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Abstract Understanding the penetration mechanisms of

carbon nanotube (CNTs)-encapsulated drugs through the

phospholipid bilayer cell membrane is an important issue

for the development of intracellular drug delivery systems.

In the present work, steered molecular dynamics (SMD)

simulation was used to explore the possibility of penetra-

tion of a polar drug, paclitaxel (PTX), encapsulated inside

the CNT, through a dipalmitoylphosphatidylcholine bilayer

membrane. The interactions between PTX and CNT and

between PTX and the confined water molecules inside the

CNT had a significant effect on the penetration process of

PTX. The results reveal that the presence of a PTX mol-

ecule increases the magnitude of the pulling force. The

effect of pulling velocity on the penetration mechanism

was also investigated by a series of SMD simulations, and

it is shown that the pulling velocity had a significant effect

on pulling force and the interaction between lipid bilayer

and drug molecule.
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bilayer � Drug delivery

Introduction

Progress in the medical research has resulted in the gen-

eration of new synthetic drugs. The optimized action of

these drugs is related to their achievement of the target

organism and transmission through the biological mem-

branes. The cell membrane, as a protective barrier to the

external molecules, does not permit drug molecules to

enter the cell. Most drug molecules are polar and have

complicated structures, which cause difficulties in their

transmission through the cell membrane. However, the

probability of targeted transmission will increase with drug

delivery devices (Farokhzad and Langer 2009; Surendiran

et al. 2009). These drug delivery devices are loaded with

lower doses of drug cargo, can minimize the side effects of

toxic drugs and can increase treatment efficiency (Hughes

2005; Ulbrich and Lamprecht 2010). Nanocarriers or

nanocapsules are such drug delivery devices (Ochekpe

et al. 2009). Among these nanocarriers carbon nanotubes

(CNTs) have a special place, due to their unique properties,

such as the ability to interact with biological molecules

(Jana et al. 2013; Zuo et al. 2010, 2011) and to enter the

cell nuclei (Martin and Kohli 2003; Pantaotto et al. 2004),

large inner volume (Faraji and Wipf 2009), good bio-

compatibility (Ochekpe et al. 2009) and high aspect ratio

(Bianco et al. 2005). Observations of single-wall nanotube

penetration into the cell by electron microscopy (Porter

et al. 2007), spectroscopy (Khodakovskaya et al. 2009) and

fluorescent microscopy (Cherukuri et al. 2004) have shown

that the CNT can easily enter the cell. This property is

useful for the delivery of anticancer (Lay et al. 2010; Liu

et al. 2008; Shuai et al. 2010), antibacterial and anti-

inflammatory (Sung et al. 2009) agents into the cell. These

compounds are attached to the surface of the CNT via

covalent bonding (DeVane et al. 2008; Liu et al. 2008;
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Shuai et al. 2010; Sung et al. 2009), noncovalent coating

(Dhar et al. 2008) and physical functionalization (Cherukuri

et al. 2004). The cargo can also be encapsulated inside the

large volume of the CNT (Panczyk and Warzocha 2009). It

seems that encapsulation is a better method because the drug

agent is kept in a defended environment that cannot be

destroyed by enzymes (Chaban et al. 2010). Both theoretical

and experimental studies have shown that loading of drug

molecule and its unloading after entering the cell is possible

(Hari et al. 2006; Hilder and Hill 2008a, 2008b; Kang et al.

2008; Su et al. 2011). Although experiments provide infor-

mation about the CNT, as a drug delivery device, its cargo

and its diffusion through the membrane, it is useful to use

molecular dynamics (MD) simulation to explore the effec-

tive interactions at the single-molecule level (Jana et al.

2013; Johnson et al. 2009; Lee 2013).

MD has already been applied to other CNT–drug or CNT–

membrane systems. A group of simulations, related to drug

release, has used near-infrared radiation (Chaban et al. 2010),

magnetic field (Panczyk et al. 2010; Panczyk and Warzocha

2009) and a chemical trigger like pH (LaVan et al. 2003) as

driving forces for the release of the drug cargo from the CNT.

