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Introduction: Carbon nanotubes (CNTs) have been widely employed as biomolecule 
carriers, but there is a need for further functionalization to broaden their therapeutic 
application in aqueous environments. A few reports have unraveled biomolecule–CNT 
interactions as a measure of response of the nanocarrier to drug-encapsulation dynamics.
Methods: Herein, the dynamics of encapsulation of the antimicrobial peptide HA-FD-13 
(accession code 2L24) into CNTs and hydroxylated CNTs (HCNTs) is discussed.
Results: The van der Waals (vdW) interaction energy of CNT–peptide and HCNT–peptide 
complexes decreased, reaching −110.6 and −176.8 kcal.Mol−1, respectively, once encapsula-
tion of the peptide inside the CNTs had been completed within 15 ns. The free energy of the 
two systems decreased to −43.91 and −69.2 kcal.Mol−1 in the same order.
Discussion: The peptide was encased in the HCNTs comparatively more rapidly, due to the 
presence of both electrostatic and vdW interactions between the peptide and HCNTs. 
However, the peptide remained encapsulated throughout the vdW interaction in both systems. 
The negative values of the free energy of the two systems showed that the encapsulation 
process had occurred spontaneously. Of note, the lower free energy in the HCNT system 
suggested more stable peptide encapsulation.
Keywords: drug delivery, hydroxylation, carbon nanotubes, molecular dynamic simulation, 
encapsulation, antimicrobial peptide

Introduction
Even after three decades of extensive use, carbon nanotubes (CNTs) still attract 
worldwide attention due to their exceptional characteristics. They provide the user 
with large aspect ratios,1 low density,1 excellent mechanical strength,2,3 and good 
electrical and thermal conductivity4 and adsorption capacity.5 CNTs have thus been 
considered for a wide range of industrial applications.6,7 For instance, today they 
are used in routine composite manufacturing and electronic devices.8,9 CNTs are 
also key nanocarriers for the delivery of drugs and therapeutic molecules.10 

However, to meet a specific and targeted mission, CNTs have to be functionalized 
with appropriate moieties to become highly efficient for targeting, imaging, and 
therapeutic purposes.11,12

Due to their tubular nanostructure with single- or multiwalled features, 
biomolecules, such as proteins and peptides, can be encased in CNTs for 
sustained and targeted drug release.13,14 Moreover, CNTs are promising nanos-
tructures for drug protection against oxidization, destructive reactions, and 
environmental tension15 and delaying antimicrobial-drug resistance16,17 with 
their unique structure that allows the penetration of cells, bacteria, and tissue.18 
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However, the hydrophobic nature of CNTs can cause 
aggregation, preventing biomolecular encapsulation.19 

In this sense, there have been continued attempts to 
modify and functionalize CNTs with hydrophilic groups, 
such as hydroxyls,20 carboxyls,21 and a number of 
hydrophilic amino acids,22 to make them water-soluble, 
nonimmunogenic, and less cytotoxic, which has broa-
dened their therapeutic usage.23–25

A number of theoretical studies have been performed 
to evaluate the performance of functionalized CNTs as 
drug carriers. Maleki et al26 simulated doxorubicin encap-
sulation in the single-walled carboxylated CNTs (SWCNT- 
COOH) using molecular dynamic (MD) simulation. They 
detected van der Waals (vdW) and electrostatic (Elec) 
energy values of −500 and −3,600 kJ.Mol−1 in neutral 
pH for SWCNT–doxorubicin and SWCNT-COOH–doxor-
ubicin, respectively. However, the carboxyl groups showed 
no charge in an acidic environment, where vdW interac-
tion was dominant in the adsorption process, facilitating 
release of the drug in cancerous tissue. Moradnia et al27 

