was blocked by both PCNT and FCNT (Figure 6B,D). The blockage of the potassium channel may weaken the transport of Na+, K+, and so on, which further affects the transduction of nerve signals. Fortunately, CNTs exhibit considerable potential as artificial ion channels and possess selectivity after inserting the cell membrane. That is, this problem may be solved by CNTs themselves. Figure 6E gives the time evolution of the RMSDs of the backbone of KcsA with or without CNTs. We observe that the three root-mean-square-deviation (RMSD) curves are in line with each other except for a little difference in the last 50 ns, indicating that the secondary structure of KcsA had no distinct change exerted by inserted CNTs.




3.4. Transport of Small Molecules through PCNT


Next, we chose CO2 and urea on behalf of small hydrophobic and hydrophilic molecules to tentatively explore the transport of small molecules through CNT hollow channels. For simplicity, the PCNT was position-restrained in the bilayer center vertically. The simulation results are presented in Figure 7. As a control run, we also investigated the distribution of CO2 and urea in the lipid bilayer without CNTs. Interestingly, it was found that although CO2 molecules can readily enter the membrane, they prefer to aggregate in the PCNT hollow channel. Figure 6C shows the number of water and CO2 molecules in the PCNT as a function of simulation time. Since the PCNT interior was hydrophobic, water molecules were gradually excluded from the CNT, and CO2 molecules flow in. Correspondingly, the number of water declined from 11 to 0, while that of CO2 increased from 0 to 9. Different from CO2, hydrophilic urea molecules could not reach the membrane center spontaneously, but similarly could flow into the PCNT interior. Surprisingly, the PCNT was filled with a mixture of water and urea molecules. As shown in Figure 7D, there were approximately 4 urea and 13 water molecules in the PCNT hollow channel. These results were independent of whether the starting structures of the PCNT were empty or filled with CO2/urea (see Supplementary Material, Figure S2)




3.5. Transport of Small Molecules through FCNT


For comparison purposes, we also simulated the transport of CO2 and urea through FCNT, as shown in Figure 8. Though the hydroxyl groups at the entrance of FCNT improved its hydrophilicity, the interior of FCNT was still hydrophobic. Therefore, the inner FCNT was gradually occupied by CO2 molecules (see Figure 8A,B). The number of water molecules decreased from 25 to 2, correspondingly, that of CO2 molecules increased from initial 0 to 11 at t = 50 ns. Surprisingly, it became more difficult for urea to enter the FCNT. During the whole simulation, only one or two urea molecules appeared in the FCNT. On the other hand, the number of water in Figure 8C,D fluctuated more dramatically than that in Figure 7C,D. This was because the hydroxyl groups at the entrance of FCNT enhanced the interactions with water molecules.




3.6. PMF Profiles of Small Molecules across CNTs


Eventually, we computed the free energy of CO2 and urea across the two CNTs, depicted by PMF profiles in Figure 9. It was found that there was no energy barrier for CO2 at the entrance of both PCNT and FCNT. On the other hand, CO2 had lower free energy in the CNT (−20.4 kJ/mol for PCNT and −29.7 kJ/mol for FCNT) than in the lipid headgroups as well as in the water. As a comparison, the free energy of CO2 in the lipid bilayer was only −6.5 kJ/mol (Figure 9C), much higher than that in the CNTs, indicating that CO2 in the CNTs was energetically favorable. As to urea molecules, the PMF kept rising and reached the highest peak (approximate 50 kJ/mol) at the bilayer center, which is why urea molecules cannot permeate into the membrane. However, there was no energy barrier at the PCNT entrance, though urea molecules were accompanied by water molecules in the PCNT. However, the energy barrier at the FCNT entrance reached approximately 9.3 kJ/mol, due to the presence of the hydroxyl groups at the entrance of FCNT. Their electrostatic interactions with urea molecules prevented them from entering the FCNT.





4. Conclusions


In summary, using MD simulations, we studied the translocation of PCNT from the aqueous environment to the lipid bilayer interior and compared the behavior of PCNT in the membrane with that of FCNT. We found that the PCNT can readily enter the membrane and preferred to stay therein without specific orientation if the length of PCNT was less than bilayer thickness. With the increasing length of PCNT, the rotation of PCNT in the bilayer center became more and more difficult. With the cooperation of the electrostatic interactions between the functional groups and lipid headgroups, FCNT was kept almost vertical in the membrane and was more suitable than PCNT to deliver drugs. Tentative simulations of the transport properties of CNT embedded in the bilayer center show that both small hydrophobic and hydrophilic molecules could enter the PCNT hollow channels, but urea molecules found it hard to penetrate the FCNT. The PMF profile demonstrated that there was a high energy barrier to prevent the entrance of urea at the two FCNT ends. Further studies should be focused on the specific transportation of small drug molecules through adjusting the radii of CNTs and functionalization.
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Figure 1. A typical trajectory of pristine carbon nanotubes (PCNT) entering the membrane. (A) Snapshots at critical times. (B,C) Time evolutions of the center of mass (COM) distance in the z-direction, the tilt angle, and the interaction energy between PCNT and membrane. 
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Figure 2. The location (A) and orientation (B) of PCNT in the membrane, and (C) the interaction energies at fixed tilt angles. 
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Figure 3. Trajectories of PCNTs with different lengths entering the membrane. (A–F) The initial and final snapshots of each system. Water is not shown for clarity. (G) Time evolutions of the COM distance in the z-direction and the tilt angles of each system. 
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Figure 4. Trajectories of functionalized carbon nanotubes (FCNT) located in the membrane vertically and horizontally. (A,B) Snapshots at t = 0 ns and 100 ns, (C) the tilt angle, and (D) the hydrogen bonds between FCNT and lipid bilayer. 
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Figure 5. The effects of carbon nanotubes (CNT) on the membrane structure compared with the pure bilayer. (A) Area per lipid, (B) the bilayer thickness, and (C) deuterium order parameter for a lipid chain. 
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Figure 6. The effects of CNTs on membrane protein. (A,C) The initial configurations, where water molecules are not shown for clarity. (B,D) The structures of CNT-KcsA complexes. (D) root-mean-square-deviations (RMSDs) of KcsA in the lipid bilayer with or without CNTs. 
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Figure 7. The transport properties of (7,7) PCNT in the lipid bilayer. (A,B) Snapshots at t = 50 ns, only half of the tubes are shown to highlight CO2 and urea molecules in the PCNT hollow channels. (C,D) Number of water, CO2, and urea within PCNT as a function of simulation time. 
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Figure 8. The transport properties of (7,7) FCNT in the lipid bilayer. (A,B) Snapshots at t = 50 ns, the lipid membranes are not shown for clarity. (C,D) Number of water, CO2, and urea within FCNT as a function of simulation time. 






Figure 8. The transport properties of (7,7) FCNT in the lipid bilayer. (A,B) Snapshots at t = 50 ns, the lipid membranes are not shown for clarity. (C,D) Number of water, CO2, and urea within FCNT as a function of simulation time.



[image: Applsci 09 04271 g008]







[image: Applsci 09 04271 g009 550] 





Figure 9. Potential of mean force (PMF) profiles of CO2 and urea across the PCNT, FCNT, and lipid bilayer. (A) PMF profiles of CO2 across the PCNT and FCNT. (B) PMF profiles of urea across the PCNT and FCNT. (C) PMF profiles of CO2 and urea across the lipid bilayer. The reference point of zero potential energy was set at z = 3.5 nm, where the interactions between CO2/urea and CNTs can be ignored. 
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