Another group of simulations has studied the interaction of the

CNT with the cell membrane (DeVane et al. 2008; Gangu-

pomu and Capaldi 2011; Wallace and Sansom 2008).

In the present work, we studied a step after the drug

encapsulation and before its release that is the penetration

of the encapsulated drug into the inner space of the CNT

across the cell membrane. However, the diffusion process

is very slow and difficult to perform with the MD time-

scale, so it should be accelerated (Izrailev et al. 1997; Kang

et al. 2008); and a series of steered molecular dynamics

(SMD) simulations were performed. The purpose of this

study was to explore the conformational change of the

dipalmitoylphosphatidylcholine (DPPC) bilayer membrane

as a result of interaction with CNT encapsulating a drug

and the confined water molecules and to examine to what

extent the drug and pulling force could affect the pene-

tration process into the membrane. Paclitaxel (PTX) as a

sample drug is used, which is known as an anticancer drug

and has a polar core (Snyder et al. 2001). The structure of

PTX is shown in Fig. 1. The simulation results support the

idea that use of the CNT facilitates the targeted penetration

of the polar drugs into the biological cell and produces

informative details of the penetration process.

Computational Methods

Force Fields

The GROMACS 4.5.4 program (Hess et al. 2008) was used

to perform all simulations, and PyMOL (v. 1.4.1) was used

for visualization (DeLano 2002). The all-atom GRO-

MOS43A1 force field (van Gunsteren et al. 1996) was

employed to calculate all bonded and nonbonded interac-

tions. Lorenz-Berthelot combination rules were used to

obtain the cross-term Lennard-Jones (12, 6) parameters

(Allen and Tildesley 1987), and the graphite parameters

were used to supplement that of the CNT (Walther et al.

2001). Water molecules are modeled as a simple point

charge, which is usually used for all GROMOS force fields

(Berendsen et al. 1981).

The simulation system consisted of 384 DPPC mole-

cules, a single-wall CNT and a PTX molecule. The DPPC

bilayer was previously equilibrated at 323 K (Domanski

et al. 2010). The (15,15) single-wall CNT with a diameter

of about 1.0 nm and length of 5.0 nm was built using a

visual MD program (Humphrey et al. 1996). This nanotube

is appropriate for efficient encapsulation of PTX (Hilder

and Hill 2008b). The PTX topology files corresponding to

the current force field were prepared using the PRODRG

server (Schuttelkopf and van Aalten 2004), and then it was

optimized by the AM1 semiempirical method of Hyper-

Chem software (v. 7). One of the simulation systems

consisted of the CNT and DPPC molecules, but the other

systems consisted of the CNT, PTX and DPPC.

Simulation Details

The simulations were run in the NPT ensemble, which is

known as a favorable ensemble for membrane simulations

(Egberts et al. 1994; Gangupomu and Capaldi 2011;

Shepherd et al. 2001; Tieleman et al. 1997; Wallace and

Sansom 2008). During the simulation the temperature was

kept constant at 323 K using a Nosé-Hoover thermostat

(Hoover 1985), and the pressure was kept constant at 1 bar

using the Parrinello–Rahman barostat (Parrinello and

Rahman 1980) with semi-isotropic pressure coupling,

which is appropriate for membrane protein simulation

(Kandt et al. 2007). The time step was 2fs, and the LINCS

algorithm (Hess et al. 1997) was used to constrain all

Fig. 1 Structure of PTX, combining a polar and rigid tetracyclic core

with an equally polar set of four flexible side chains (Snyder et al.

2001)

698 S. Z. Mousavi et al.: CNT-Encapsulated Drug Penetration

123



bonds. The long-range electrostatic interaction was calcu-

lated with the particle mesh Ewald method (Darden et al.