reported adsorption of gemcitabine on the surface of poly-
ethylene glycol (PEG)–modified SWCNTs using density 
functional theory. It was understood that OH hydrogen 
bonds between the PEG and gemcitabine dominated the 
intermolecular interactions in the drug–SWCNT complex. 
Kamel et al28 demonstrated the role of hydrogen bonding 
between carboxyl groups of functionalized CNTs and the 
anticancer drug flutamide in stabilization of conformation 
of the drug–CNT complex. Moreover, the vdW interaction 
in carboxylated CNT–drug complex containing CNTs with 
chirality of (10,5) showed a more negative value (−350 kJ. 
Mol−1) than systems in which CNTs with chirality of 
(10,0) and (10,10) were considered (−100 and −150 kJ. 
Mol−1, respectively). Dehneshin et al29 used valine and 
phenylalanine moieties to functionalize CNTs and simulate 
the adsorption of various drugs, including sunitinib, strep-
tozotocin, and sorafenib using MD simulation. Although 
adsorption of sorafenib and sunitinib on functionalized 
CNTs occurred through π–π stacking and hydrogen bond-
ing, streptozotocin absorbed on CNTs via hydrogen bond-
ing. Hashemzadeh et al30 simulated the adsorption of 
paclitaxel on the surface of CNTs and PEG-functiona-
lized-CNTs, wherein functionalized CNTs enhanced the 
solubility of the CNTs in aqueous solution and remained 
stable in the tube (free energy of −2,159.35 kJ.Mol−1).

In light of these examples, it can be concluded that 
choosing an appropriate functional group is key to under-
standing and keeping stable the encapsulation of drugs in 

CNTs. MD simulation appears to be successful in captur-
ing mechanical and thermal properties of nanostructures,-
31–38 and more importantly the interaction of drugs with 
nanostructures.39–42 CNT-based drug-delivery systems can 
be simulated in terms of variation in vdW and Elec ener-
gies. The possibility of encapsulation of the 13amino–acid 
peptide HA-FD-13 (ID 2L24) in the CNT and hydroxy-
lated CNT (HCNTs) and stability of the drug–CNT com-
plex was simulated in the present study. This drug is an α- 
helical antimicrobial peptide derived from the fusion 
domain (FD) of hemagglutinin (HA) of the influenza 
virus, and has antimicrobial characteristics, penetrating 
the anionic microbial membranes.43 vdW and Elec inter-
actions between drug and NTs, as well as the potential of 
mean force (PMF) of the encapsulated peptide, were cal-
culated using MD simulation and compared for both 
unmodified and functionalized CNTs.

Simulation Method
In the present study, investigation of the insertion process 
of the α-helical antimicrobial peptide HA-FD-13 into the 
CNT and HCNT and subsequently the stability of the 
encapsulated HA-FD-13 in NTs was performed through 
MD calculation using LAMMPS software.44 HA-FD-13 
(containing amino acids Ile,Phe,Gly,Ala,Lys,Asn,Trp, and 
NH2) was chosen from the Protein Data Bank (https:// 
www.rcsb.org/structure/2L24). This antimicrobial peptide 
has a positive charge so that it can penetrate anionic 
microbial membranes.

VMD software was used to visualize the simulated 
encapsulation process.45 Considering the size of HA-FD- 
13, a CNT and HCNT with chirality of armchair (20,20) 
and length of 40 Å  were selected as nanovehicles for this 
peptide. The HCNT contained hydroxyl groups on the 
edge with a degree of functionalization of 2.82%, which 
was calculated thus:

Degree of functionalization ¼

Number of hydroxylated
carbon atoms in CNT � OH

Total number of carbon
atoms inCNT � OH

� 100
(1) 

