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Encapsulation of biomolecules inside a carbon nanotube (CNT) has attracted great interest because it could enable

the delivery of nanoscale pharmaceutical drugs with CNT-based devices. Using a molecular dynamics simulation, we

investigate the dynamic process by which human immunodeficiency virus (HIV) replication inhibitor peptides (HRIPs)

are encapsulated in a water solution contained inside a CNT. The van der Waals attraction between the HRIPs and the

CNT and the root-mean-square deviation are used to analyse the evolution of the encapsulation. It is found that the

interaction between the HRIPs and the CNT is the main driving force for the encapsulation process, which does not

cause an obvious conformational change to the HRIPs.
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1. Introduction

In recent years, the applications of carbon nan-

otubes (CNTs) have attracted the wide attention and

great expectation of many researchers in biosensing,

drug delivery, biomedical therapies, clinical diagno-

sis, and nanowires.[1−5] Owing to its intrinsic struc-

ture and amazing properties,[6−8] (e.g., hollow cylin-

drical structure, deep potential well inside the interior,

biocompatibility, and low toxicity after functionaliza-

tion) the CNT has been proved to be an excellent

transport candidate for many biomolecules. Based

on this background, both the experimental work and

the molecular simulations focus on the encapsulation

of DNA,[9,10] peptides,[11] proteins,[12,13] amylase,[14]

drugs,[15,16] and so on inside single-walled carbon nan-

otubes (SWCNTs). In spite of these studies greatly

extending our understanding of the encapsulation

mechanism of biomolecules into SWCNTs, a report on

the spontaneous insertion of multi-biomolecules into

SWCNTs has not been found. Therefore, we per-

form a molecular dynamics (MD) simulation on the

dynamic mechanisms of two HIV replication inhibitor

peptides (HRIPs) encapsulated in a CNT to under-

stand the interactions between HRIPs and a CNT at

a molecular level.

2. Model and method

The present HRIPs-CNT system consists of two

HRIPs respectively with 21 amino acids known

as LGIGSCNDFAGCGYAVVCFW and an uncapped

armchair (17,17) SWCNT (3.193 nm long and

2.302 nm in diameter). The stable configuration of

P1–(17,17) CNT system, which is obtained by our pre-

vious MD simulations,[17] is used as the initial struc-

ture to encapsulate HRIP (P2). The P1 is located

in the CNT about 6 Å (1 Å=0.1 nm) away from the

CNT end near P2. The P2 is set to align along the

nanotube axis, about 2 Å away from the end of CNT

which is close to P1, as shown in Fig. 1. The CNT

axial direction is placed parallel to the z axis, the cen-

tre of the CNT is set as the origin of the z-coordinate

directing from P2 to P1. The P1–P2–CNT complex

is solvated in a rectangular periodic box of TIP3P[18]

water molecules in which the shortest distances be-

tween the complex surface and the box walls are larger
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than one-half of the cutoff distance. Sodium ions are

added to neutralize the system. The total number of

atoms of the system is 7383. Although the density

functional theory (DFT) method is accurate and has

an advantage over the force field in the calculation of

interaction energy, the computation cost of the DFT

method is too high for a large system.[19,20] QM/MM

treatment can obtain some details of several atoms

in the system,[21] but the present simulations focus

on the whole behaviour of the HRIP. Therefore, we

employ the force field to describe the interaction en-

ergy among the atoms in the present system. Its dy-

namics within 15 ns at temperature 310 K and pres-

sure 101.3 kPa is simulated. A time-step of 2 fs is

used and the full-precision trajectory is recorded every

1 ps. The CHARMM27 All-Atoms (AA) force field[22]

is used with the supplemented CNT parameters[23]

for the simulation system. Carbon atoms on CNTs

are modeled to be uncharged and fixed in accordance

with some previous reports.[10,14,24] In this work, the

MD simulation is performed in the isothermal-isobaric

(NPT) ensemble with the Nanoscale Molecular Dy-

namics Package (NAMD),[25] and visualizations and

data are post-processed with the Molecular Graphics

Viewer (VMD).[26] The van der Waals (vdW) interac-

tion parameters between pairs of non-identical atoms

are calculated using the Lorentz–Berthelot combi-

nation rule.[27] The cutoff distance for the pairwise

Lennard–Jones nonbonded interactions is set at 12 Å

with the pair list distance extended to 13.5 Å. The

particle-mesh Ewald (PME) summation[28] is used to

evaluate the full-system periodic electrostatic interac-

tion, with a cutoff of 12 Å for the separation of the

direct and reciprocal space summation.

P2

P1

Fig. 1. (colour online) MD simulation snapshots of the

initial configuration of the investigated P1–P2–(17, 17)

CNT system. The lines model for the peptide shows the

details of residues. Water molecules are not displayed for

clarity.