1993) with a cutoff radius of 1.0 nm. The Lennard-Jones

potential was used to calculate the van der Waals interac-

tion with a cutoff radius of 1.4 nm as recommended (Sut-

mann 2002).

The simulation cell was constructed with the dimensions

of 114 9 114 9 260 Å3. The CNT was initially at a dis-

tance of 1.0 nm from the DPPC membrane. The PTX

molecule was located inside the CNT to represent the

loaded CNT without any constraint. The system was sol-

vated with 91,475 water molecules, as shown in Fig. 2;

then, the energy was minimized using the steepest descent

method. During 6.5 ns of an equilibration run, where the

CNT was constrained, PTX, membrane and water mole-

cules were equilibrated. After the equilibration, the area per

lipid was calculated and a value of 64.0 Å2 was obtained,

which is in agreement with the experimental measurements

(Nagle 1993). Following the equilibration, constant

velocity SMD was used. In SMD simulation, the CNT and

the encapsulated PTX were attached to dummy atoms via a

virtual spring and were moved at a constant velocity. The

force needed for the displacement of the dummy atoms to

an imaginary point can be calculated by the following

equations:

F ¼ �rU ð1Þ

U ¼ 1

2
k vt � r � r0ð Þ � n½ �2 ð2Þ

where rU is the potential energy gradient, k is the spring

force constant, v is the velocity of pulling, t is the current

time, r is the instantaneous vector position, r0 is the initial

vector position of the SMD atom and n is the vector

direction which the dummy atom is pulled.

In the SMD simulation of the present work, four pulling

velocities (v) in the range of 0.1–0.025 Å/ps were used and

each simulation was repeated to confirm the results. The

CNT was restrained by the same force constant in the x and

y directions and pulled in the z direction perpendicular to

the membrane plane. The required pulling force is the

smallest when the CNTs penetrate perpendicularly rather

than obliquely or parallel to the membrane (Gangupomu

and Capaldi 2011; Wallace and Sansom 2008), and since

perpendicular diffusion was observed experimentally, this

direction of pulling seems logical (DeVane et al. 2008;

Gangupomu and Capaldi 2011; Shi et al. 2008).

Fig. 2 The solvated system: the simulation cell has the dimensions

114 9 114 9 260 Å3, the CNT is at a distance of 1.0 nm from the

DPPC membrane and the PTX molecule is located inside the CNT.

The hydrophilic DPPC head-group particles are shown in red, while

the hydrophobic tail particles are shown in green, the CNT is shown

in black and PTX is shown in blue. The molecular structures of CNT,

PTX, DPPC and water are also shown separately. (Color figure

online)
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Results and Discussion

CNT Penetration Mechanism

Initially, the CNT-encapsulated PTX was positioned at a

distance of 1.0 nm from the lipid bilayer membrane

(Fig. 3a) and pulled with a velocity of 0.1 Å/ps and a

spring constant of 10 kJ mol-1 Å-2. Then, the CNT was

moved closer to the membrane (Fig. 3b) until it reached the

membrane surface, and as a result the membrane was

perturbed and a curvature appeared on its surface. The high

velocity of the CNT gives a concave shape to the upper

leaflet of the bilayer membrane surface (Fig. 3c). During

the exiting process of the CNT, the pulling velocity gave a

convex shape to the lower bilayer leaflet, as shown in

Fig. 3d. When the CNT was pulled to exit the center of the

DPPC lipid bilayer, a hydrophobic mismatch between the

CNT and the lipid molecules was observed, so the lipid

Fig. 3 Snapshots of CNT–PTX penetration through the lipid bilayer. Water molecules are eliminated to clarify the snapshots. The color scheme

is the same as that used in Fig. 2
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tails, surrounding the tube, were stretched and wrapped the

outer surface of the CNT to minimize unfavorable expo-

sure of the hydrophobic core to the aqueous environment

(Fig. 3e). Finally, when the CNT exited the membrane,

some lipids were extracted with it; these lipid molecules

were inside or on the outer surface of the CNT (Fig. 3f).