At the beginning of the simulation, HA-FD-13 was situ-
ated at an initial distance of 2 Å  from the NT. The axial 
direction of the NT was parallel to the z-axis of the 
simulation box. CNT–HA-FD-13 and HCNT–HA-FD-13 
complexes were immersed in simulation boxes containing 
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TIP3P water molecules, as well as counterions to neutra-
lize the simulated solution with periodic boundary condi-
tions. All MD simulations were performed applying a 
CHARMM27 force field.46 Tersoff potential was used to 
consider interactions among carbon atoms of NTs.47 To 
verify the encapsulation process of the peptide, in the first 
step minimization of the system was achieved in the NVT 
ensemble at 300 K while the NT was fixed. In the next 
step, the MD runs were performed in the NPT ensemble 
for 15 ns with a time step of 1 fs. The inner and outer 
cutoff distances for the Lennard-Jones and coulombic 
potential were considered to be 8 and 12 Å , respectively. 
The parameters of Lennard-Jones potential for cross-vdW 
interactions between unbonded atoms was estimated using 
the Lorentz–Berthelot combination rule.48 The vdW inter-
action between HA-FD-13 and the CNT was calculated:45

EvdW � int tð Þ ¼ EpeptideþCNT tð Þ � Epeptide tð Þ � ECNT tð Þ (2) 

where EvdW refers to vdW energy between HA-FD-13 and 
the NT and EpeptideþCNT vdW interaction of HA-FD-13 
combined with the CNT. Epeptide and ECNT stand for vdW 
energies of HA-FD-13 and the CNT, respectively. To eval-
uate the stability of the peptide encapsulated inside the 
CNT, an external force was loaded on HA-FD-13 along 
the z-axis of the NT to pull it out in the direction opposite 
to the penetration process. The spring constant k and pull-
ing velocity were chosen to be 15 kcal.Mol−1.Å −2 and 
0.005 Å .ps−1, respectively.49 The pulling process was 
simulated ten times to compute the PMF profile using 
Jarzynski’s equality:46

e� βΔG ¼ <e� βW > (2) 

where ΔG and W correspond to the free energy dis-
crepancy between two states and the work performed on 
the system, respectively. β is equal to (KBT)−1, where KB 

stands for the Boltzmann constant. The temperature and 
pressure of the system were adjusted to about 300 K and 
101.3 kPa through applying Langevin dynamics and the 
Langevin piston Nosé–Hoover method, respectively.50

Results and Discussion
Localization of HA-FD-13 Within the 
CNT–Peptide and HCNT–Peptide 
Complexes
The encapsulation process of HA-FD-13 inside the CNT 
and HCNT was investigated through MD simulation. 
Snapshots of these processes were taken by VMD to 

demonstrate the positions of the peptide at different 
times in the simulation box. Figures 1 and 2 show these 
snapshots relating to the encapsulation of the peptide into 
the CNT and HCNT, respectively. As can be observed, 
HA-FD-13 was successfully encapsulated in the cavity of 
both the CNT and HCNT; however, the insertion process 
of the peptide confinement accelerated in the case of the 
HCNT, which means that the peptide overcame the energy 
barrier in the vicinity of the NT more rapidly. Moreover, 
the peptide remained stably encapsulated throughout the 
vdW interaction between the conjugated aromatic rings of 
the peptide and the interior walls of the NT to the end of 
the simulation (15 ns) in both systems. Conformational 
changes taking place inside the NTs are provided in 
Supplementary Information (Video 1: [CNT–peptide] and 
Video 2: [HCNT–peptide]). The center of mass (CoM) 
distance between the peptide and the CNT and HCNT are 
depicted in Figure 3A and B, respectively. The sudden 
decrease in CoM distance at the beginning of the simula-
tion in both systems demonstrated that the peptide was 
self-adjusting before entering the cavity of the NTs. The 
same downward trend was observed in work done by 
Kang et al.49 They reported that the protein SmtA showed 
self-adjusted conformational changes before entering 
CNTs.