3. Results and discussion

The snapshots of the P1–P2–CNT system in

Fig. 2 are used to show the insertion process of P2

into a nanotube. The P1 or P2 centre-of-mass (COM)

coordinate, the distance between the COM of HRIPs

in Fig.3, are used as a reference point for the entering

process and the matter movement. It is found from

Fig. 3 that there is little change of the P2 COM coor-

dinate in the first 0.6 ns, but some fluctuations of the

distance between the COM of HRIPs take place, which

indicates the self-adjustment of P2 before it begins to

enter into the CNT. The P2 COM coordinate begins

to increase at 0.6 ns, and a stagnation appears in the

interval of 0.6 ns< t <1.6 ns, which indicates that P2

encounters resistance at the mouth of the CNT after it

has approached the end of the CNT and undergoes a

self-adjustment. Comparing with Fig. 2, we find that

one quarter of the HRIP has entered into the CNT

at the moment. Then, the coordinate of P2 COM

increases more quickly, indicating that the adjusted

HRIP smoothly enters the CNT. At 3.3 ns, HRIP has

been completely encapsulated into the CNT. A snap-

shot taken at the moment is presented in Fig. 2. It

is noteworthy that the 3.3 ns of P2 insertion time is

less than 6.0 ns of P1. The changes of vdW interac-

tion energies between P1 and CNT or P2 and CNT

are presented in Fig. 4(a), while those of nobond in-

teraction energies between P1 and P2 are shown in

Fig. 4(b). During the insertion, the interaction energy

of P2-CNT is reduced by 207.6 kcal·mol−1 with the in-

crease of the value of the P2 COM coordinate, and the

nobond interaction energy (vdW and electrostatic) of

P1–P2 is reduced by 27.5 kcal·mol−1. Those two in-

teractions are both acceleration factors in the encap-

sulation process of P2. By comparing the changes of

those two interaction energies, we find the interaction

between P2 and the CNT plays an important role in

the encapsulation process, as indicated by some other

reports on biomolecule–CNT complexes.[9,10,17] The

nobond interaction between P1 and P2 plays an aux-

iliary attraction role in the axial direction of the CNT

for the insertion of P2. As shown in Figs. 3 and 4,

the values of COM coordinate and vdW interaction

energy oscillate with a small amplitude after 3.3 ns,

which indicates that the system has reached an equi-

librium state. The figures also show that from that

point on, there is neither an obvious difference nor

change of vdW interaction energy for the P1–CNT

system and the P2–CNT system.
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Fig. 2. (colour online) MD simulation snapshots of the spontaneous insertion of HRIP (P2), which is the system

corresponding to Fig. 1 at 0.6, 1.0, 1.6, 2.5, and 3.3 ns. Water molecules and ions are not displayed for clarity.

-20

-10

0

10

 

P2

P1

 P1-P2

(a)

0 2 4 6 8 10 12 14
14

16

18

20

 

 

(b)

Time/ns

d
/
A

z
/
A

 

Fig. 3. (colour online) (a) The z coordinates of the COM

of P1 and P2 each as a function of simulation time. (b)

The COM distance between P1 and P2 as a function of

simulation time.
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Fig. 4. (colour online) (a) The vdW interaction ener-

gies between the HRIP and the (17,17) CNT each as a

function of simulation time, (b) vdW interaction energy

between P1 and P2 as a function of simulation time.

The root-mean-square deviation (RMSD) of pep-

tide/protein in a dynamics process can be used to

measure its conformational change. Figure 5 shows

that the RMSDs of P1 and P2 evolve with the time.

On the whole, the RMSD of P2 has a similar trend

to that of HRIP when it is encapsulated only by

CNT.[17] In the first 0.6 ns, P2 undergoes a rapid self-

adjusted conformational change mainly because of the

attraction from the CNT. In the following period, P2

encounters a dramatically conformational change be-

cause the near and far parts of P2 from the end of the

CNT are subjected to different interactions from the

CNT, which corresponds to the process of P2 inserting

into the CNT. Meanwhile, P1 undergoes a conforma-

tional change due to the mutual attraction with P2

with the distance becoming close along the axial di-

rection of CNT. After P2 is entirely encapsulated, the

area of water molecules between P1 and P2 in CNT

is compacted, which provides a force to reduce the at-

traction effects between P2 and P1 as well as the CNT

and make P1 and P2 almost stop in the axial direc-

tion. Finally, the RMSDs of P1 and P2 last around

1.7 Å and show a little oscillation, which implies that

the conformation of P1 approaches its normal form in

the CNT and the interaction between molecules and

the CNT also reaches an equilibrium state.
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Fig. 5. (colour online) Root-mean-square deviations

(RMSDs) of P1 and P2 each as a function of simulation

time.

4. Conclusion

In this paper, the dynamic process of two HRIPs

encapsulated into a CNT are demonstrated via molec-

ular dynamics simulation. The results show that an

HRIP molecule can spontaneously enter into the CNT

including one encapsulated HRIP. It is found that the

vdW attractive force between P2 and CNT is the main

driving force in the encapsulation process. However,

the nobond attractive force between P1 and P2 also

accelerates the encapsulation process. The continuous

encapsulation has not obviously affected the confor-

mations of HRIPs. It is expected that a more help-

ful insight will be provided for manufacturing practi-

cal CNT-based devices for the delivery of inhibitors,

genes, and drugs in the future.
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