It is useful to see the force–displacement curve, which is

plotted in Fig. 4. During the simulation, the velocity was

constant and the instantaneous vector position of the drug

delivery system changed with time, so if this vector

increases with time, the displacement r � r0ð Þ would

increase and, as a consequence, the potential energy would

decrease according to Eq. (2). The reduction of the pulling

force is the result of this situation (Eq. 1), and it shows that

the system does not resist moving so much. As observed in

Fig. 4, initially, when the CNT is pulled to traverse the

hydrophilic phase of the bilayer (at an interval of about

0–35 Å), the required force for pulling becomes higher

because CNT prevents entering a hydrophilic phase; hence,

the instantaneous position of the CNT does not change so

much with time, and this causes an increase in the force.

Besides, some lipid molecules extend and move upward to

wrap the CNT from the aqueous environment. These

movements cause an increase in the force since the lipids

exert an extra force on the CNT. This increase of force will

continue until a noticeable part of the CNT enters the

hydrophobic phase of the lipid bilayer. After that, once the

CNT penetrates more (at an interval of about 35–60 Å), the

force magnitude decreases because the hydrophobic CNT

is in the hydrophobic phase of the bilayer and, as a con-

sequence, the resistance decreases against its movements

and its energy decreases. Reduction of the Lennard-Jones

potential as a result of the CNT and DPPC lipid molecule

interaction in this interval, which is shown in Fig. 5, con-

firms this viewpoint. Again, when the CNT is pulled to

leave the hydrophobic lipid tails and approaches the

hydrophilic lipid head groups (at an interval of about

60–100 Å), the applied force increases since the lipids

exert an extra force on the CNT to pull it into the bilayer

core. Finally, when the CNT exits the bilayer, some lipids

which are extracted shield the outer surface of the CNT and

prevent it from encountering water molecules; this phe-

nomenon is shown in Fig. 3e.

It is useful to compare the profiles of the applied forces

for the CNT-encapsulated PTX and CNT alone, as shown

in Fig. 6. It is observed that the maximum and minimum of

the two curves occur in the same displacement because the

CNT, as a drug carrier, determines the shape of the force

profile. But when the CNT is used as a drug carrier, the

pulling force increases.

Fig. 4 The force–displacement

profile of CNT and encapsulated

PTX during the penetration at

v = 0.1 Å/ps. Displacement

refers to the distance between

the instantaneous and the initial

positions of the CNT

encapsulated PTX. Different

snapshots of the penetration

mechanism were added in 10,

35, 65 and 90 Å. The color

scheme is the same as that used

in Fig. 2

Fig. 5 van der Waals (vdW) interaction between CNT and DPPC

lipid molecules versus displacement during the simulation. The

interactions continue due to the extraction of some lipid molecules

with CNT, although the drug-delivery system has exited the DPPC

membrane
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PTX Penetration Mechanism

Once the terminal part of the CNT penetrates into the

membrane, the PTX molecule enters the bilayer and the

van der Waals interaction between PTX and DPPC lipid

molecules begins. As shown in Fig. 7, the interaction starts

with a delay. During the transmission process some lipid

molecules enter the interior cavity of the CNT; hence, this

interaction will continue although the CNT has left the

membrane (at a displacement of 100 Å). The number of

DPPC molecules that enter the inner space of the CNT is

listed in Table 1; the strength of this interaction depends on

the number of these molecules, and the graphs of Fig. 7

confirm this viewpoint.

It was observed that the CNT and PTX van der Waals

interaction was significant over the penetration mechanism

(see details in Online Resource, Fig. S1). This interaction

keeps PTX inside the CNT cavity during the transmission

process across the lipid bilayer. Besides that, polar PTX

prefers to stay hydrated by the interaction with water

molecules and avoids entering the hydrophobic part of the

lipid bilayer. The confined water molecules inside the

cavity of the CNT provide such a suitable environment for

the PTX, so it interacts with water molecules by hydrogen

bond formation during the penetration process. The aver-

age number of hydrogen bonds which are formed between

PTX and the confined water molecules inside the CNT

cavity is listed in Table 1.