After the sudden drop had occurred in this curve for the 
CNT–peptide complex, it reached a minimum of 3.62 Å 
before fluctuating around the specified value at 2 ns, 
followed by the second minimum of 4.3 Å at 8 ns. On 
the other hand, for the HCNT–peptide complex, the CoM 
distance showed fluctuation around 7.5 Å after the initial 
drop, with no sign of a minimum. It can be posited that the 
presence of the hydroxyl groups in the entrance edge of 
the CNT created hydrogen bonding between the CNT and 
the peptide and subsequently a coulombic interaction (as 
shown in Figure 3E) such that the peptide was rapidly 
adsorbed into the NT. This caused the sudden drop in 
CoM distance and the following fluctuation. In other 
words, the adsorption interaction between the OH groups 
on the edge and the peptide did not allow the peptide to 
reach the center of the NT and caused more intense fluc-
tuation compared to the pristine CNT. For the CNT–pep-
tide complex, the revealed two minima in the CoM- 
distance curve showed that after insertion of the peptide 
in the NT, it could more easily pass the edge of the NT and 
experience a sudden change in CoM distance with smooth 
fluctuating changes between these minima, due to the 
absence of the coulombic interaction between the CNT 
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and peptide that caused that the vdW interactions being the 
dominant parameter in determining the encapsulation 
process.

Variations in vdW interaction energy between the pep-
tide and NT in the CNT–peptide and HCNT–peptide com-
plexes with simulation time during the encapsulation 

Figure 1 Representative snapshots of insertion of the HA-FD-13 peptide into an armchair (20,20) CNT at various times. For clarity, molecules of water have not been 
shown.

Figure 2 Representative snapshots of insertion of HA-FD-13 into an armchair (20,20) HCNT at various times. For clarity, molecules of water have not been shown.
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process are shown in Figure 3C and D, respectively. As 
expected, vdW interaction energies of the CNT–peptide 
and HCNT–peptide complexes diminished with the drop 
in CoM distance between peptide and NT during the 
encapsulation process, reaching −110.6 and −176.8 kcal. 
Mol−1, respectively after the complete adsorption of the 
peptide into the NT cavity at 15 ns. The vdW interaction 
energy of the system containing the modified CNT 
decreased, which showed that the stronger vdW interaction 
between the HCNT and the peptide resulted in the devel-
opment of a more favourable drug-delivery system with 
the ability to penetrate cells.51 A similar decreasing trend 

in the vdW energy of insertion of DNA oligonucleotides 
and collagen-like peptides into CNTs has been observed in 
research performed by Gao et al52 and Kang et al,53 

respectively. In another work done by Maleki et al,54 

Elec and vdW interactions between doxorubicin and 
CNTs were determined. According to their results, as a 
result of the zero value of Elec interactions, the absorbance 
of doxorubicin in the CNTs was due to vdW interactions 
with favorable negative values. Hashemzadeh et al30 

showed that vdW interactions between the anticancer 
drug paclitaxel and CNTs modified with PEG were stron-
ger, with lower negative values than the vdW interaction 

Figure 3 Center of mass (CoM) distance between (A) HA-FD-13 and the CNT; (B) HA-FD-13 and the HCNTs as a function of simulation time; vdW interaction between 
(C) HA-FD-13 and the CNT (20,20); (D) HA-FD-13 and the HCNT (20,20); (E) coulombic interaction between HA-FD-13 and the HCNT (20,20) as a function of 
simulation time.
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of the pristine CNT–drug complex. As another observation 
from Figure 3C, the decreasing trend of vdW interaction 
energy of the CNT–peptide complex contained two steps: 
first at the beginning of the simulation, and second starting 
at 6 ns and ending at 9 ns of the simulation. This indicates 
that the peptide did not undergo conformational changes 
outside these periods. In the second decrease, the confor-
mation of the peptide varied such that the vdW interaction 
energy reached the lowest negative value.

Free Energy Calculation by MD Simulation
At the end of the simulation, when the peptide had com-
pletely adsorbed inside the NTs at 15 ns, its PMF profiles 
were calculated by pulling it out through the MD simula-
tion at the speed of 0.005 Å .ps−1, which was selected 
based on the speed of the insertion process. This simula-
tion was performed five times to obtain the average value 
of work (W) at each pulling distance, which is shown as 
PMF profiles in Figure 4A and B for the CNT and HCNT 
systems, respectively. Peptide positions along the z-axis 
corresponding to the NTs are depicted also. As can be 

observed, the free energies of the simulated pristine-CNT 
and HCNT systems were elevated during the pulling pro-
cess and reached 43.91 and 69.2 kcal.Mol−1, respectively, 
at a pulling distance of 43 Å. These results indicated that 
the encapsulation process of the peptide inside the CNT 
and HCNT occurred spontaneously, with free energy of 
−43.91 and −69.2 kcal.Mol−1, respectively. However, the 
lower free energy in the HCNT system showed more 
stability of the encapsulated peptide inside the cavity of 
the NT than the pristine CNT system. A similar sponta-
neous process was observed in work done by Veclani 
et al.55 They obtained free energy value of −9.5 kcal. 
Mol−1 for the encapsulation process of ciprofloxacin on 
the surface of CNTs. Ghadri et al56 reported that enhance-
ment of active sites on CNTs caused an increase in hydro-
gen bonding between the drug fulvestrant and functional 
groups of CNTs such that the stronger affinity of the drug 
with the functionalized CNTs caused a lower free energy 
(−373.38 kcal.Mol−1) than the system with pristine CNTs.

The energy contributions of the whole system in the 
spontaneous encapsulation of HA-FD-13 inside the CNT 

Figure 4 Potential of mean force (PMF) for systems of (A) CNT–peptide and (B) HCNT–peptide complexes computed from ten pullings through the MD simulation. The 
images represent the positions of HA-FD-13 corresponding to the z-coordinate along the (A) CNT and (B) HCNT at key positions.

Table 1 Energy contributions (kcal.Mol−1) in the spontaneous encapsulation of HA-FD-13 inside CNTs (20,20). ΔG: Free energy 
variation of the whole system in the encapsulation process. ΔS: Entropy variation of the whole system. ΔH: Enthalpy variation of the 
whole system. ΔEk : Kinetic energy variation of the system in the encapsulation process. V ΔPð Þ: Multiplication of the volume of the 
system and pressure change of the whole system, ΔEp: Potential energy variation of the system, composed of vdW energy change 
(ΔEvdW ), Elec energy change (ΔEele), and bonded-atom energy change (ΔEbonded)

ΔG–43.91

� TΔS2,949.62 ΔH–2,993.53

V ΔPð Þ–2,576.543 ΔEk11.273 ΔEp –428.26

ΔEvdW –310.5 ΔEele –198.28 ΔEbonded 80.52
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and HCNT are given in Tables 1 and 2, respectively. 
Considering the definition of free energy (ΔG = ΔH – 
TΔS, where ΔH and ΔS are changes in enthalpy and 
entropy, respectively), it can be concluded that the encap-
sulation process was an enthalpy-driven phenomenon, due 
to the greater contribution of enthalpy change to the free 
energy of the whole system and decrease in entropy during 
the encapsulation process in both systems.57 As shown in 
Tables 1 and 2, the potential energy of the whole system 
(ΔP) as a part of enthalpy change consists in variations in 
vdW energy (ΔEvdW), Elec energy (ΔEele), and bonded- 
atom energy (ΔEbonded). For the pristine CNT system, the 
greater drop in vdW energy (310.5 kcal.Mol−1) compared 
to the decrease in Elec energy (198.28 kcal.Mol−1) proved 
that the vdW interaction played a more important role in 
the encapsulation process. In the HCNT system, the reduc-
tion in Elec energy (−677.48 kcal.Mol−1) was found to be 
the more important contributor to the process than the 
slight decrease in vdW energy (−7.176 kcal.Mol−1). The 
increase in Ebonded in both systems (80.52 and 43.766 kcal. 
Mol−1 for CNT and HCNT, respectively) corresponded to 
changes in energy of bonded atoms and subsequently 
conformational changes in the systems.