As reported in the previous simulation studies (Gangu-

pomu and Capaldi 2011; Wallace and Sansom 2008), in the

case of empty CNT, it was observed that its pore is com-

pletely filled with DPPC lipid molecules; and this confirms

the disruption of the membrane. Also from these results it

can be concluded that CNT has the dominant effect on the

membrane disruption, whether or not the drug is present

inside the CNT (see Online Resource, Fig. S2).

Effect of Pulling Velocity on Penetration Mechanism

In order to explore the influence of pulling rate on the

penetration mechanism of the encapsulated PTX into the

CNT, four different simulations have been implemented,

with velocities of 0.1, 0.075, 0.05 and 0.025 Å/ps. As

observed in the Online Resource, Fig. S3, in all the

velocities the magnitude of the force increases as the CNT

enters and exits the bilayer; upon reducing the pulling

velocity, the pulling force reduces. Reduction of the

required pulling force indicates that CNT and DPPC lipid

molecules have more time to find the configuration with

lower energy during the penetration process.

At low pulling velocities of CNT penetration into the

lipid bilayer membrane the lipid molecules will have time

to diffuse into the CNT cavity and replace the water mol-

ecules in the CNT cavity. Therefore, on reducing the

number of water molecules in the CNT the number of

Fig. 6 The force–displacement profile of CNT and encapsulated PTX

(solid line) and CNT (dotted line) during the penetration at

v = 0.1 Å/ps. The profiles have the same shape

Fig. 7 van der Waals (vdW) interaction between encapsulated PTX

and DPPC lipid molecules versus displacement during the simulation.

The interactions start with a delay and continue due to the entrance of

some lipid molecules into the CNT cavity, although the drug-delivery

system exits the membrane

Table 1 Number of DPPC lipid molecules that enter the interior

cavity, number of extracted DPPC lipid molecules that exit with the

CNT and average number of hydrogen bonds formed between PTX

and the confined water molecules inside the CNT cavity during the

simulation

Velocity

(Å
´

/ps)

Number of DPPC

molecules that enter

the CNT cavity

Number of

extracted DPPC

molecules with

CNT

Number of

hydrogen

bonds

0.1 4 20 7.4

0.075 5 22 7.2

0.05 7 23 5.4

0.025 9 25 4.6
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water molecules interacting with PTX will decrease. This is

indicated clearly by the reduction of the number of

hydrogen bonds between PTX and water molecules, as

shown in Table 1.

According to Fig. 7, the strength of the interaction

between DPPC lipid molecules and encapsulated PTX

increases as the velocity decreases because of DPPC dif-

fusion into the CNT cavity, as shown in Table 1. But the

attractive forces between PTX and the CNT, which were

almost the same in all the simulations, prevent the PTX

molecule from being extracted from the interior cavity of

the CNT when the lipid molecules enter the cavity of the

CNT. However, by considering the interactions it can be

predicted that the drug can traverse the bilayer with the

help of the CNT, even at low velocities.

Conclusion

SMD simulations were used to explore the penetration of

encapsulated PTX into the CNT, through the phospholipid

bilayer membrane. It has been shown that the CNT facil-

itates targeted delivery of the polar PTX molecule through

the lipid bilayer since it has the ability to penetrate into the

cell membrane. The van der Waals interaction between

PTX and the CNT, in addition to the hydrogen bond for-

mation of PTX with the confined water molecules inside

the CNT, plays an important role in the delivery of PTX as

a drug. The effect of pulling rate on the penetration of the

encapsulated PTX in the CNT and DPPC lipid extraction

have been investigated, it is expected that such a drug

delivery system has the ability to penetrate the membrane,

even at low velocities. We hope that the results obtained in

this work shed light on the behavior of intracellular and

targeted drug delivery systems.
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