Variations in Conformation of HA-FD-13
Changes in the conformation of HA-FD-13 in the CNT 
and HCNT systems at 0 and 15 ns of the MD simulation 
are illustrated in Figures 5A and 6A, respectively. The left 
images in these figures correspond to the peptide 
immersed in an aqueous solution in its natural structure 
at 0 ns. The right images show the state in which the 
conformation of the peptide was adjusted to the interior 
geometry of the NTs at 15 ns. Similar alterations in the 
arrangement and conformation of doxorubicin encapsu-
lated within CNTs in accordance with NT chirality and 

diameter was reported by Zhang et al.58 Root-mean-square 
deviations (RMSDs) revealing the variations in the peptide 
conformation in both systems as a function of simulation 
time are shown in Figures 5B and 6B, respectively. As can 
be observed, for both systems, the RMSD showed fluctua-
tion of 6–16 from the beginning of the simulation to 12 ns, 
which indicates the continuous conformational alteration 
of the peptide, or in other words self-adjustment of the 
peptide according to the interior geometry of the NT. 
However, the conformation of the peptide in the HCNT– 
peptide complex varied more intensely than the conforma-
tional changes in the CNT–peptide complex at the begin-
ning of the simulation. This shows that the hydrogen 
bonding creating the Elec interaction between the hydro-
xyl groups on the edge of the CNT and the peptide caused 
not only the rapid adsorption of the peptide but also 
intense conformational change of the peptide.

After 12 ns of the simulation, the peptide reached a 
more stable state, with less pronounced changes in con-
formation and subsequent RMSD so that the aromatic 
rings were situated parallel to the interior wall of the NT, 
causing the strong vdW interaction. This observation is in 
good agreement with the vdW interaction energies 
obtained between the peptide and both NTs. A similar 
structural variation during the encapsulation of the 
ssDNA oligomer inside the CNT was observed by Shen 
et al.59 They showed that the RMSD of the biomolecule 
fluctuated slightly after complete encapsulation, and its 
conformation caused the creation of a π–π stacking inter-
action. In their other work,60 it was reported that changes 
in RMSD for the encapsulated biomolecule were due to 
differences in the affinity of its hydrophobic and hydro-
philic parts with the solvent and the NT, respectively. 
Besides the calculation of the RMSD, determining altera-
tions in gyration radius of HA-FD-13 during the insertion 

Table 2 Energy contributions (kcal.Mol−1) in the spontaneous encapsulation of HA-FD-13 inside the HCNT (20,20). ΔG: Free energy 
variation of the whole system in the encapsulation process. ΔS: Entropy variation of the whole system. ΔH: Enthalpy variation of the 
whole system. ΔEk : Kinetic energy variation of the system in the encapsulation process. V ΔPð Þ: Multiplication of the volume of the 
system and the pressure change of the whole system. ΔEp: Potential energy variation of the system, composed of vdW energy change 
(ΔEvdW ), Elec energy change (ΔEele), and bonded-atom energy change (ΔEbonded)

ΔG–69.2

� TΔS1,648.42 ΔH–1,717.62

V ΔPð Þ–1,257.71 ΔEk180.96 ΔEp –640.87

ΔEvdW –7.176 ΔEele –677.46 ΔEbonded 43.766
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process provided beneficial details about the conforma-
tional changes of the peptide. Figures 5C and 6C show 
these variations in the CNT and HCNT systems, respec-
tively, during the simulation time. In both systems, the 
structure of peptides stretched to adjust to NT geometry 
through peptide–NT vdW interactions. This conforma-
tional change was associated with the higher gyration 
radius of the confined peptide than the unconfined peptide.

Variations in distances between the CoM of HA-FD-13 
and the central axis of the CNT and HCNT as a function of 
simulation time are demonstrated in Figure 7A and B, 
respectively. It can be seen that the peptide was in a 
position in the simulation box such that that the CoM of 
the peptide was situated on the central axis of the CNT and 
HCNT at the beginning of the simulation. After the simu-
lation had started, the peptide moved toward one side of 
the CNT and HCNT, causing an immediate increase in 
peptide–axis distance. These sudden movements correlated 
with the vdW interaction between the wall of the CNT and 
the peptide and both vdW and Elec interactions between 
the peptide and HCNT. However, these conformations 
were not stable and varied through the adsorption of the 
peptide to the other sidewall of the NTs, revealing a 
sudden drop in peptide–axis distance. After total insertion 

of the peptide in NTs, the distance between the CoM of the 
peptide and the central axis of the NTs fluctuated continu-
ously, due to the completion of adsorption of the hydro-
philic and hydrophobic groups of the protein by the water 
molecules andNTs, respectively. The slight fluctuation in 
the curve of peptide–axis distance in the HCNT system 
was related to the greater stability of the encapsulated 
peptide in HCNT than the pristine CNT.

Figure 7C and D present the changes in potential 
energy of HA-FD-13 during encapsulation into the CNT 
and HCNT, respectively. For the peptide in the HCNT, it 
was observed that its potential energy dwindled during the 
first 0.5 ns of the insertion procedure to −50 kcal.Mol−1, 
favoring the rapid adsorption and stability of the peptide in 
the cavity of the NT under the effect of both vdW and Elec 
interactions between the peptide and NT. However, for the 
peptide in the CNT–peptide complex, an unfavourable 
level of potential energy (100 kcal.Mol−1) correlated with 
less stability for the encapsulated peptide.49

Conclusion
In this research, the encapsulation process of the antimi-
crobial peptide HA-FD-13 inside a CNT and HCNT in an 

Figure 5 (A) Axial views of HA-FD-13 at 0 and 15 ns in the MD simulation. For the sake of clarity, molecules of water have not been shown. (B) Root mean square 
deviation (RMSD) of HA-FD-13 as a function of simulation time. (C) Radius gyration of HA-FD-13 as a function of simulation time in the CNT– HA-FD-13 complex.
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Figure 6 (A) Axial views of HA-FD-13 at 0 and 15 ns in the MD simulation. For the sake of clarity, molecules of water have not been shown. (B) Root mean square 
deviation (RMSD) of HA-FD-13 as a function of simulation time. (C) Radius gyration of HA-FD-13 as a function of simulation time in the HCNT–peptide complex.

Figure 7 Distance between the center of mass (CoM) of HA-FD-13 and the central axis of (A) the CNT and (B) HCNT as a function of simulation time. Potential energy of 
HA-FD-13 in the (C) CNT–peptide complex and (D) HCNT–peptide as a function of simulation time.
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aqueous solution was compared through MD simulation. 
The most important results of our research are:

1. The peptide was encapsulated in the cavity of HCNT 
more rapidly due to the presence of both Elec and vdW 
interactions between the peptide and NT.

2. The peptide remained encapsulated throughout the 
vdW interaction between the conjugated aromatic 
rings of the peptide and the interior walls of the NT 
until the end of the simulation (15 ns) in both systems.

3. The sudden decrease in CoM distance between the 
peptide and NTs at the beginning of the simulation 
in both systems demonstrated self-adjustment of the 
peptide before entering the cavity of NTs.

4. The vdW interaction energies of the CNT–peptide 
and HCNT–peptide complexes diminished, reaching 
−110.6 and −176.8 kcal.Mol−1, respectively, after 
complete adsorption of the peptide into the NT 
cavity at 15 ns.

5. Encapsulation of the peptide inside the CNT and 
HCNT occurred spontaneously, with free energy of 
−43.91 and −69.2 kcal.Mol−1, respectively. The 
lower free energy in the HCNT system showed 
more stability for the encapsulated peptide.

6. RMSD results showed that the conformation of the 
peptide in the HCNT–peptide complex varied more 
intensely at the beginning of the simulation. After 12 
ns, in both systems the peptide had reached a more 
stable state, with lower changes in conformation and 
subsequent RMSD such that the aromatic rings of the 
peptide were placed parallel to the interior wall of the 
NTs, causing the strong vdW interaction.

7. The potential energy of the peptide reached −50 and 
100 kcal.Mol−1 in the CNT and HCNT systems, 
respectively, revealing the greater stability of the 
HCNT complex.
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